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Presence of NK3-sensitive neurones in different proportions in
the medial habenula of guinea-pig, rat and gerbil

'P. Boden & G.N. Woodruff

Parke-Davis Neuroscience Research Centre, Addenbrookes Hospital Site, Hills Road, Cambridge CB2 2QB

Electrophysiological recordings were made from neurones of the medial habenula (Mhb) in brain slices
obtained from guinea-pig, rat and gerbil brain. The selective NK3 agonist, senktide, was used to
determine the relative number of NK3-sensitive-neurones in the Mhb of each species. The proportion of
neurones responding to NK, (Sar9Met(02)1'SP) and NK2 (PAla8NKA(4-10) agonists was also assessed.
All (65/65) of the guinea-pig Mhb neurones tested were excited by the NK3 agonist, but NKI and NK2
agonists were without effect. NK3 responses in the guinea-pig were not altered by the presence of a

selective NKI antagonist, CP-99,994. NK,, NK2 and NK3 agonists were without effect on Mhb neurones

from gerbil brain slices. In agreement with findings from previous studies, a population of rat Mhb
neurones responded to NK, or NK3 agonists alone or were excited by both. These data show that there
is a difference in both the number of NK-sensitive neurones and the type of NK response found in the
medial habenula of the three species. The high sensitivity to an NK3 agonist, combined with the
apparent lack of NK, and NK2 responses in the guinea-pig Mhb makes this preparation ideal for studies
of central NK3-mediated events.
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Introduction Three types of neurokinin (NK) receptor have
been identified in mammalian brain (see review by Guard &
Watson, 1991), and functional data exist to support the
presence of both NKI and NK3 receptors in differing relative
densities throughout various brain regions. In the rat, in vitro
electrophysiological recordings have demonstrated the
presence of NK responses in a sub-population of substantia
nigra neurones which are excited only by NK3 agonists
(Keegan et al., 1992), whilst in the medial habenula nucleus
(Mhb), neurones are found which respond to either, or both,
NKI and NK3 agonists (Norris et al., 1993).
The use of selective antagonists for NKI receptors has

shown that a species difference exists between NKI
antagonist binding sites in the rat and guinea-pig brain, with
the latter being more representative of the human NKI recep-
tor (Gitter et al., 1991). There is now evidence to support the
same conclusion for central NK3 receptors (Petitet et al.,
1991). To date, although experiments on the expressed
human NK3 receptor sugggest an intra-species difference
(Buell et al., 1992), confirmation of an inter-species difference
between NK3 receptors awaits the development of selective
NK3 antagonists.
Given the possibility that NK3 receptors in the guinea-pig

brain might mirror more accurately those found in the
human brain than the rat brain, the purpose of this study
was to investigate the nature and type of NK response found
in the Mhb of three species. We chose to use guinea-pig,
where information on the nature of NK receptor types in the
brain is restricted to the locus coeruleus which possesses
sub-populations of neurones responding to both NKI and
NK3 agonists (Seabrook et al., 1992; McLean, 1993) rat and
gerbil. No data are available on functional NK responses in
the gerbil brain.

Methods Brain slice preparation Coronal slices (350 1m)
were prepared from brains of guinea-pig (Dunkin-Hartley,
300-500 g), gerbil (Mongolian, 40-60 g) or rat (Wistar,
150-300g) brain using a Vibratome (Oxford Instruments).
One such slice, cut at the level of the Mhb (bregma - 3.8 to
- 4.2 mm) was placed in a perfusion chamber and perfused
with artificial cerebrospinal fluid (ACSF) flowing at 4 ml
min-'. All experiments were performed at 37°C. Extracellular
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recordings were made from individual spontaneously firing
neurones in the Mhb. Agonists were applied for 1 min. Slices
were pretreated with antagonists for 30 min before addition
of agonists in the continued presence of the antagonist.
Details of the subsequent data analysis have been reported
elsewhere (Boden et al., 1991).

Drugs All NK agonists were obtained from Peninsula Labs.
and applied at known concentrations directly dissolved in the
ACSF from a 1 mM stock solution in dimethyl sulphoxide
(DMSO). The agonists used were; senktide (succinyl-
[Asp6MePhe8]substance P(6- 11)); Sar9SP(Sar9Met(02)"'sub-
stance P); neurokinin B(NKB); P-Ala8NKA(4-10); SpOMe
(substance P methyl ester). The highly selective NKI
antagonist, CP-99,994 ((+ )-2S,3S)-3-(2-methoxybenzyl-
amino)-2-phenylpiperidine) (McLean et al., 1993) (100 nM),
used in some guinea-pig Mhb experiments, was synthesized in
the Medicinal Chemistry Labs., Parke-Davis.

Results Table 1 shows the results for a series of neurokinin
agonists on the firing rate of spontaneously firing guinea-pig
Mhb neurones. All (65/65) guinea-pig Mhb neurones were
excited in a concentration-dependent fashion by senktide
(Figure 1) but none of those tested were affected by the
presence of agonists for the NK,(0/21) or NK2(0/8) receptor.
Further to this the response to senktide was not altered in
the presence of CP-99,994 (100 nM) to eliminate any possible
interference from NK1 receptors. A mean EC50 value of
24.5 nM (range 5.0 to 42.0 nM, n = 9) was obtained for senk-
tide at NK3 sites in the guinea-pig Mhb. We compared the
relative potencies of senktide and NKB on the same neurones
(3 neurones from 3 slices). The mean EC50 values revealed
like-potencies for the two agonists (Table 1A). A proportion
(approximately 50%) of rat Mhb neurones was excited either
by the NK, agonist or NK3 agonist alone (Table 1B). EC50
values of 45.4 nM (range 24.0 to 60.0 nM, n = 5) and 76.0 nM
(range 16.0 to 220.0 nM, n = 5) were obtained for senktide
and Sar9Met(02)"SP respectively in the rat Mhb. Three of 21
neurones in the rat Mhb were excited by both NK, and NK3
agonists.

In contrast to the high incidence of NK3-receptive
neurones in the guinea-pig Mhb, studies of the same region
in the gerbil failed to produce any indication of the presence
of NK-sensitive neurones in the Mhb. The spontaneous firing
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Table 1 Summary of data for NK agonist action on medial habenula neurones of guinea-pig, rat and gerbil

A Guinea-pig

No of slices

31

No of neurones

65

No of neurones responding to tachykinin agonists
Sar9Met(02)"SP NKB P-Ala8NKA(4- 10)

0/21 5/5 0/8

EC50 for senktide = 24.5 nM (5.0-42.0, n = 9)
EC50 for senktide cf. NKB (n = 3) = 27.0 nM (4.4-66.0) cf. 39.1 nM (2.7-87.0)

B Rat

No of slices

18

No of neurones

21

EC50 for senktide = 45.4 nM (24-60, n = 5)
EC50 for Sar9Met(02)"SP = 76.0 nM (16-220, n = 5)

C Gerbil

No of slices

4

No of neurones

13

No of neurones responding to tachykinin agonists
Sar9Met(02)"SP P-Ala8NKA(4- 10)

11/21 0/21

No of neurones responding to tachykinin agonists
Sar9Met(02)"SP SpoMe P-Ala8NKA(4- 10)

0/13 0/13 0/13

EC50 values are given at the end of each data set as the mean of n values followed by the range.
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Figure 1 Concentration-dependent excitations of a spontaneously firing guinea-pig medial habenula neurone by the two
neurokinin (NK) agonists, senktide and NKB: (a) shows a ratemeter histogram of the experiment with the firing rate (Hz) plotted
against time of the experiment (seconds). NK agonists were applied for 1 min at the nanomolar concentrations shown ((0)
senktide; (0) NKB). (b) Shows the resulting concentration-response curves. The two compounds were approximately equipotent
with EC50 values of 4.4nM (senktide, 0) and 2.7 nM (NKB, 0).

of 13 neurones (4 slices) was unaffected by NK,, NK2 or NK3
agonists, suggesting, few if any, NK-sensitive neurones are

present in the gerbil Mhb (Table IC).

Discussion This study reveals that differences exist in the
proportion and type of NK response on neurones within the
same brain region in different species. While we were able to
confirm that the rat Mhb has both NK, and NK3-receptive
neurones, we have also demonstrated for the first time the
apparent lack of any functional NK responses in the gerbil
Mhb. This is of interest given the recent finding that i.c.v.
injection of NKI and NK3 agonists caused hind-limb thump-
ing in the same species (Graham et al., 1993). We also report
here for the first time the overwhelming predominance of
neurones which are excited by an NK3 agonist in the guinea-
pig Mhb.

The data presented show that the guinea-pig Mhb is an

excellent preparation for functional NK3 receptor studies.
The absence of a selective NK3 antagonist meant that the
only test for the presence of NK3 sites lay in the use of an

NK3-selective agonist combined with an NK, antagonist.
Under these conditions every guinea-pig Mhb neurone was

excited in a concentration-dependent manner by senktide,
indicative of a high density of NK3-sensitive neurones in the
guinea-pig Mhb.
The finding that senktide and NKB were approximately

equipotent was also important, since this echoes the rank
affinities in radioligand binding studies of the two agonists at
the cloned human brain NK3 receptor (Buell et al., 1993). In
other rodent brain slice preparations where comparisons of
the potencies of NK agonists have been made NKB was

considerably less potent than senktide (Seabrook et al., 1992;
Norris et al., 1993).
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Expression of inducible nitric oxide synthase by neurones

following exposure to endotoxin and cytokine

'Dahlia Minc-Golomb, *Ilan Tsarfaty & Joan P. Schwartz

Clinical Neuroscience Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health and
*ABL-National Cancer Institute, National Institutes of Health, Bethesda, Maryland, U.S.A.

In the CNS, nitric oxide (NO) has been implicated as both a mediator of neurotoxicity and a

neuromodulator. The inducible NO synthase (iNOS), thought to mediate toxic effects of NO, has been
attributed to glial cells in the CNS. We now report that cerebellar granule cell neurones can be
stimulated by lipopolysaccharide and interferon-y to express iNOS in vitro, as demonstrated by reverse

transcription-polymerase chain reaction and fluorescent in situ hybridisation. The expression of both
constitutive NO synthase (cNOS) and iNOS by neurones suggests that NO has diverse functions in the
brain, and supports the possibility that iNOS plays a role in neuronal damage and inflammation
following activation of brain microglia and production of cytokines.

Keywords: Cerebellar granule cells; macrophage; cerebellum; interferon-y; lipopolysaccharide

Introduction Two forms of nitric oxide synthase (NOS) have
been described: a constitutive form (cNOS), expressed
tonically, and an inducible form (iNOS), only present follow-
ing exposure to agents such as cytokines and endotoxins. NO
formed by cNOS functions in intercellular interactions,
whereas NO produced by iNOS is mainly a cytotoxic agent
(Moncada et al., 1991). In the CNS, NO functions as a
neuromodulator, but also mediates N-methyl-D-aspartate
(NMDA) excitotoxicity on cortical neurones in culture (Daw-
son et al., 1991). Induction of iNOS has not been demon-
strated in neurones, but attributed to glial cells (Murphy et
al., 1993). Because of the potential role of iNOS in neurotox-
icity, we have examined whether iNOS could be induced in
neurones by cytokines, which increase in the brain following
various insults (Morganti-Kossmann et al., 1992).

Methods Cerebellar granule cells (CGC) were prepared
from 8-day old rat pups (Novelli et al., 1988) and used after
10-12 days in vitro. Previous characterization of these cul-
tures has shown that greater than 95% of the cells are CGC.
The absence of microglia and astrocytes in cultures (< 1/100
cells) was verified by staining with antibodies to ED-1 and
glial fibrillary acidic protein respectively. A macrophage cell
line, P388D1 (Koren et al., 1975), was used as a positive
control for the induction of the iNOS gene. Lipopolysac-
charide (LPS, 10 fig ml-' E. coli serotype 0128:B12, Sigma)
and mouse interferon-y (IFN-y, 100 u ml-', Genzyme) were
used to induce iNOS.
RNA was prepared using RNAzol (Tel-Test). RNA-

specific (Shuldiner et al., 1991) or standard reverse transcrip-
tion - polymerase chain reaction (RS- or RT - PCR) were
used to amplify iNOS mRNA, or the mRNA of the unchan-
ging gene cyclophilin, which served as a quantity control,
respectively. The primer for the reverse transcription of iNOS
mRNA (GenEMBL No. M84373) corresponded to the
antisense sequence of nucleotides 3554-3573, with the addi-
tion of the T30 tag (Shuldiner et al., 1991). PCR primers for
the amplification of iNOS cDNA corresponded to
nucleotides 3440-3461 (upstream) and the T30 tag (down-
stream, Shuldiner et al., 1991). RT-PCR primers for the gene
encoding cyclophilin (GenEMBL No. M19533) corresponded
to nucleotides 53-71 (upstream) and 679-696 (downstream).
Each PCR cycle consisted of: 1'-940C, 1'-59TC, 1'-720C (30
cycles). Aliquots of the amplification products were elect-

' Author for correspondence.

rophoresed, visualised by ethidium bromide staining, and
transferred onto a nylon membrane. The blot was hybridised
with 32P-labelled iNOS cDNA from activated macrophages,
washed under conditions of high stringency (0.1 x SSC, 0.1%
SDS at 60C), and exposed to X-ray film. Negative controls
that underwent the same procedures without reverse trans-
criptase, or without RNA, did not yield PCR products.
CGC grown on glass slides, with or without application of

LPS-IFN-7 for 4 h prior to fixation, were used for fluorescent
in situ hybridisation (FISH). The slides were hybridised with
350 ng ml-' of each of two biotinylated complementary or
identical oligonucleotide probes to the iNOS mRNA
(nucleotides 3440-3461 and 3554-3573), in a solution of
50% formamide, 4 x SSC, 1 x Denhardt's solution,
25 fig ml -I tRNA, 50 fig ml-' salmon sperm DNA, overnight
at 37TC. Following hybridisation, the slides were washed 4
times in 2 x SSC and 50% formamide at 40TC for 15 min,
twice for 1 h in 1 x SSC at 22C. Following rinsing in
ethanol, the slides were incubated with Streptavidin
fluorescein (Amersham), washed, mounted, and examined by
confocal laser scanning microscopy (CLSM), as described
(Tsarfaty et al., 1992).

Results Treatment of CGC with LPS-IFN-y resulted in
induction of transcription of the iNOS gene, as evidenced by
RS-PCR. The iNOS PCR product in stimulated macrophages
and CGC was the expected size (164 bases including the T30
tag) and hybridised with a macrophage iNOS cDNA, but not
with a brain cNOS cDNA. iNOS mRNA was detectable
2-6 h following application of LPS-IFN-y, in CGC as well
as in macrophages, but not in untreated cultures (Figure la).
Sequence of the PCR product from stimulated CGC revealed
greater than 90% homology to the mouse macrophage
sequence and 100% homology at the amino acid level. All
samples gave rise to comparable amounts of PCR product
for the nonchanging cyclophilin mRNA (Figure lb).
FISH followed by CLSM demonstrated that iNOS was

expressed by CGC, rather than by possible contaminating
cells in the culture. This method showed iNOS mRNA in
80-90% of CGC treated with LPS-IFN-y for 4 h (Figure 2a)
but not in untreated cells (Figure 2g). Hybridisation of CGC
with sense oligoprobes yielded no signal under identical
microscope parameters (Figure 2e). Overlay analyses of the
fluorescent hybridisation in treated CGC with the Nomarski
optic morphology, which shows the typical appearance of
cultured CGC (Figure 2a, b), demonstrated that iNOS
mRNA is localised in the CGC cell bodies (Figure 2c). NOS
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Figure 1 Inducible NO synthase (iNOS) mRNA in macrophages and in cerebellar granule cells (CGC). (a) Southern blot of
RS-PCR product (164 bases) of the iNOS gene, after exposure of macrophages or CGC to LPS-IFN-y for 0-6 h. (b) Ethidium
bromide-stained gel of RT-PCR products for cyclophilin mRNA using the same RNA samples as in (a). The left lane is 1 Kb DNA
ladder (GIBCO). The cyclophilin product is the expected size 644 bases. The numbers above the lanes show the hours of exposure
to LPS-IFN-y. For abbreviations, see text.

Figure 2 Fluorescent in situ hybridisation (FISH) analysis of inducible NO synthase (iNOS) mRNA in cerebellar granule cells
(CGC) treated with lipopolysaccharide-interferon-y (LPS-IFN-y). FISH for the iNOS gene transcript was carried out as described
in Methods. (a) Fluorescent in situ signal in the cell bodies. (b) Nomarski image of the same region as in (a). (c) Overlay analysis
between iNOS mRNA fluorescence (a) and morphology (b) (yellow indicates overlap). (d, e) A treated sister culture hybridised with
the sense probes and (f, g) an untreated sister culture hybridised with the antisense probes. Nomarski images (d, f); fluorescent
images (e, g). Scale bars are 100pjm.
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enzymatic activity was measured by assessing conversion of
L-[3H]-arginine to L-[3H]-citrulline. Exposure of CGC to LPS-
IFN-y increased the rate of conversion from 0.21 ± 0.02
pmol minm mg-' protein in untreated cells to 0.41 ± 0.04
pmol minm mg-' protein in stimulated cells, indicating that
the iNOS message is translated to an active enzyme in these
cultured neurones. Either LPS or IFN-Ty alone increased the
activity to a lesser extent (data not shown).

Discussion Our results demonstrate that CGC express iNOS
following exposure to LPS-IFN-y in culture. In contrast to
neurones, macrophages contain only iNOS which requires
gene transcription, and the NO produced by this enzyme
function as a cytotoxic agent. The level of expression of
iNOS mRNA in macrophages is higher than that in neurones
(Figure 1), perhaps because cytotoxicity is a major function
of macrophages. Since CGC are the richest in cNOS in the
CNS, these neurones can express two different forms of
NOS, supporting the view that NO has a variety of different
functions in nerve cells. In addition to its function as a
neuronal messenger, NO has been implicated in neurotoxicity

(Dawson et al., 1991). iNOS mRNA was induced in whole
brain extracts in experimentally-induced models of
neurological disorders (Koprowski et al., 1993). NOS
inhibitors attenuated NMDA excitotoxicity and reduced
ischaemic damage (Nowicki et al., 1991). iNOS activity in the
CNS has been attributed to glial cells (Murphy et al., 1993),
but our results suggest the possibility that NO involved in
neurotoxicity is generated by neuronal iNOS. Induction by
endotoxin plus cytokine supports a role for microglia in
responses to brain trauma, since activated microglia pro-
duced increased levels of cytokines (Morganti-Kossmann et
al., 1992).
The use of a pure neuronal primary culture provides an

advantageous tool for studying factors which regulate NOS
and for distinguishing between agents which require interac-
tion between several cell types and those which directly affect
NOS. In view of the potential role of NO in neurotoxicity
and our results demonstrating induction of iNOS in
neurones, further study is required to identify other inducers
of iNOS, and to explore the outcome of such induction
following brain trauma or inflammation.
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Pro-inflammatory activities in elapid snake venoms

Denise V. Tambourgi, Maria Cristina dos Santos, *Maria de Fattima D. Furtado, *Maria
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Paulo, S.P, Brazil

1 Snake venoms from the genera Micrurus (M. ibiboboca and M. spixii) and Naja (N. naja, N.
melanoleuca and N. nigricollis) were analysed, using biological and immunochemical methods, to detect
pro-inflammatory activities, cobra venom factor (COF), proteolytic enzymes, thrombin-like substances,
haemorrhagic and oedema-producing substances.
2 The venoms of the five snake species activate the complement system (C) in normal human serum

(NHS) in a dose-related fashion, at concentrations ranging from 5 jig to 200 pg ml-' serum. Electro-
phoretic conversion of C3 was observed with all venoms in NHS containing normal concentrations of
Ca2+ and Mg2", but only by venoms from N. naja and N. melanoleuca when Ca2+ was chelated by
adding Mg2+-EGTA.
3 Purified human C3 was electrophoretically converted, in the absence of other C components, by the
venoms from N. naja, N. nigricollis and M. ibiboboca. However, only the venoms from N. naja and N.
melanoleuca contained a 144 kDa protein revealed in Western blot with sera against COF or human C3.
4 All venoms, at minimum concentrations of 30 ng ml- ', were capable of lysing sheep red blood cells,
also in a dose-related fashion, when incubated with these cells in presence of egg yolk as a source of
lecithin. Although the venoms from M. spixii and N. nigricollis showed detectable thrombin-like activity,
these and the other venoms were free of proteolytic activity when fibrin, gelatin and casein, were used as

substrates.
5 When tested on mice skin, all five venoms were capable of inducing an increase in vascular
permeability and oedema, but were devoid of haemorrhagic producing substances (haemorrhagins).
6 These data provide evidence indicating that Elapidae venoms contain various pro-inflammatory
factors which may be important in the spreading of neurotoxins throughout the tissues of the prey or

human victim.
Keywords: Pro-inflammatory activities; snake venoms; complement activation; cobra venom factor; haemolytic activity;

haemorrhagic; oedema and vascular increasing activities

Introduction

Venomous snakes belong to five families: elapidae, crota-
lidae, viperidae, hydrophidae and colubridae, and their
venoms contain a vast number of substances with different
biochemical and pharmacological activities. The venoms
from some members of the Elapidae contain a 144 kDa
glycoprotein, designated cobra venom factor (COF) (Muller-
Eberhard & Fjellstrdm, 1971). This protein displays some
structural similarities and antigenic cross-reactivity with
human C3 (Alper & Balavitch, 1976). There is evidence that
COF is a physiological breakdown product of cobra C3
(Eggertsen et al., 1983). COF generates active C3 convertase,
COFBb by interacting with the C alternative components,
factors B and D in the presence of Mg2" (Gotze & Muller-
Eberhard, 1971; G6tze, 1975). COFBb cleaves C3 into C3a
and C3b (Shin et al., 1969); C3a is released into the fluid
phase while C3b binds to the bimolecular complex COFBb
generating the trimolecular complex COFBbC3b, which now
as a C5 convertase is able to cleave C5, the next component
of the C cascade, into C5a and C5b (Smith et al., 1982).
Although the peptides C3a and C5a are mediators of the
early events of the inflammatory process (Dias da Silva &
Lepow, 1967; Dias da Silva et al., 1967; Lepow et al., 1967),
C3b can be recognized by C receptors displayed on the
phagocyte cell surface (Ross & Medof, 1985) and C5b serves
as the starting for the C5b-C9 cytolytic complex organization
(Pickering et al., 1969).

Crotalidae venoms are abundant in proteases, some of
which possess kinin-releasing activity (Rocha da Silva et al.,

' Author for correspondence.

1950; Geiger & Kortmann, 1977), others are capable of
attacking fibrinogen catalyzing the release of fibrin peptides
A and B from the terminal dissulphide knots of fibrinogen a
and P chains (thrombin-like enzymes), or of splitting off
fragments from the COOH terminals of ax, P and y chains of
fibrinogen (fibrinogenolytic enzymes). Some may also act as
fibrinolysins (plasminogen activating enzymes) (Stocker &
Barlow, 1976; Stocker et al., 1982), and others, present in
venoms of viperidae, act on the vessel walls inducing haemor-
rhage (Mandelbaum & Assakura, 1988). Therefore, snake
venoms are rich sources of enzyme-generating factors or
enzymes capable of mediating, directly or indirectly, the early
events of the inflammatory process. Inflammation at the site
of the snake bite, together with the spreading action exerted
by the hyaluronidase (Zeller, 1948), could facilitate the dis-
tribution of other toxic venom components, throughout the
tissues of the prey.
The aims of the present work were to verify if the venoms

of Naja and Micrurus contain substances endowed with pro-
inflammatory activities as proteases, COF-like proteins,
thrombin-like, haemolytic, C activators, haemorrhage induc-
tors and mediators of vascular permeability.

Methods

Snake venoms

Venoms of M. ibiboboca, M. spixii, N. naja, N. melanoleuca,
and N. nigricollis were provided by the Instituto Butantan,

'." Macmillan Press Ltd, 1994Br. J. Pharmacol. (1994), 112, 723-727



724 D.V. TAMBOURGI et al.

Sao Paulo, SP, Brazil, and the Bombain Institute, India. The
venoms were extracted from 5-10 adult snakes using stan-
dard procedures, the samples from each species pooled,
vacuum dried and stored at 40C. Stock solutions were
prepared in pH 7.2, 0.15 M phosphate buffered-saline (PBS)
at 1.0 mg ml-'. Cobra venom factor (COF) from N. naja
venom was purchased from Diamedix FL, U.S.A.

Sera and anti-sera

Normal human serum (NHS) was obtained from healthy
donors; rabbit anti-COF was kindly provided by Dr
Ramalho-Pinto, Instituto de Ciencias Biol6gicas, UFMG,
Belo Horizonte, MG, Brazil; goat anti-human C3, (Atlantic
Antibodies, Scarborough, ME, U.S.A.); peroxidase goat anti-
rabbit IgG (Sigma Chemical Co., St. Louis, MO, U.S.A.)
and rabbit anti-goat IgG (Kirkegaard and Perry Lab. Inc.,
Gaithersburg, MA, U.S.A.).

Activation of C

Samples of 200 pl of normal human serum (NHS) were

treated with 1.0, 5.0, 15.0 and 40.0 fig of snake venoms
previously dissolved in PBS, or with PBS alone (control
samples), far 1 h at 37TC and stored at - 20OC until assay.

Haemolytic C-assay

Volumes of NHS pretreated as described above, diluted 1:30
in pH 7.4 triethanolamine-saline buffer containing 0.1%
gelatin, 15 mM CaCl2 and 5 mM MgCl2 (TBS21). Volumes of
NHS ranged from 50 fI to 450 fLI in 50 pll increments, and the
volumes were adjusted to a final volume of 450 pil with
TBS21. Two control tubes each containing 450 fLI TBS21 (cell
blank) or distilled water (100% lysis) were always included.
Three hundred microliters of EA, [sheep erythrocytes (E)
optimally sensitized with rabbit antibodies (A) against E] at
5 x 108 ml-l in TBS2+ were added to each tube. The mixtures
were incubated for 1 h at 370C; the reaction was then stopped
by the addition of 2.0 ml cold saline to all tubes, except in
the 100% lysis control to which 2.0 ml water was added.
Tubes were centrifuged at 1300 r.p.m. for 10 min and the
haemoglobin released into the supernatants determined spect-
rophotometrically at 412 pm, and the number of haemolytic
sites (Z) calculated. The number of haemolytically active sites
of each C component can be represented by Z = -ln (I-Y),
the negative natural logarithm of the number of erythrocytes
not lysed. For 63% haemolysis, Z = 1, which corresponds to
one haemolytically active site per erythrocyte.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
Western blot (WB), double immunodiffusion (DID) and
immunoelectrophoresis (IE)

SDS-PAGE and WB Whole snake venoms are analysed in
10% polyacrylamide slab gel using a Protean II (Bio-Rad
Laboratories, Richmond, CA, U.S.A.). All samples (25 il)
were used at concentrations of 1 mg ml-'. Some gels were

silver stained by conventional methods to analyse the electro-
phoretic patterns of the snake venoms, while others were

used for transblotting the electrophoretically separated pro-
tein bands onto nitrocellulose (Trans-Blot Transfer Medium,
Bio-Rad Laboratories, Richmond, St. Louis, MO, U.S.A.).
After transblotting, the nitrocellulose membranes were
blocked with 5% skimmed milk in Tris-buffered saline (TBS),
incubated for 1 h at room temperature with rabbit anti-COF
(diluted 1:2000) or with goat anti-human C3 (diluted 1 :100).
After thorough washing with TBS, the membranes were

incubated with the peroxidase conjugated anti-rabbit IgG or

anti-goat IgG, diluted 1:3000, and the affinity staining for
horseradish peroxidase was developed with 3,3'-diamino-
benzidine (Sigma Chemical Co., St. Louis, MO, U.S.A.).
NHS or purified human C3 pretreated or untreated with

snake venoms were analysed by IE according to described
method (Grabar & Burtin, 1964), the C3, and its cleavage
products were revealed with goat IgG anti-C3. DID analyses
were performed as described by Crowle (1961).

Analysis ofproteolytic activity

The proteolytic activity of the snake venoms was tested either
using gelatin incorporated in SDS-PAGE gel (zymogram
method) or casein in solution (caseinolytic method), accord-
ing to described methods (Heussen & Dowdle, 1980;
Lomonte & Gutierrez, 1983). Thrombin-like and fibrinolytic
activities were tested by the method of Baughman (1970).

Determination of indirect haemolytic activity

Increasing amounts of venoms starting from 30.0 ng and
increasing to 300.0 ng (30.0 ng increments), in a volume of
100 it were added to a row of test tubes. To 100 pl of egg
yolk solution (300 Ill of 10% egg yolk solution in saline plus
250 pI of 0.001 M CaCl2), and 200 lil of sheep red blood cells
(E) at 1.5 x 108 in saline were added to each tube. Three
control tubes each containing 200 fil saline and 200 flI E (cell
blank, egg yolk-control, and 100% lysis) were always
included. After incubation for 1 h at 37°C, the reaction was
stopped by adding 2.0 ml of cold saline to all tubes, except
for the 100% lysis tube to which was added 2.0 ml water.
The tubes were centrifuged for 10 min and the haemoglobin
released in the supernatants determined spectrophotomet-
rically at 412 nm, and the number of Z calculated.

Haemorrhagic (HPS), oedema and increasing vascular
permeability (IVP) producing substances
The presence of HPS in the snake venoms was evaluated as
described by Kondo et al. (1960). EPS and IVP producing
substances in the venoms were determined according to the
procedures of Yamakawa et al. (1976) with some modi-
fications. Briefly, hind paw oedema was produced by a sub-
plantar injection of 50 fil venom solution (100 tLg ml-') or an
equal volume of PBS into the right and left hind-paw of
outbred mice, respectively. After different periods of time, the
animals were killed according to ethical procedures and both
feet were cut at the proximal joint and weighted in analytical
balance. Oedema was expressed as the percentage increase in
weight of the envenomed foot relative to the weight of the
saline-injected foot.
Ten minutes before the animals were killed, mice were

injected intravenously with a 80 fi solution of Evans blue dye
2.5% (w/v) in PBS. The feet used for determination of
oedema were cut in small pieces incubated with formamide
and the quantity of extracted material was determined from
an Evan's blue dye standard curve (Garcia Leme & Wilhelm,
1975). Capillary permeability increasing activity was ex-
pressed as the increase (jl ml-') in the dye-complexed
albumin of the envenomed foot relative to the dye complexed
albumin of the saline-injected foot.

Results

C-activation

Figure 1 shows that all five snake venoms used in this work,
were able to activate C, in a dose-related fashion, and under
conditions in which the classical and alternative pathways of
C activation were allowed to function. At a concentration of
250 tig ml-' the C consumption induced by all venoms was
near 100% (Figure 1). This C activation was followed by a
conversion of the C3 electrophoretic mobility by the venoms
of N. naja and N. melanoleuca (total conversion), N. nigricol-
lis, M. ibiboboca and M. spixii (partial conversion) (Figure
2). When, however, Mg2+-EGTA was added into the incuba-
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tion mixtures at final concentrations of 1 mM MgCl2 plus
10mM EGTA, only the venom of N. naja and N. melano-
leuca retained the ability to convert C3 (data not shown).
Purified human C3 was electrophoretically converted, in the
absence of other C components, by the venoms from N. naja,
N. nigricollis and M. ibiboboca (Figure 3).

Haemorrhagic, oedema-inducing and increasing vascular
permeability activities

The elapid venoms were able to increase the vascular
permeability and oedema (Figure 5a,b). These venoms were
devoid of haemorrhagic inducing activity (data not shown).

Presence of COF-like and C3-like proteins in the snake
venoms

A COF-like or C3-like 144 kDa protein was clearly detected
in the venoms of N. melanoleuca and N. naja but not in the
venoms of the other species, in immunoblots using anti-COF
or anti-human C3 (Figure 4). These proteins showed com-
plete immunological identity with purified COF in double
immunodiffusion analysis (data not shown).

Proteolytic, thrombin-like andfibrinolytic activities

Proteolytic activities assayed either using gelatin dispersed in
SDS-polyacrilamide gels or casein and fibrinogen in solution,
were not detected in any of the five venoms studied. When,
however, the venoms were tested for their capacity to induce
bovine fibrinogen coagulation, the venoms of M. spixii and
N. nigricollis presented a small but clear thrombin-like
activity (Table 1).
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Figure 1 Consumption of complement in normal human serum by
different amounts of elapid venoms using C. d. terrificus (A), N. naja
(@), N. nigricollis (x), N. melanoleuca (0), M. ibiboboca (M) and
M. spixii (0).

N. naja

N. nigricollis

Haemolytic activity

All five venoms were able to induce lysis of sheep red blood
cells, in a dose-related fashion, when incubated with these
cells in the presence of egg yolk as a source of lecithin
(Figure 6).
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Figure 3 Proteolytic action of the elapid venoms on purified C3
Western blot analysis of purified human C3 samples treated with the
venoms from M. spixii (a), M. ibiboboca (b), N. melanoleuca (c), N.
nigricollis (d), N. naja (e) or with buffer (f) and developed with
anti-human C3 antibodies.
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Figure 4 Identification of COF-like proteins in elapid venoms.
Western blot analysis of venoms from N. naja (a), N. melanoleuca
(b), N. nigricollis (c), M. ibiboboca (d), M. spixii (e) developed with
anti-COF.

Table I Thrombin-like activity of micrurus and naja
venoms

N. melanoleuca
Venoms

M. ibiboboca

M. Spixii

Buffer

Figure 2 C3 conversion by elapid venoms. Immunoelectrophoresis
analysis of normal human serum treated with the following venoms:
N. naja (a), N. nigricollis (b), N. melanoleuca (c), M. ibiboboca (d)
and M. spixii (e) on C3 in serum.

M. ibiboboca
M. spixii
N. naja
N. nigricollis
N. melanoleuca

Thrombin-like activity
500 Lg mlI- I lowOyg ml I

60 min*

200 min*

25 min*

75 min*

- No clot
*Fibrinogen coagulation time
Samples of purified bovine fibrinogen in buffer containing
Ca2" were mixed with equal volume of venom solutions
containing 5 Lg and allowed to clot at room temperature.
Clotting time was recorded.
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Figure 5 Time-course of the increasing vascular permeability (a)
and oedema forming activity (b) by injection of 51Sg of elapidic
venom into hind paw of mice. N. naja (0), N. nigricollis (x), N.
melanoleuca (0), M. ibiboboca (0) and M. spixii (M).

Discussion

The toxins present in snake venoms, used by snakes for
effective immobilization of prey and for protection against
predators, must rapidly reach the target organs. Therefore,
mechanisms facilitating the distribution of the toxins
throughout the tissues of the bitten animal must be activated.
Hyaluronidase, which is present in almost all venoms, was
the first of such mechanisms to be described (Zeller, 1948).,
Another mechanism which could fulfil this spreading func-
tion is local acute inflammation at the site of bite or injection
of the venoms. Some potentially pro-inflammatory factors
such as proteolytic enzymes and activators of clotting, C and
kallicrein-kinin systems have been detected in Crotalidae and
Viperidae venoms. The action of these factors on the corres-
ponding host substrates may release endogenous mediators of
inflammation (Rocha e Silva et al., 1950; Muller-Eberhard &
Fjellstrdm, 1971; Stocker & Barlow, 1976; Geiger & Kort-
mann, 1977; Stocker et al., 1982).
The elapid venoms analysed contain components able to

activate the C system. Consumption of haemolytic activity
and conversion of C3 into products with electrophoretic
mobility distinct from the native C3 molecule were observed
in samples of human serum treated with these venoms. Some,
such as N. naja and N. melanoleuca venoms which contain
COF activate C by forming a COF-B complex, a C3-like
convertase (Gdtze, 1975). N. naja, N. nigricollis and M.
ibiboboca venoms cleave human purified C3 in the absence of
other C factors. This effect could be attributed to some
proteolytic enzymes present in these venoms. M. spixii
venom, which is free of COF and is unable to cleave C3
directly, may enter into the C cascade through a Ca2+-
dependent mechanism. The C-activators certainly contribute

2
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Figure 6 Haemolytic activity present in elapid venoms. Increasing
amounts of venoms (30.0-300.0 ng), were added to a series of tubes
containing egg yolk and sheep red blood cells. Haemolysis was
spectrophotometrically determined and the number of Z calculated.
N. naja (@), N. nigricollis (x), N. melanoleuca (0), M. ibiboboca
(0) and M. spixii (U).

to the local lesions induced by venoms, through the release
into the injured tissues of the anaphylatoxins C3a and C5a.
These two peptides are known to be mediators of the early
events of the acute inflammation by increasing local vascular
permeability, contracting smooth muscle, releasing histamine
from mast cells, and by attracting leukocytes (Dias da Silva
& Lepow, 1967; Dias da Silva et al., 1967; Lepow et al.,
1967).
The thrombin-like enzymes detected in some venoms such

as M. spixii and N. nigricollis by converting in vitro
fibrinogen into a fibrin clot, may alter the local microcircula-
tion through precipitous formation of thrombin. Formation
of small thrombi could disturb the circulation (Stocker et al.,
1982).
The haemolytic inducing-activity present in all elapid

venoms tested in this work can be attributed to their phos-
pholipase A2 contents since haemolysis only occurs when
venom, sheep erythrocytes, and a lecithin as source of
lysolecithin were mixed simultaneously. In animal or human
tissues where snake venoms had previously been injected,
phospholipase A2 can degrade the cell membrane phos-
pholipids into arachidonic acid. This compound can be meta-
bolized by the enzyme cyclo-oxygenase to prostaglandins and
by the enzyme lipoxygenase to hydroxy-eicosatetraenoic acids
(HETEs) and derivatives of 5-hydroperoxy-eicosatetraenoic
acid termed leukotrienes (Lewis & Austen, 1988). According
to the type of isomerase enzymes present in the affected
tissues, distinct cyclo-oxygenase products will result including
prostaglandins, thromboxane, or prostacyclins. Some are
vasoconstrictors (thromboxanes), others are vasodilators
(prostacyclins), while others can increase vascular perme-
ability (prostaglandins E2).
The proteolytic enzymes present in these venoms could be

responsible for the bradykinin formation and for breakdown
of some clotting or C components.
The synergistic effect of the mediators of inflammation

released by the action of proteolytic enzymes and activators
of C, clotting and kallikrein-kinin systems or resulting from
degradation of cell membrane phospholipids, by phos-
pholipase A2, may facilitate a rapid passage of the neurotox-
ins from the tissues to the blood. The observed oedema
surrounding the sites of injection of the venoms, reinforces
the suggestion that the in vitro formation of mediators, may
also occur in vivo under conditions allowing their action.

This work was supported by Conselho Nacional de Pesquisa e
Desenvolvimento Cientifico, CNPq and Fundaqao Butantan.
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Pharmacology of high-threshold calcium currents in GH4C1
pituitary cells and their regulation by activation of human D2
and D4 dopamine receptors

1G.R. Seabrook, M. Knowles, N. Brown, J. Myers, H. Sinclair, S. Patel, S.B. Freedman &
G. McAllister

Merck Sharp & Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park, Eastwick Road, Harlow, Essex
CM20 2QR

1 The objective of this study was to characterize the pharmacology of calcium currents in GH4C1
pituitary cells and determine whether activation of heterologously expressed human dopamine receptors
can regulate their function. Human D2(short), D3 and D4.2 receptor cDNA's were separately transfected
into GH4C1 cells and whole cell calcium currents were recorded by use of nystatin-perforated patch
clamp techniques.
2 High-threshold calcium currents were antagonized in a biphasic manner by the dihydropyridine,
nisoldipine. The half-maximally effective concentration for each site was 0.2 nM (pIC" = 9.78 ± 0.21,
n = 4) and 339 nM (pIC50 = 6.47 ± 0.12, n = 4). The component of current inhibited by 10 nM nisoldipine
was also blocked by w-conotoxin GVIA (30 ± 9% at 30 nM, n = 6) or by o-agatoxin IVA (34 ± 7% at
lOOnM, n=4).
3 Activation of either D2 or D4 receptors by dopamine (10 1M) or quinpirole (0.1 to 10ZM) reduced
the peak calcium current by ca. 20% in the majority of cells studied. No inhibition was observed in
control or D3 transfected GH4C1 cell lines.
4 The mobilisation of intracellular calcium by thyrotropin releasing hormone in hD4-GH4C1 cells was
also studied using Fura-2 AM microspectrofluorimetry. Thyrotropin releasing hormone caused a
concentration-dependent increase in calcium mobilisation with an EC50 of 7 nM. D4 receptor activation
had no effect upon either basal or hormone-induced [Ca21J, transients.
5 These results demonstrate that GH4C1 pituitary cells have at least two types of dihydropyridine-
sensitive high-threshold calcium currents and that like D2 receptors, human D4 receptors can also
regulate calcium channel function.

Keywords: Dopamine; D4 dopamine receptor; dihydropyridine; calcium channel current; pituitary; GH4C1 cells

Introduction

Dopamine receptors of the D2, D3 and D4 structural classes
are highly homologous (Schwartz et al., 1992; Sibley &
Monsma, 1992), and consequently the mechanism by which
these receptors couple to cellular effector systems may be
similar. Cloned rat D2 receptors couple to G-proteins which
are negatively linked to adenylate cyclase, activate potassium
conductances, and reduce intracellular calcium mobilisation
(Albert et al., 1990; Vallar et al., 1990; Kanterman et al.,
1991; Castellano et al., 1993). Such effects are also observed
when endogenous D2-like dopamine receptors in rat brain
tissue are activated, and similarly human D2 receptors ex-
pressed in Chinese hamster ovary (CHO) cells are also
negatively linked to adenylate cyclase (Freedman et al.,
1994). In contrast, no clear evidence of functional coupling
of hD3 has been described in CHO cells; this may be because
the appropriate type of G-protein(s) to which these receptors
normally couple are absent (Sokoloff et al., 1990; McAllister
et al., 1993; Freedman et al., 1994). Consistent with this view,
we have recently demonstrated that human D3 receptors can
couple to the inhibition of adenylate cyclase, and inhibition
of calcium currents when expressed in appropriate cell lines
(McAllister et al., unpublished observations; Seabrook et al.,
1994a). Attempts to express hD4 receptors (Van Tol et al.,
1991) in CHO cells by stable transfection, a prerequisite to
definitive functional studies, have proved difficult. Whether
hD4 receptors can modulate neuronal excitability by coupling
to effector mechanisms linked to ion channels has yet to be
established.
To investigate the mechanism by which human D2, D3 and

D4 receptors may couple to ion channels, the rat pituitary

Author for correspondence.

GH4C1 cell line was chosen for electrophysiological studies of
stably transfected receptors. GH4C, cells do not normally
express dopamine receptors and when transfected with rat D2
receptors endogenous potassium currents can be activated by
dopamine (Einhorn et al., 1991). Furthermore this clonal cell
line has both transient low-threshold calcium currents, and
dihydropyridine-sensitive high-threshold calcium currents and
inactivation of which is modulated by adenosine 3':5'-cyclic
monophosphate (cyclic AMP) (Cohen & McCarthy, 1987;
Kalman et al., 1988). High-threshold calcium currents in
GH4C1 cells are also depressed by G-protein a-subunits
liberated upon activation of somatostatin receptors (Luthin
et al., 1992; Kleuss et al., 1993). In this study we describe the
selective ability of hD2 and hD4, but not hD3 receptors, to
couple to the depression of calcium currents in transfected
GH4C1 cell lines.

Methods

Cell culture

GH4C1 pituitary cells were obtained from Dr P. Guest (Cam-
bridge University) and grown in tissue culture in a medium
that contained Dulbecco's Modified Eagle's Medium (GIB-
CO), 10% foetal calf serum and 2mM L-glutamine (Gene-
ticin). Cells were plated on poly-L-lysine coated coverslips.

Transfection procedures

Human D2 and D3 receptor cDNA was separately subcloned
into the mammalian expression vector pcDNAneo(Invitro-

'." Macmillan Press Ltd, 1994
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gen) as described previously (McAllister et al., 1993). D4
receptor cDNA in the pRSVneo expression vector (Invit-
rogen) was obtained from Dr 0. Civelli (Oregon). Stably
transfected cell lines were obtained by transfecting the appro-
priate cDNA into GH4C, cells by calcium phosphate precip-
itation. Transfected cells were selected for their resistance to
the antibiotic G418 and assayed for their ability to bind
['25I]-iodosulpiride or [3H]-spiperone. Expression of the ap-
propriate dopamine receptor subtype mRNA in each cell line
was confirmed by PCR analysis (e.g. McAllister et al., 1993)
and/or ribonuclease protection assay.

Radioligand binding

Cells were harvested in PBS and then lysed by polytroning
(in 1OmM Tris-HCl, pH 7.4 containing 5 mM MgSO4) for
lO s on ice. Membranes were centrifuged at 50,000 g for
15 min at 4°C and the resulting pellet resuspended at
20 mg mlh wet weight in assay buffer that contained (in
mM): NaCl 118, HEPES 20, KCl 4.7, MgSO4 1.2, NaHCO3 5,
KH2PO4 1.2, CaC12 2.5, pargyline 10lM and 0.1% ascorbic
acid. Incubations, 30min at 30°C, were carried out in the
presence of 0.05-1 nM ['25I1-iodosulpiride or [3H]-spiperone,
and were initiated by the addition of 100-200 Ig protein to
final assay volumes of 0.1 ml for ['25I1-iodosulpiride and 1 ml
for [3H]-spiperone binding. The incubation was terminated by
rapid filtration over GF/B filters presoaked in 0.3% PEI and
washed with 10 ml ice cold 0.9% NaCl saline for [125I]_
iodosulpiride binding and 50 mM Tris (pH 7.4) for [3H]-
spiperone binding. Specific binding was defined by 1 pM
haloperidol and radioactivity measured in a LKB 127 Clini-
gamma y-counter, or liquid scintillation spectrophotometry.

Whole cell and nystatin perforated patch clamp
recording
Whole cell patch clamp recordings were made using boro-
silicate glass microelectrodes (Clark Electromedical Instru-
ments) that were filled with a solution which contained (in
mM): CsCl 140, tetraethylammonium.Cl 25, EGTA 3, HEPES
40 and MgCl2 3, adjusted to pH 7.3 with CsOH. Cells were
perfused at a rate of 1 to 2 ml min-' with an extracellular
solution that contained (in mM): NaCl 155, glucose 10,
HEPES 10, KCl 5, CaCl2 5 and tetrodotoxin (0.5 pM), pH
7.4, at 22°C. Drugs were applied via the superfusion system.
Nystatin perforated patch clamp recordings were made as
previously described (Seabrook et al., 1994b) using a pipette
solution that contained (in mM): CsH303SCs 100, CsC125,
MgCl2 3, HEPES 40, adjusted to pH 7.3 with CsOH. Cells
were voltage-clamped and calcium currents were elicited by
100 ms depolarizing pulses from - 80 to 0 or - 20 mV at
0.033 Hz. Calcium currents were amplified using an Axo-
patch 200 patch clamp amplifier (Axon Instruments), and
captured on line via a CED1401 interface (Cambridge Elec-
tronic Design) which was connected to a Compaq 386 micro-
computer. Leak currents were subtracted with the amplifier,
and by the CED voltage-clamp analysis software. Data are

expressed as the mean ± standard error of the mean (s.e.
mean). The inhibition of calcium currents by agonists was
quantified as the mean depression in those cells which res-
ponded with >5% change in current amplitude. These data
are cited along with the proportion of cells that responded to
drug application in each sample.

Measurement of intracellular Ca2+

Methods for determination of intracellular calcium were the
same as previously described (Seabrook & Fong, 1993).
Briefly, GH4C1 cells were loaded, prior to experimentation,
with the membrane permeant fluorescent indicator Fura-2
AM (2 1M; 30 min) in a solution containing (in mM):
NaCl 150, KCI 3, HEPES 10, glucose 10, sucrose 20, CaCl2 2
and MgCl2 3 at pH 7.4. The dye fluorescence at 540 nM was
measured during alternate excitations at 340 and 380 nm
wavelength light (0.1-1 Hz) using an MCID imaging system
(Imaging Research Inc., Canada). Calcium levels were
estimated from the R.., and R,,,, values which were deter-
mined after permeabilization of cells with ionomycin (10 pM),
and following perfusion with solution containing 0 mM
Ca2+ + 1 mM EGTA, and then 10 mM [Ca2+] + 0 mM EGTA.
Drugs were applied by superfusion for a period of 5 s, fol-
lowed by a 40 min wash to minimize tachyphylaxis.

Drugs

Drugs were obtained from the following companies: synthetic
w-Aga IVA was purchased from the Peptide Institute (Osaka,
Japan). w-Conotoxin GVIA, ethylene glycol bis(1-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), and 4-(2-hydroxy-
ethyl)-l-piperazineethanesulphonic acid (HEPES) were pur-
chased from Sigma. Dopamine and quinpirole were purch-
ased from Research Biochemicals Inc., and nisoldipine was
obtained from Miles Pharmaceuticals.

Results

Characterization of cell lines

Cells that had been transfected with either the hD2, hD3 or
hD4 receptor cDNA and that exhibited resistance to the
antibiotic G418 were examined for their ability to bind [125I]_
iodosulpiride (Table 1). Saturable [1251]-iodosulpiride binding
was observed in approximately half of the G418 resistant
clones that had been transfected with hD2 (11/22 clones), or
hD3 receptor cDNA (15/35 clones). In contrast only one cell
line transfected with hD4 receptor cDNA (1/23 clones)
exhibited significant [3H]-spiperone binding. Transfection
procedures under some circumstances have been reported to
induce the expression of endogenous dopamine receptors in
pituitary cell lines (e.g. Allard et al., 1993). However, in this
study no expression of endogenous D2 receptor mRNA was
detected using PCR analysis or ribonuclease protection in

Table 1 Comparison of the ligand binding properties of cell lines which had been transfected with human dopamine receptors

Number of clones
with binding
Clone studied
Kd iodosulpiride (nM)
Bmax (fmolmg' protein)
% inhibition of [3H]-N-0437
binding by GTP-y-S

D2(short)
CHO GH4C1
- 11/22

0.2
700

70-80%

N4
0.4
235

40-80%

D3
CHO GH4C

- 15/35

- 18
0.4 0.3
290 89

0 0-10%

Values for experiments on CHO cells are from Freedman et al. (1994). *[3H]-spiperone was used as the ligand for determining the
expression of hD4 receptors because ['l25]-iodosulpiride binds with low affinity to these receptors.

D4.2
GH4CI

1/23

21-NN
0.1*
115

20-40%
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a

either the parent or transfected cell lines. The sensitivity of
PH1-N-0437 (1 nM) binding to modulation by GTP---S
(1OMm) was used as an indicator for functional coupling in
the transfected cell lines. Significant inhibition of [3H]-N-0437
binding by GTP-7-S was detected only in the hD2 (40-80%)
and hD4 cell lines (20-40%), but not in the hD3 line
(0- 10%).

Identification of two types of high-threshold calcium
current

Both low-threshold (steps from - 100 to - 30 mV) and high-
threshold (steps from - 80 to > 0 mV) calcium currents were
observed in this study. Under these recording conditions the
high-threshold calcium current was confirmed to be dihydro-
pyridine-sensitive (Figure 1). However, the inhibition of the
high-threshold calcium current by nisoldipine was biphasic
over the concentration-range of 0.1 nM to 10IM. The
negative logarithm of the half-maximally effective concentra-
tion for each site, determined separately for each cell, was
9.78±0.21 (=0.2nM; 27+9%; n=4) and 6.47±0.12
(= 339 nM; 66± 8%; n = 4). The biphasic effect of nisol-
dipine was evident on both the peak and non-inactivating
components of the high-threshold calcium current. The non-
inactivating component of the high-threshold calcium cur-
rent, measured at 95 ms into the voltage-step, was still only
partly inhibited by 10 nM nisoldipine (37 + 8%; n = 7; Figure
2). Consequently contamination by transient low-threshold
calcium currents, which inactivate with a time constant of
39 ± 5 ms (n = 5), cannot account for the biphasic inhibition
of high-threshold calcium currents by nisoldipine.
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Figure 1 Block of high-threshold calcium currents in GH4C1 cells by
calcium channel antagonists. (a) Depression of whole cell calcium
currents by nisoldipine. Traces are the inward current that occurred
in response to a 100 ms depolarization from - 80 to 0 mV, in
control, after w-Aga IVA (100 nM), and after 5 min application of
nisoldipine (10 pM). (b) Concentration-effect curves for the inhibition
of the peak calcium current by nisoldipine (0) and cadmium ions
(-). The depression by nisoldipine was biphasic (see text and Figure
2; n = 5) the estimated 14d for each site was 0.2 and 339 nm. The IC50
for cadmium was 4 Mm (n = 4). (c) The nisoldipine-sensitive calcium
current was partly, and reversibly inhibited by bath application of
either w-CGTX-GVIA (30 nM) or w-Aga-IVA (100 nM). Inhibition
of the high affinity component of the calcium current by 10 nm
nisoldipine precluded the block by either c-CGTX-GVIA or w-Aga-
IVA (n = 4 to 8 cells).
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Figure 2 Comparison of the time course of the depression of the
peak (0) and 'non-inactivating' high-threshold calcium current (0)
in an individual hD4-GH4C, cell by (a) dopamine (101M) and w-

Aga-IVA (100 nM), and in (b) by increasing concentrations of nisol-
dipine and cadmium ions. Drugs were applied to the superfusion
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were applied continuously at the time points indicated by the arrows
in (b).
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Nanomolar concentrations of both w-agatoxin-IVA (34 +
7% at 100 nM; n = 4) and w-conotoxin GVIA (30 ± 9% at
30 nM; n = 6) reversibly blocked a proportion of the nisol-
dipine-sensitive calcium current in GH4C1 pituitary cells. Fur-
thermore, pretreatment with 10 nM nisoldipine blocked the
component of the calcium current that was sensitive to these
peptides (Figure 1). Consequently, GH4C, cells have at least
two types of dihydropyridine-sensitive calcium currents, one
of which is potently blocked by nisoldipine (ICo <1 nM),
w-Aga-IVA and w-CGTX, and a second type that is less
sensitive to nisoldipine (IC50 ca. 300 nM) but not blocked by
nanomolar concentrations of these peptide neurotoxins.
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Depression of calcium currents by activation of D2 and
D4 but not D3 receptors
In untransfected GH4C1 cells dopamine (10 ILM) did not affect
whole cell calcium currents (n = 10 cells). This observation
was consistent with the lack of endogenous dopamine recep-
tors and was confirmed by both PCR and binding ex-
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Figure 3 Depression of high-threshold calcium currents by activa-
tion of hD4 receptors. (a) Inhibition of calcium currents by dopamine
in an individual cell. Superimposed traces are the calcium currents
elicited during a single 100 ms depolarizing pulse from - 80 to 0 mV
before and after application of 10 M dopamine demonstrating that
in some cells the inhibition of the peak current was more pro-
nounced. (b) Comparison between the depression of calcium currents
caused by either dopamine or quinpirole in hD4-GH4C, clone 21, and
in the single cell clone 21-NN (open columns). The increase in
number of cells responding to dopamine in the single cell clone was
not accompanied by an increase in the maximal depression. Filled
columns represent the proportion of cells which responded with a
>5% depression with each agonist. Numbers represent the sample
size.

Figure 4 Mobilization of intracellular calcium in hD4-GH4CI cells
by thyrotropin releasing hormone (TRH) measured using Fura-2
microspectrofluorimetry. (a) Concentration-effect curve for TRH.
The half-maximally effective concentration of TRH was 7 ± 3 nM.
(b) Time course of the TRH-induced calcium mobilization in an
individual cell (solid line), and superimposed calcium levels measured
during subsequent (30 min later) perfusion with quinpirole (I PM;
0), and then quinpirole + TRH (-). (c) Histogram showing the
ability of repeated applications of TRH to release [Ca2+]j. Data are
expressed as the geometric mean of the negative logarithm of the
estimated intracellular calcium concentration (pEC50). Despite the
depression of whole cell calcium currents caused by activation of hD4
receptors (Figure 3) neither quinpirole nor dopamine reduced the
TRH-induced mobilization of intracellular calcium levels in hD4-
GH4CI cells (clone 21-NN). n = 4 cells in this experiment.
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periments. In both the D2 and D4 transfected cell lines,
high-threshold calcium currents were depressed by 23 ± 7%
(9/21 cells) and 13 ± 2% (4/19 cells) respectively upon app-
lication of dopamine (10 PM). In the hD4-GH4C1 cell line a
similar degree of inhibition of the whole cell calcium current
was seen with the dopamine receptor agonist, quinpirole
(13 ± 5% at 10 #.M in 3/12 cells; Figure 3). Despite the
availability of a functional second messenger system that
could couple to calcium currents in the hD3-GH4C1 cell line,
as was indicated by the ability of somatostatin-14 to depress
calcium currents in these cells (33 ± 18% at 1 gM in 4/5
cells), no inhibition of calcium currents by hD3 receptor
activation was observed (n = 14). The maximal depression of
the high-threshold calcium current by somatostatin-14 in the
hD3 transfected cell line was comparable to that seen in
hD4-GH4Cj cells (27 ± 10% at 200 nM; n = 3/4 cells).
To examine whether the variation in coupling between cells

or the fractional inhibition of the current was due to a low
receptor density, cells were pretreated with Na-butyrate
(3 mM) for 20-48 h. This treatment has previously been
shown to upregulate transfected receptors in other cell types,
including 5-HTIE receptors expressed in HEK-293 cells
(McAllister et al., 1992). However, in GH4C, cells Na'
butyrate treatment alone caused a mean 80% decrease in the
density of calcium currents and thus was unsuitable for these
experiments. After 48 h exposure to Na'-butyrate, the mean
calcium conductance per cell capacitance decreased from
277 ± 46 pS/pF to 59 ± 13 pS/pF (n = 8). We therefore used
an alternative approach to improve experimental success
rates using single cell cloning of the hD4-GH4C1 cell line. A
hD4-GH4C1 single cell clone (21-NN) was obtained with
enhanced ['25I]-iodosulpiride binding in which 48% of cells
(10/21 cells) responded to agonist application. However, des-
pite the increase in proportion of cells responding to agonist
application the maximal inhibition was still limited to
10-20% of the peak current similar to that in the parent
clone (Figure 3). Depression of calcium currents by hD4
receptor activation was blocked by w-Aga-IVa (100 nM;
n = 6).

D4 receptors do not regulate TRH-induced calcium
mobilisation

To determine whether the depression of calcium currents in
GH4C1 cells was associated with a reduction in the driving
force for Ca2", for example by that which may be caused
following the mobilisation of [Ca2+]i, the ability of D4 recep-
tor activation to regulate thyrotropin releasing hormone
(TRH) induced increases in [Ca2+], was examined using Fura-
2-AM microspectrofluorimetry. TRH caused a monophasic
and concentration-dependent increase in [Ca2J]i from an
estimated mean of 48 nM to 195 nM (EC50 = 7 nM; Figure 4).
Activation of hD4 receptor by pretreatment of cells with
quinpirole neither reduced basal calcium levels, nor signifi-
cantly reduced the mobilisation-induced by TRH (100 nM,
n = 11 cells from three separate experiments).

Discussion

Endogenous dopamine receptors in freshly dissociated pitui-
tary cells modulate calcium currents as well as outward
potassium currents (Stack & Suprenant, 1991; Keja et al.,
1992; Lledo et al., 1992; Nussinovitch & Kleinhaus, 1992).
Similarly in pituitary-derived cell lines which lack dopamine
receptors, transfection with rat D2 (short) or D2 (long) recep-
tors restores the ability of dopamine to activate potassium
channels (Einhorn et at., 1990) and inhibit adenylate cyclase
(Albert et al., 1990). We have previously reported that
human D3 receptors when transfected into GH4C1 cells do
not couple to the activation of voltage-dependent potassium
currents (Seabrook et al., 1992), but that when expressed in
differentiated NG108-15 cells can couple to the depression of

calcium currents (Seabrook et al., 1994a). To investigate
further the mechanism by which dopamine receptors may
couple to ion channels, the ability of heterologously ex-
pressed hD2(short), hD3 and hD4 receptors to regulate
endogenous calcium currents in GH4C, cells was examined.

Activation of either hD2 or hD4 receptors caused approx-
imately 20% depression of the high-threshold calcium cur-
rents in transfected GH4C1 cells. The maximal inhibition of
calcium currents by these dopamine receptor subtypes was
consistent with that caused by activation of endogenous
dopamine receptors in dissociated rat pituitary cells (Stack &
Suprenant, 1991; Keja et al., 1992). The inhibition achieved
by the somatostatin-induced activation of mo2Ply3 G-protein
subunits in GH3 cells is similarly limited to ca. 25% (Kleuss
et al., 1993), comparable to that seen with somatostatin-14 in
the hD3- and hD4-GH4C, transfected cells. These data suggest
that the inhibition caused by dopamine receptor activation
was limited by either the signal transduction system or to a
subpopulation of the high-threshold calcium current. Indeed
in the present study evidence for two types of dihydro-
pyridine-sensitive calcium currents was found.
Rat pituitary cells have at least two types of calcium

current with either a low- or a high-threshold potential for
activation, these currents can be distinguished by both
physiological and pharmacological criteria (Armstrong &
Matteson, 1985; Cohen & McCarthy, 1987). Consistent with
this, both low-threshold (- 100 to - 30 mV) and high-
threshold (- 80 to >0 mV) currents were observed in this
study. Furthermore, the high-threshold calcium currents were
antagonized by nisoldipine in a biphasic manner. Low-
threshold calcium currents in clonal pituitary cells are also
weakly antagonized by dihydropyridines like nimodipine
(Cohen & McCarthy, 1987); however, it was unlikely that the
biphasic effect of nisoldipine was due to contamination by a
low threshold current because the effect was evident on both
the peak and non-inactivating components of the high-
threshold calcium current.

Several peptide neurotoxins have proved valuable in that
they can selectively block subtypes of calcium channels.
These include w-conotoxin GVIA which preferentially blocks
neuronal 'N' type calcium currents (McCleskey et al., 1987)
and the more recently identified w-Aga-IVA. This toxin
blocks a type of calcium channel that underlies most of the
whole cell calcium current found in cerebellar purkinje cells
(hence 'P' type) and is thought to be involved in the regula-
tion of transmitter release (Mintz et al., 1992). Biphasic
effects of nisoldipine on the high-threshold calcium currents
in GH4C1 cells may reflect the presence of more than one
calcium channel type; thus it was of interest to determine
whether or not these peptides could selectively antagonize
one or both components of the nisoldipine-sensitive current.

In contrast to GH3 pituitary cells (Dr C. Cohen, personal
communication), low concentrations of both w-Aga-IVA
(100 nM) and w-conotoxin GVIA (30 nM) reversibly blocked
a proportion of the nisoldipine-sensitive calcium current in
this GH4C1 pituitary cell line. Pretreatment with 10 nM nisol-
dipine blocked the component of the calcium current that
was sensitive to these peptides (Figure 1). Consequently,
GH4C1 cells may have at least two types of dihydropyridine-
sensitive calcium currents, one of which is potently blocked
by nisoldipine (IC50 <1 nM), w-Aga-IVA and w-CGTX, and
a second type that is less sensitive to nisoldipine (IC50 ca.
300 nM) but not blocked by nanomolar concentrations of
these peptide neurotoxins. The partial and reversible block of
dihydropyridine-sensitive calcium currents by c-CGTX
GVIA is consistent with that seen in rat and chick sensory
neurones (McCleskey et al., 1987; Kasai et al., 1987).
Although w-Aga-IVA has not previously been shown to
depress dihydropyridine-sensitive calcium currents, purified
o-Aga-IVA toxin has also been reported to have non-
selective effects on w-CGTX sensitive currents in rat cerebel-
lar neurones (Sutton et al., 1993) and T-type calcium currents
in neuroblastoma cells (Seabrook et al., 1994b).
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A number of structural subtypes of calcium channel a-
subunits, which have different sensitivities to calcium channel
antagonists, have been identified (Snutch & Reiner, 1992).
Indeed there is a much greater diversity of structural forms
of calcium channels relative to the number of calcium current
types which have been identified using pharmacological
criteria, partly because of the limited number of ligands that
have the necessary selectivity for these channel subtypes.
Despite the overlapping effects of toxins like w-Aga-IVA,
when used in conjunction with other calcium channel antag-
onists they will remain important tools in advancing our
understanding of calcium channel function.

Thyrotropin-releasing hormone mobilizes intracellular cal-
cium in pituitary cells and can regulate Ca2l-activated K
channel activity in both GH3 and GH4C, cells (Dubinsky &
Oxford, 1985; Barros et al., 1991). Rat D2 receptors have
been reported to suppress the intracellular calcium mobilisa-
tion caused by activation of receptors to thyrotropin releas-
ing hormone in GH4C1 cells (Valar et al., 1990). We have
recently reported that hD3 receptors, in contrast to rat D2
receptors, do not modulate this signal transduction pathway
although in this cell line hD3 receptors did not couple
efficiently to either arachidonic acid release, adenylate cyc-
lase, or voltage-dependent potassium currents (Seabrook et
al., 1992). Although human D4 receptors can regulate cal-
cium currents when expressed in GH4C1 cells, no effects of
quinpirole or dopamine were seen on either basal [Ca2+]]
levels or TRH-induced calcium mobilisation in this cell line.
Consequently, the mechanism by which hD4 receptors to
calcium currents in GH4C, cells is distinct from that of
TRH-induced calcium mobilization.

Unlike hD2 and hD4 receptors, in hD3 transfected GH4C,
cells no effect of receptor activation was seen upon endo-
genous high-threshold calcium currents. Lack of coupling of
hD3 receptors in GH4C1 cells was not due to 'wash-out' of a
cytosolic second messenger system, such as that which can be
observed with some muscarinic receptors (Hille, 1992),
because these results were unaffected by using either whole
cell or nystatin perforated patch clamp recording. It is also
unlikely that the lack of coupling of hD3 receptors simply
reflects the low levels of receptor expression achieved with
the hD3 receptor cDNA (Table 1) because similar levels of
expression were obtained in NG108-15 cells in which hD3
receptors were functional (Seabrook et al., 1994a). Further-
more other hD2-GH4C1 clones which exhibited lower levels of
binding can still couple to adenylate cyclase (unpublished
observations).
GH4C1 cells have several types of G-protein alpha subunits

which are thought to be involved in the regulation of ion
channels. These include Gi.1,2&3, as well as Go<| subunits
(Luthin et al., 1992). Similarly differentiated NG108-15 cells,
in which hD2 (short) and hD3 receptors can couple to cal-
cium currents (Seabrook et al., 1994a,b), also have GA3 and
G,,, but minimal G,,1 (Milligan, 1989; Mullaney & Milligan,
1990). Thus there is no obvious deficiency of an alpha
subunit commonly linked to calcium current regulation, that
can account for the lack of coupling of hD3 receptors in these
cells.

Only limited information is available on the specificity of
D2-like dopamine receptor subtypes for different G-proteins
and hence their transduction pathways. However, antibodies
generated against the C-terminus of G-protein a subunits
have proved useful in studies of their role in the regulation of
calcium channel function. In dissociated pituitary cells
antibodies raised against G,. but not G,11,2 or 3 block the
coupling of dopamine receptors to calcium currents, whereas
only antibodies raised against Gj,3 and not Goa or G,,,1,2
mediate D2 receptor coupling to the activation of K+ chan-
nels (Lledo et al., 1992). The restricted ability of dopamine
receptors to couple G-protein subtypes may explain not only
differences in the effector mechanisms to which they couple,
but also their cellular specificities. Indeed Tang and col-
leagues have recently shown that coupling of rat dopamine
receptor subtypes is different between the D2 and D4 subtypes
an effect correlated with the distribution of different G pro-
tein x-subunits. In this study the rat D2 receptor inhibited
adenylate cyclase activity in cell lines with high levels of GW
subunits including mouse fibroblasts CCL1.3 and the mesen-
cephalic cell line NM9D, whereas the rat D4 receptor only
coupled efficiently in MN9D cell line (Tang et al., 1994).

Recent studies have also implicated the P and y subunits of
G-protein heterotrimers as important determinants of recep-
tor function (Hille, 1992). Using antisense oligonucleotide
'knock-out' experiments, muscarinic and somatostatin recep-
tors in GH3 pituitary cells have been shown to couple selec-
tively to the inhibition of dihydropyridine-sensitive calcium
channels via acol/P3/y4, and ao2/p1l/y3, subunit combinations
respectively (Kleuss et al., 1993). It remains to be determined
whether the restricted distribution of such P and/or I
subunits, or indeed subtypes of G.. (Mullaney & Milligan,
1990), can account for the restricted functional coupling of
the human D3 receptor. Nevertheless, it is apparent from the
present study that hD3 receptors do not utilise G-protein(s)
by which hD2 and hD4 receptors may couple to dihydro-
pyridine-sensitive calcium currents in GH4C, cells.

In conclusion, this study demonstrates that this GH4C1
pituitary cell line has at least two types of high-threshold
calcium current that are differentially sensitive to nisoldipine,
w-Aga-IVA, and c-CGTX GVIA. A subpopulation of these
dihydropyridine-sensitive calcium currents was depressed fol-
lowing activation of transfected human D2 and D4 receptors,
but not by D3 dopamine receptors. Furthermore, the
mechanism by which hD4 receptors couple to these calcium
currents was distinct from that of TRH-induced calcium
mobilization. It is considered that the lack of coupling of hD3
receptors, unlike that of the hD2 and hD4 receptors, may
reflect fundamental differences in the ability of these
dopamine receptor types to activate endogenous G-proteins
in GH4C1 pituitary cells.

We are grateful to Dr J.A. Kemp for his constructive comments on
this manuscript, as well as to Drs P. Sokoloff and 0. Civelli for
supplying the hD3 and hD4 receptor cDNA respectively.
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Characterization of EP-receptor subtypes involved in allodynia
and hyperalgesia induced by intrathecal administration of
prostaglandin E2 to mice
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1 Intrathecal (i.t.) administration of prostaglandin E2 (PGE2) to conscious mice induced allodynia, a

state of discomfort and pain evoked by innocuous tactile stimuli, and hyperalgesia as assessed by the hot
plate test. We characterized prostaglandin E receptor subtypes (EP,-3) involved in these sensory

disorders by use of 7 synthetic prostanoid analogues.
2 Sulprostone (EPI <EP3) induced allodynia over a wide range of dosages from 50 pg to 5 ytg kg-.
The maximal allodynic effect was observed at 5 min after i.t. injection, and the response gradually
decreased over the experimental period of 50 min. This sulprostone-induced allodynia showed a time
course similar to that induced by PGE2. %

3 17-Phenyl-w-trinor PGE2 (EP, > EP3) and 16,16-dimethyl PGE2 (EPI = EP2 = EP3) were as potent as

PGE2 in inducing allodynia, and more potent than sulprostone. Butaprost (EP2), 1 1-deoxy PGE,
(EP2 = EP3), MB 28767 (EP3), and cicaprost (prostaglandin 12 (IP-) receptor) induced allodynia, but with
much lower scores. 13,14-Dihydro-I5-keto PGE2, a metabolite of PGE2, did not induce allodynia.
4 16,16-Dimethyl PGE2 as well as PGE2 induced hyperalgesia over a wide range of dosages (16,16-
dimethyl PGE2: 5 pg-0.5 pg kg-' PGE2: 50 pg-0.5 gg kg-') with two apparent peaks at 0.5 ng kg-' and
0.5 gg kg-'. Sulprostone (EPI <EP3) and 17-phenyl-w-trinor PGE2 (EPI > EP3) showed a bell-shaped
hyperalgesia at lower doses of Spg-Sngkg'1 and 50pg-50ngkg-', respectively. MB28767 (EP3)
showed a monophasic hyperalgesic action over a wide range of dosages at 50 pg-S5 jg kg-'. Butaprost
(EP2) induced hyperalgesia at doses higher than 50ngkg-'.
5 These results demonstrate that PGE2 may exert allodynia through the EP,-receptor and hyperalgesia
through EP2- and EP3-receptors in the mouse spinal cord.

Keywords: EP agonist; IP agonist; allodynia; hyperalgesia; spinal cord

Introduction

Prostaglandins are ubiquitously distributed in virtually all
mammalian tissues and organs, and it has been well
documented that they are involved in various aspects of
inflammation including pain (Coleman et al., 1989). Accumu-
lating evidence indicates that prostaglandins are critical for
the augmented processing of pain information at the spinal
level. Intrathecal (i.t.) injection of acetylsalicylic acid, indo-
methacin, and other nonsteroidal anti-inflammatory drugs
has been shown to produce analgesia (Yaksh, 1982; Malm-
berg & Yaksh, 1992a,b). We and others (Taiwo & Levine,
1986; 1988; Uda et al., 1990) previously reported that i.t.
injection of PGD2 and PGE2 induced hyperalgesic effects.

Quite recently, we demonstrated that i.t. administration of
PGE2 into mice also induces allodynia, a state of discomfort
and pain evoked by innocuous tactile stimuli; the mice
showed squeaking, biting, and scratching movements in re-
sponse to low-threshold stimuli (Minami et al., 1994a,b).
Hyperalgesia is defined as an increased response to a stimulus
that is normally painful, whereas the closely related term
allodynia is defined as pain due to a stimulus that does not
normally provoke pain (Merskey, 1986). Although hyperal-
gesia and allodynia are often associated consequences of
damage to peripheral nerves or the central nervous system, it
has recently been suggested that different receptor systems in
the spinal cord may be involved in these two sensory
disorders (Yaksh & Aimone, 1989).
PGE2 produces a broad range of biological actions in

' Author for correspondence at Suita address.

diverse tissues through its binding to specific receptors on
plasma membranes (Samuelsson et al., 1978; Moncada et al.,
1985). The diversity of PGE2 actions is due to PGE-receptor
subtypes coupled to different signal transduction pathways.
PGE receptors are pharmacologically divided into at least
three subtypes, EP,, EP2 and EP3, and they are considered to
be coupled to Ca2' mobilization and stimulation and inhibi-
tion of adenylate cyclase, respectively (Coleman et al., 1987;
1989). It has been suggested that the EP,-receptor is involved
in contraction of gastrointestinal and tracheal smooth
muscles (Coleman & Kennedy, 1985), and stimulation of
neurotransmitter release (Ehrenpreis et al., 1973). Important
functions of PGE2 mediated via EP2-receptors include the
negative regulation of the immune system (Monick et al.,
1987) and inflammation (Coleman et al., 1989). It has also
been suggested that the EP2-receptor may be involved in
relaxation in trachea (Gardiner, 1986) and ileum circular
muscle (Lawrence et al., 1992), and vasodilatation of various
blood vessels (Coleman et al., 1989). On the other hand, the
EP3-receptor is assumed to be involved in inhibition of
gastric acid secretion (Chen et al., 1988), modulation of
neurotransmitter release in central and peripheral neurones
(Hedqvist & von Euler, 1972), and inhibition of sodium and
water reabsorption in kidney tubules (Sonnenburg & Smith,
1988; Nakao et al., 1989). However, the EP-receptor subtypes
in the spinal cord have not yet been characterized. Although
there are few prostanoid analogues which show absolute
selectivity for the individual EP,-, EP2- and EP3-subtypes,
many are now known as potent agonists for EP-receptors.

In the present study, we examined the effect of i.t. admini-

'." Macmillan Press Ltd, 1994
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stration of various agonists selective for EP-receptor subtypes
on nociception and non-nociception in the spinal cord of
conscious mice.

Methods

Intrathecal administration

Male ddY-mice weighing 22 ± 2 g were used in this study.
The animals were housed under conditions of a 12-h light-
dark cycle and a constant temperature of 22 ± 2°C and
60 ± 10% humidity. A 27-gauge stainless-steel needle (0.35
mm, o.d.) attached to a microsyringe was inserted between
the L5 and L6 vertebrae by a slight modification of the
method of Hylden & Wilcox (1980). Drugs in vehicle were
injected slowly into the subarachnoid space of conscious mice
at 22 ± 20C. The volume of the i.t. injection was 5 fil. It was
previously confirmed by use of Commassie brilliant blue and
3H-labelled prostaglandins that the injected solution does not
extend to the cervical segments (Uda et al., 1990).

Studies on allodynia

Studies on allodynia were carried out essentially according to
the method of Yaksh & Harty (1988). The mice were divided
into various groups (n = 6-8/group). Control mice were
given physiological saline (5 il). Drug-treated groups were
injected with 5 1Al of vehicle containing various doses of test
agents. After the i.t. injection, each mouse was placed in an
individual 13 x 8.5 x 13 cm Plexiglas enclosure with wood
chips on the floor and observed. Allodynia was assessed once
every 5 min over a 50-min period by light stroking of the
flank of the mice with a paintbrush. The allodynia response
was ranked as follows: 0, no response; 1, mild squeaking with
attempts to move away from the stroking probe; 2, vigorous
squeaking evoked by the stroking probe, biting at the probe,
and strong efforts to escape.

Hot plate test

Mice were placed on a hot plate maintained at 55°C, and the
elapsed time until the mice showed the first avoidance re-
sponses (licking the feet, jumping, or rapidly stamping the
paws) was recorded as described by Woolfe & MacDonald
(1944). The response time of the mice to the hot plate was
measured at 30 min after i.t. injection.
The animals were used for only one measurement in each

experiment. This study was conducted in accordance with the
guidelines of the Ethics Committee of the International
Association for the Study of Pain (Zimmermann, 1983).

Drugs

13,14-Dihydro-15-keto PGE2, 16,16-dimethyl PGE2, and 17-
phenyl-w-trinor PGE2 were purchased from Cayman Chemi-

cal (Ann Arbor, MI, U.S.A.). The following prostaglandin
analogues were generous gifts: PGE2 and 11-deoxy PGEI
from Ono Central Research Institute (Osaka, Japan); buta-
prost from Dr P.J. Gardiner of Bayer, U.K.; sulprostone and
cicaprost from Dr K.-H. Thierauch, Schering AG, Berlin;
MB 28767 (I5S-hydroxy-9-oxo-16-phenoxy-w-tetranorprost-
13E-enoic acid) from Rhone-Poulenc Rorer, U.K. Table 1
summarizes the selectivity profiles of the EP- and IP-receptor
agonists employed here as reported by Lawrence et al. (1992).

Stock solutions of the prostanoids were stored in ethanol
solution at - 20'C. For injection, an aliquot of the desired
stock agonist solution was put into a borosilicate tube and
the ethanol was removed by evaporation to dryness under
nitrogen gas. Sterile saline was then added to dissolve the
agonist. Each agonist was dissolved in sterile saline on the
day of the experiment and kept on ice until used. All drugs,
including saline, were coded to assure blind testing.

Statistics

The statistical analyses were carried out by analysis of
variance (ANOVA). Statistical significance (P <0.05) was
further examined with Duncan's test for multiple com-
parison.

Results

Effect of i.t. EP agonists on allodynia

Recently we reported that PGE2 induced allodynia and
hyperalgesia over a wide range of dosages from 0.5 pg to
50plgkg-' (Minami et al., 1994a). In order to specify the
EP-receptor(s) involved in the PGE2-induced allodynia, we
examined the effect of various EP agonists and cicaprost, an
IP agonist, on allodynia in conscious mice. The i.t. admini-
stration of sulprostone (0.5 pg kg'-), an EP, and EP3 agonist,
resulted in prominent agitation responses such as vocaliza-
tion, biting, and escape from the probe, to tactile stimuli
applied to the flank. Brushing of the face or tactile stimula-
tion of the forepaws did not give any response, indicating
that allodynia appeared limited to the caudal dermatomes of
the body. The i.t. administration of saline had no effect on
allodynia. As shown in Figure 1, the sulprostone (0.5 ig
kg-')-induced allodynia showed its maximum expression at
5 min after i.t. injection and gradually decreased during the
50-min experimental period in a manner similar to that
induced by PGE2. When the score obtained for the overall
50 min was cumulated and expressed as a percentage of the
maximum possible score, the score of sulprostone was com-
parable to that of PGE2 at 0.5 jig kg-' (Figure 2). Allodynic
scores of butaprost, an EP2 agonist, MB 28767, an EP3
agonist, and cicaprost were much lower than that of PGE2 at
0.5 plg kg- .

Figure 3 shows the dose-dependencies of allodynia evoked

Table 1 Specificity of prostaglandin E and prostaglandin I analogues at EP- and IP-receptors

Prostanoid

PGE analogue
PGE2
16,16-Dimethyl PGE2
Sulprostone
17-Phenyl-o-trinor PGE2
Butaprost
1 1-Deoxy PGE,
MB 28767

PGI analogue
Cicaprost

EP,

++

(+)

(+)
(+)

EP2

0
+
++

+ (+)

(+)

EP3 lP

++

++

0

Rankings of EP- and IP-receptors are from Lawrence et al. (1992). One + corresponds to a potency difference of approximately one
order of magnitude.
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Figure 1 Time courses of allodynia induced by it. prostaglandin E2
(PGE2) and sulprostone. Mice were injected i.t. with 0.5A1gkg-' of
PGE2 (open columns) or sulprostone (solid columns). Assessment of
allodynia was made as described under Methods. Each column
(mean ± s.e.mean) represents the percentage of the maximum pos-
sible cumulative score of 6 mice evaluated every 5 min.
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--H

by EP agonists. The allodynia induced by sulprostone was
observed at a dose as low as 50 pg kg-' and the maximal
effect (35.8% of the maximum possible score) was observed
at 5plgkg-', with a half-maximal stimulation occurring at
about 50 fg kg- . This agonist-induced allodynia showed
similar time courses over a wide range of doses of
50 pg- 5 pg kg-' (data not shown). Sulprostone-induced mice
did not display clonic seizure and convulsion even at a dose
as high as 5 jgkg-'. 17-Phenyl-w-trinor PGE2 (EP, > EP)
showed its maximum effect (45.8% of the maximum possible
score) at 0.5 fLg kg-', with a half-maximal stimulation occurr-
ing at about 5 ng kg-'. Dose-dependency of 16,16-dimethyl
PGE2, a potent EP,, EP2 and EP3 agonist, for allodynia
showed a bell-shaped curve, and the maximum effect was
observed at 50 ng kg-' (data not shown). Butaprost (Figure
3), MB 28767 (Figure 3), and 1 1-deoxy PGE, (data not
shown) showed shallow log concentration-response curves
with 10% of the maximum possible score at 5 pg kg-'. 13,14-
Dihydro-l 5-keto PGE2, a metabolite of PGE2, did not induce
allodynia. Taken together, these results demonstrate that the
EP,-receptor may be involved in the PGE2-induced allodynia
in the spinal cord.

Effect of i.t.-administered EP agonists on hyperalgesia
assessed by the hot plate test

As reported previously (Uda et al., 1990), PGE2-induced
hyperalgesia was observed between 3 and 30 min after i.t.
injection of PGE2. In the present study, the response time of
mice to the hot plate (55°C) was measured at 30 min after i.t.
injection of various doses of EP agonists or vehicle so that
the effect of EP agonist-induced allodynia would be mini-
mized. There was no significant difference in the latency

Sulprostone

PGE2

0 25 50 75 100
Allodynia (% of control)

125 5000

500

Figure 2 Effect of prostaglandin E2 (PGE2) and prostanoid agonists
on allodynia in conscious mice. PGE2 or prostanoid agonist (0.5 fLg
kg-') was injected into the subarachnoid space. Assessment of
allodynia was made as described under Methods. When the score
obtained for the overall 50-min experimental period was cumulated
and expressed as a percentage of the maximum possible score, the
allodynic score of PGE2 was 43.8% and taken as 100%. Values
shown are the mean ± s.e.mean of responses in 6 mice.
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Figure 3 Dose-dependent effects of it. injection of prostaglandin E2
(PGE2) and various EP agonists on allodynia in conscious mice.
Mice were injected with various doses of PGE2 (0), 17-phenyl-w-
trinor PGE2 (0), sulprostone (A), MB 28767 (0), or butaprost (-)
into the subarachnoid space. Assessment of allodynia was made as

described under Methods. Values shown are the mean ± s.e.mean of
responses in 6 mice.

Figure 4 Dose-dependent effects of i.t. injection of prostaglandin E2
(PGE2) and 16,16-dimethyl PGE2 on hyperalgesia assessed by the hot
plate test. Mice were injected with various doses of PGE2 (a) or

16,16-dimethyl PGE2 (b) into the subarachnoid space. The time until
the mice showed the first avoidance response to the hot plate test
(55°C) was measured at 30 min after i.t. injection. Each column
represents the mean ± s.e.mean of responses in ten mice. Statistical
analyses were carried out by Duncan's test. 0.01 < *P<0.05;
**P <0.01, as compared with the saline-injected control group
(16.2 ± 0.5 s).
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Figure 5 Dose-dependent effects of i.t. injection of sulprostone and
17-phenyl-w-trinor PGE2 on hyperalgesia assessed by the hot plate
test. Mice were injected with various doses of sulprostone (a) or

17-phenyl-w-trinor PGE2 (b) into the subarachnoid space. Details as

in the legend for Figure 4, 0.01 < *P<0.05; **P<0.01, as com-

pared with the saline-injected control group (16.2 ± 0.5 s).

period between the saline control (16.2 ± 0.5 s, mean s.e.

mean) and the untreated control (15.4 ± 0.4 s).
As reported previously (Minami et al., 1994a), PGE2 (EPI,

EP2, EP3) produced its hyperalgesic action over a wide range

of dosages from 50 pg to 0.5 pg kg-'. Similarly, 16,16-
dimethyl PGE2 (EPI, EP2, EP3) produced its hyperalgesic
action at doses of 5pg-0.5fzgkg-' (Figure 4); this action
showed two peaks, one at 0.5 ng kg-' (11.0 ± 0.7 vs. 16.2 +
0.5 s for the control) and one at 0.5 jtg kg-' (9.6 ± 0.7 s), and
returned to the control level at 5 #Lg kg-', the highest concen-

tration employed. On the other hand, sulprostone (EP,
<EP3) and 17-phenyl-w-trinor PGE2 (EP, > EP3) produced
bell-shaped dose dependency for hyperalgesic action at doses
of 5 pg- 5 ng kg-' and 50 ng kg-', respectively (Figure 5).
Neither sulprostone nor 17-phenyl-w-trinor PGE2 produced a
significant change at higher doses examined. Unlike its effects
on allodynia, MB 28767 (EP3) produced its hyperalgesic
action over a wide range of dosages from 50 pg to 5 jig kg-,
and butaprost (EP2) produced its hyperalgesic action at
higher doses of 50ng-5 jg kg-' (Figure 6). 13,14-Dihydro-
15-keto PGE2 produced a weak hyperalgesic action at doses
of 0.5ng and 5ng kg-' (data not shown). Cicaprost (IP)
produced no significant change. These results demonstrate
that EP2- and EP3-receptors may be involved in the PGE2-
induced hyperalgesia in the spinal cord.

Discussion

We recently reported that the i.t. administration of PGE2 to
conscious mice induced allodynia and hyperalgesia (Uda et
al., 1990; Minami et al., 1994a,b). The dose-dependency of
PGE2 for allodynia was apparently correlated with that for
hyperalgesia. While the PGE2-induced allodynia was dose-de-
pendently relieved by the strychnine-sensitive glycine receptor
agonist, taurine, the NMDA receptor antagonist ketamine,
and a high dose of the a2-adrenoceptor agonist, clonidine, the

Figure 6 Dose-dependent effects of i.t. injection of MB 28767 and
butaprost on hyperalgesia assessed by the hot plate test. Mice were

injected with various doses of MB 28767 (a) or butaprost (b) into the
subarachnoid space. Details as in the legend for Figure 4. 0.01 <
*P<0.05; **P<0.01, as compared with the saline-injected control
group (16.2 ± 0.5 s).

PGE2-induced hyperalgesia assessed by the hot plate test was
not suppressed by taurine or clonidine. To test the hypothesis
that the mechanism of PGE2-induced allodynia might be
different from that of PGE2-induced hyperalgesia (Minami et
al., 1994a), we used 7 synthetic prostaglandin analogues hav-
ing different specificities for EP-receptor subtypes as sum-

marized in Table 1.
The present study provides evidence that allodynia and

hyperalgesia induced by PGE2 are mediated by different EP-
receptor subtypes. It is clear that the EP,-receptor is involved
in the PGE2-induced allodynia for the following reasons:

first, 17-phenyl-w-trinor PGE2 (EP, > EP3) was more potent
than sulprostone (EPI <EP3) (Figure 3). Second, butaprost
(EP2), 1-deoxy PGEI (EP2 = EP3 > EP,) and MB 28767
(EP3) induced allodynia, but with much lower scores. On the
other hand, the PGE2-induced hyperalgesia was complicated,
demonstrating that the hyperalgesia observed here may
reflect the action of PGE2 or EP agonists at multiple sites
inherent in in vivo experiments. Both PGE2 and 16,16-
dimethyl PGE2 induced a biphasic hyperalgesia over a wide
range of dosages (PGE2: 50 pg-0.5 jig kg-', 16,16-dimethyl
PGE2: 5 pg-0.5 g kg-') with two apparent peaks at 0.5 ng
and 0.5 j1g kg-' (Figure 4). Sulprostone (EPI < EP3) and
17-phenyl-o-trinor PGE2 (EP, >EP3) showed a bell-shaped
dose-response for hyperalgesia at lower doses of 5 pg-5 ng
kg-' and 50 pg-50 ng kg-', respectively (Figure 5). MB
28767 (EP3) showed a monophasic hyperalgesic action over a

wide range of dosages of 50pg-5 fg kg-'. Butaprost (EP2)
induced hyperalgesia at doses higher than 50 ng kg-' (Figure
6). These results suggest that PGE2 may exert hyperalgesia
through EP2- and EP3-receptors. Collectively, with the data
obtained with butaprost, sulprostone, and MB 28767, the
PGE2-induced hyperalgesia is likely to be mediated by the
EP3-receptor at lower doses of PGE2 and by the EP2-receptor
at higher doses. However, differences in receptor density or

efficiency of receptor-effector coupling in the central nervous

system could dramatically alter relative agonist potencies.
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Therefore we cannot neglect the possibility that butaprost
may exert hyperalgesia through the EP3-receptor.

Prostaglandins have been studied as potential nociceptive
transmitters, but as observed in the present experiments,
these studies are complicated by the existence of multiple
receptor subtypes and hampered by the absence of selective
antagonists. Recently EP1-, EP2- and EP3-receptors have been
successfully cloned from mouse cDNA libraries (Sugimoto et
al., 1992; Honda et al., 1993; Watabe et al., 1993). There are
some discrepancies in specificities of EP agonists and
antagonists for EP-receptors between membranes from
cDNA-transfected cells and tissues reported previously. For
example, EP-receptors in isolated tissues that are susceptible
to blockade by SC19220 and AH6809 have been designated
as EPI-receptors (Coleman et al., 1985). However, because
AH6809 showed only weak inhibition of the binding of
[3H]-PGE2 to membranes prepared from EPI-receptor cDNA-
transfected CHO cells, it was suggested that there may be
other forms of EP1-receptor sensitive to AH6809 or that the
action of AH6809 is species-specific and does not work on
the mouse receptor (Watabe et al., 1993). In this context, our
previous observation that PGE2-induced hyperalgesia was
blocked by AH6809 (Uda et al., 1990) is not inconsistent
with the present results indicating that hyperalgesia induced
by PGE2 was mediated by EP3- and/or EP2-receptors (Figures
5 and 6). It was also reported that the lack of binding
activity of butaprost toward the EP2-receptor cloned from
mouse mastocytoma P-815 cells suggests another form of
EP2-receptor subtype (Honda et al., 1993). Furthermore,
there are two isoforms of EP3-receptor with different proper-
ties at the levels of signalling and desensitization in mice
(Negishi et al., 1993). It has also been shown that four

isoforms exist of bovine EP3-receptor that couple to different
G proteins to activate different second messenger systems
(Namba et al., 1993). In addition to these findings, precise
localization of EP-receptor subtypes in the spinal cord by in
situ hybridization will be of help in understanding the diver-
sity of cellular responses to PGE2.

In summary, we have demonstrated here, on the basis of
rankings of specificities of EP agonists for EP-receptor sub-
types, that EP1- and EP3-receptors, and possibly EP2-recep-
tor, may exist in mouse spinal cord and be involved in pain
transmission at the level of spinal cord. Spinal EP-receptor
systems may exert pain transmission on high and low
threshold afferents with mutual interactions of L-glutamate
and other neuroactive substances (Taiwo & Levine, 1986;
Uda et al., 1990; Malmberg & Yaksh, 1992a,b; Minami et
al., 1994a,b). This is relevant because there is renewed
interest and investigation into the mechanisms of hyperal-
gesia and associated allodynia (Willis, 1992). Because PGE2
clearly plays important but complex roles in both acute and
chronic pain via different pain processing pathways, the con-
tinued pharmacological approach along with the develop-
ment of specific EP-receptor agonists and antagonists may
provide us with an opportunity to learn more about the
physiological and pathological roles of PGE2 in pain.
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Effects of antidepressants on the inward current mediated by
5-HT3 receptors in rat nodose ganglion neurones

Ping Fan

Laboratory of Molecular and Cellular Neurobiology, National Institute on Alcohol Abuse and Alcoholism, 12501 Washington

Ave., Rockville, MD 20852, U.S.A.

1 Effects of three different categories of antidepressants, imipramine (tricyclic), fluoxetine (selective
5-hydroxytryptamine (5-HT) uptake inhibitor), phenelzine and iproniazid (monoamine oxidase (MAO)
inhibitor) on the inward current mediated by 5-HT3 receptors were investigated in rat nodose ganglion
neurones. The whole-cell patch-clamp technique was used for recording the 5-HT current.
2 All the antidepressants tested inhibited the peak 5-HT current. The inhibition gradually reached a
steady level and the recovery was incomplete when antidepressants were removed. IC50 values for
imipramine, fluoxetine and phenelzine were 0.54 LM, 1.3 gM and 4.2 gM respectively. The correspondent
Hill coefficients were 0.9, 0.87 and 0.92.
3 The antidepressants examined increased the rate of 5-HT c.rrent desensitization. IC5o values for
imipramine, fluoxetine and phenelzine on the decrease in desensitization time constant were 0.11ILM,
0.18 tM and 2.4 JM respectively. The correspondent Hill coefficients were 0.9, 1.14 and 1.06.
4 Intracellular applications of the protein kinase inhibitor, H-7 (100 PM), GDP-P-S (2 mM) and the
calcium chelator BAPTA (20 mM) did not affect the 5-HT current and the actions of antidepressants on
5-HT current.
5 These results suggest that the 5-HT3 receptor is an acting site for the therapeutic use of antidepres-
sants. The present observation is also helpful in explaining the analgesic effect of antidepressants seen in
pain clinics.

Keywords: 5-HT3 receptor; desensitization; patch clamp; nodose ganglion neurone; imipramine; fluoxetine; phenelzine

Introduction Methods

The 5-HT3 receptor mediates fast synaptic transmission in
the central nervous system (Sugita et al., 1992). There is
evidence that 5-HT3 receptors and possibly the 5-HT3 recep-
tor-mediated synaptic transmission are involved in some
psychiatric disorders such as depression (Fozard, 1992;
Greenshaw, 1993). Behavioural studies have shown that 5-
HT3 receptor antagonists have a similar effect of that of
antidepressants in an animal model of depression (Martin et
al., 1992). Receptor binding studies demonstrated a nano-
molar binding of antidepressants to quipazine-labelled
5-HT3 receptor sites in rat cortical membranes (Schmidt &
Peroutka, 1989), but this observation was not confirmed by a
study using the ICS205930-labelled 5-HT3 receptor binding
sites in neuroblastoma NIE-115 cells and zacopride-labelled
binding sites in rat entorhinal cortex (Hoyer et al., 1989). On
the other hand, antidepressants are well known to block the
5-hydroxytryptamine (5-HT) reuptake pump and affect 5-
hydroxytryptamine neurotransmission. Tricyclic antidepres-
sants block the uptake of both noradrenaline and 5-HT and
the antidepressant of the second-generation, fluoxetine, is a
highly specific 5-HT uptake inhibitor (Fuller et al., 1991;
Hollister, 1992). At concentrations that inhibit the process of
amine reuptake, antidepressants have no significant effect on
neurotransmitter receptors investigated so far (Richelson &
Nelson, 1984; Wander et al., 1986). Antidepressants are also
known to produce analgesia in pain clinics and to be
especially useful for treating a variety of chronic pain (Hol-
lister, 1992), while 5-HT3 receptors have been shown to
mediate various forms of pain such as the pain perception in
peripheral, migraine, angina and irritable bowel syndrome
(Fozard & Kalkman, 1992; Greenshaw, 1993). In the present
study, the effects of three categories of widely used
antidepressants on the inward current mediated by 5-HT3
receptors in rat nodose ganglion neurones were investigated.
They were: imipramine (tricyclic), fluoxetine (the selective
5-HT reuptake inhibitor), phenelzine and iproniazid
(monoamine oxidase (MAO) inhibitor).

Preparation of nodose ganglion neurones

Single neurones were isolated from rat nodose ganglion. The
procedure used has been described previously (Ikeda et al.,
1986) although some minor changes were made. Briefly,
male, adult Sprague-Dawley rats (150-300 g) were killed by
decapitation; nodose ganglia were rapidly dissected and plac-
ed in cold Dulbecco's modified Eagle's medium (DMEM).
Nodose ganglia were then minced with iridectomy scissors
and placed in DMEM containing 1.25 mg ml' collagenase
(Sigma type IA), 0.8 mg ml' trypsin (Sigma type III) and
0.125 mg ml-' deoxyribonuclease (Sigma type IV). The
minced tissue was then digested in a waterbath shaker at
35'C for 30 to 45 min, after which soybean trypsin inhibitor
(Sigma type Ils, 1 mg ml- ) was added. Neurones were then
plated in petri dishes.

Whole cell patch-clamp recording

Neurones were viewed with an inverted microscope and
superfused with extracellular solution at 1 ml min '. The
extracellular solution contained (in mM): NaCl 150, KCl 5,
CaCl2 2.5, MgCl2 1, HEPES 10, D-glucose 10; the pH was
adjusted to 7.4 with NaOH, and sucrose was added to adjust
the osmolality to 340 mmol kg-'. Experiments were per-
formed at room temperature. The whole cell version of the
patch-clamp technique was used by means of an Axopatch-
1D amplifier (Axon Instruments). Patch electrodes (2-5
Mohm) were pulled from borosilicate glass (World Precision
Instrument Co.) and filled with an internal solution contain-
ing (in mM): KCI 140, MgCI2 2, CaCl2 1, HEPES 10, EGTA
11, ATP (magnesium salt) 2; the pH was adjusted to 7.4 with
KOH and osmolality to 310 mmol kg-' with sucrose. Neuro-
transmitters and other drugs were dissolved in external solu-
tion and applied through a fast perfusion system consisting
of a series of fused silica tubes (200-300 gm) glued together
and held by a micromanipulator (Narishige). These tubes
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were connected to several different reservoirs containing
either control or test solutions. The neurone under study was
placed within 50 plm of the opening of these tubes and the
solution was allowed to perfuse the cell. By rapidly moving
the perfusion system laterally, a different solution was ap-
plied to the cell. Ion substitution experiment shows that
solution exchange is completed within 60 ms (Fan et al.,
unpublished observations).

Values in the text and figures are means ± s.e.mean. Data
were statistically compared by variance analysis or paired t
test. Concentration-response curves were fitted with the logis-
tic equation (De Lean et al., 1978). Current decay was fitted
by the use of Clampfit (Axon Instruments, Inc.). Fits were
considered to be good if r values were >0.97.
5-HT hydrochloride, iproniazid and H-7 (1-(5 isoquino-

linesulphonyl)-2-methyl-piperazine) were purchased from
Research Biochemicals Inc. Imipramine, phenelzine and
BAPTA (1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic
acid) were from Sigma. GDP-13-S (guanosine-5'-O-(2-thiodi-
phosphate)) was from Boehringer Mannheim. Fluoxetine hyd-
rochloride was a generous gift from Eli Lilly and Company.

Results

In acutely isolated rat nodose ganglion neurones, 5-HT pro-
duced an inward current mediated by 5-HT3 receptors (Lov-
inger & White, 1991; Fan et al., 1992). Usually, a stable
5-HT current can be observed 30 to 40 min after establishing
whole cell recording conditions. The antidepressants tested
(imipramine, fluoxetine, phenelzine and iproniazid) had simi-
lar effects on the 5-HT current. The effects of imipramine,
fluoxetine and phenelzine were investigated in detail. A cur-
rent was induced by 3 ILM 5-HT which is close to the EC50
value of 2.6 jIM in rat nodose neurones (Fan and Weight,
unpublished data).

Effect of antidepressants on the peak S-HT current

Data in Figure 1 show that a 3-4 min application of
antidepressants inhibited the peak 5-HT current. After the
introduction of antidepressants, the 5-HT current was grad-
ually inhibited and the inhibition reached a steady level
thereafter (Figure 4a). The recovery of the 5-HT current
from the effects of antidepressants was incomplete (Figures 1
and 4a). Concentration-response curves of antidepressants
are shown in Figure 2. ICm values for imipramine, fluoxetine
and phenelzine were 0.54 AM, 1.3 tiM and 4.2 #M. The corre-
spondent Hill coefficients were 0.9, 0.87 and 0.92.

Effect of antidepressants on the desensitization of the
5-HT current

Yakel et al., 1991). The slow effect of antidepressants on the
5-HT current and the incomplete recovery appear to be the
characteristics of the second messenger-mediated actions.
Therefore, effects of antidepressants on 5-HT current were
investigated in the presence of the protein kinase inhibitor
H-7, GDP-P-S, and calcium chelator, BAPTA. Intracellular
applications of H-7 (100 ILM), GDP-P-S (2 mM) and BAPTA
(20 mM with 0 mM intracellular Ca2+) for 10 to 15 min had
no effect on the 5-HT current and the actions of antidepres-
sants on 5-HT current (paired t test, P> 0.1-0.2, Figure 5).

Discussion

Results in the present experiments demonstrate that the
widely used antidepressants inhibit the peak 5-HT current

Control Imipramine
a

Recovery

30 pA

10 s

V Pheneizine
b

30 pA
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lIproniazid
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Fluoxetine
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loJ

Figure 1 Effects of antidepressants on 5-hydroxytryptamine (5-HT)
current. Currents were induced by 3 jM 5-HT which is indicated by
thin bars. Recordings in (a), (b), (c) and (d) were from four different
cells. Antidepressants (indicated by thick bars) were applied for
3-4 min and then applied together with 5-HT.

Desensitization of the 5-HT current in the present study was
best fitted by a single exponential function (fitting not
shown). Antidepressants increased the rate of 5-HT current
desensitization by reducing the desensitization time constant
(Figures 1 and 3). Figure 3b shows superimposed currents
induced by 3 fLM 5-HT in control and in the presence of 1 jAM
fluoxetine. Concentration-response curves of the antidepres-
sant effect on desensitization time constant are shown in
Figure 3a. IC" values for imipramine, fluoxetine and phenel-
zine were 0.11 LM, 0.18 fLM and 2.4 ILM respectively. The cor-
responding Hill coefficients were 0.9, 1.14 and 1.06. Similar
to their effects on peak current, the reduction of 5-HT cur-
rent desensitization time constant by antidepressants gradu-
ally reached a steady state level and the recovery was
incomplete (Figure 4b).

Intracellular messengers in the actions of antidepressants
on 5-HT current

There is evidence that intracellular messengers may influence
the 5-HT3 receptor desensitization (Yakel & Jackson, 1988;
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Figure 2 Concentration-response curves of antidepressants on the
inhibition of peak current induced by 3gM 5-hydroxytryptamine
(5-HT). Each point represents the average data from 4-9 cells. Data
were collected after 5 min application of the tested antidepressant.
Standard errors are shown: (0) imipramine; (0) phenelzine; (U)
fluoxetine.
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and increase the rate of current desensitizat
on 5-HT current were slow, concentration-d
recovery was incomplete. Desensitization of
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[Antidepressant] JFM

Figure 3 Effect of antidepressants on 5-hydroxy
current desensitization. All currents were induced
Concentration-response curves of antidepressants 4
desensitization time constant. Decreases in desens
stant were plotted against concentrations of antic
Each point represents the average data from 3-
collected after 5 min application of tested antide
errors are shown. (A) Imipramine; (0) phenelzi
(b) Sample recordings obtained in control (time
and the presence of 5 JAM fluoxetine (amplitude no
control, time constant: 355 ms).

-ion. Their effects is obviously more sensitive to antidepressants than the peak
ependent and the current. ICm values of imipramine, fluoxetine and phenelzine
the 5-HT current on current desensitization are 0.11IIM, 0.18 LM and 2.4 LM

while those on peak current are 0.54 AM, 1.6 JM and 4.2 tM.
It is possible that the increased desensitization contributes to
the inhibition of peak current by antidepressants. Since the
effects of antidepressants on 5-HT current were not affected
by H-7, GDP-P-S and calcium chelator BAPTA, it is unlikely
that G-protein, protein kinases and calcium-dependent pro-
cesses are involved in the action of these antidepressants.
The daily dosage of imipramine for the treatment of

depression is 75-200 mg and those for fluoxetine and phenel-
zine are 20-80 mg and 45-75 mg respectively (Hollister,
1992). It has been reported that after a single dose of 40 mg
fluoxetine, the patient's peak plasma fluoxetine concentration
was from 0.042 JM to 0.16 jM and a steady-state plasma
concentration of 0.26 to 0.88 AM of fluoxetine was found in
patients after thirty-day administration of 40 mg per day
(Goodnick, 1991). It has also been reported that the effective
plasma concentration of imipramine is between 100 ng ml-'

o10 to 300 ng ml-' (0.36;JM to 1.07 AM, Hollister, 1992). There-
fore, the effective concentrations of imipramine and fluoxe-

rtryptamine (5-HT) tine observed in the present study are within their therapeutic
by 3 juM 5-HT. (a) concentrations. The effective plasma concentration of phenel-
on the reduction of zine is not well documented. Usually, desirable inhibition of
sitization time con- monoamine oxidase can be achieved with a daily dosage oflepressants (in JmM). 1 mg kg-' (Hollister, 1992) or 7.3 AM if it is completely

pressant. Standard absorbed, which is close to the IC50 values of phenelzine on

ne; (L) fiuoxetine. 5-HT current (2.4 IAM and 4.2 AM). These data suggest that
constant: 1698 ms) the 5-HT3 receptor is an acting site for the therapeutic use of
)rmalized to that of antidepressants.

Fluoxetine has been shown to increase the synaptic poten-
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Figure 4 Time course of the effects of antidepressants on 5-
hydroxytryptamine (5-HT) current. Currents were induced by 3 JM

5-HT. Three samples were collected before the administration of
antidepressants and the average was taken as 100%. Compared to
control, the difference for all the points after the application of 5 AM

antidepressants (indicated by a bar) is highly significant (P<0.05-
0.001), n = 7; 5, 9 for phenelzine, imipramine and fluoxetine respec-
tively. (a) Effect on peak current: (-) imipramine; (0) phenelzine;
(A) fluoxetine. (b) Effect on current desensitization: (0) imipramine;
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'Wu
C

0

80co

40-iL1 ..c60

E.C Q - C Dl A .>

en

Fluoxetine Imipramine Pheneizine
(5 FM) (5 FM) (5 A~M)

Figure 5 Effects of antidepressants on 5-hydroxytryptamine (5-HT)
current under different conditions. Currents were induced by 3 JiM
5-HT. Effects of 1 AM antidepressants were examined with and with-
out intracellular H-7, GDP-P-S and BAPTA. Each category of
experiment contains the average data from 4-7 cells. Standard errors
are shown: (A) control; (B) H-7; (C) BAPTA; (D) GDP-P-S.

a

90 -

a
0

. __

+-
0-

*U 60-

ct c
V C

Co
._ 0

@ 0 30-

0)

-

4-

a)

0

0

CU
c)
aCU
CU)



744 P. FAN

tials mediated by 5-HT3 receptors in brain slices (Sugita et
al., 1992), while the present study demonstrates a 5-HT3
receptor antagonist property of fluoxetine in isolated nodose
ganglion neurones. There may be several reasons for the
different effects of fluoxetine. First, it is likely that fluoxetine
inhibited 5-HT uptake in brain slices and therefore increased
the concentration of 5-HT in the synaptic cleft, resulting in
increased synaptic potentials. In the present experiments,
isolated nodose neurones were rapidly superfused and flood-
ed with 5-HT when the agonist was applied. Thus, inhibition
of 5-HT uptake by fluoxetine in this study should not have
altered the concentration of 5-HT bathing the neurones.
Second, stimulation of presynaptic terminals may activate
both excitatory and inhibitory synaptic transmissions. Flu-
oxetine may inhibit the 5-HT3 receptor-mediated excitation
on inhibitory interneurones, block some of the inhibitory
transmissions and therefore increase the excitatory synaptic
potential. Third, 5-HT3 receptors may have different pharma-
cological properties in different species and different tissues

(Tyers, 1990; Newberry et al., 1991; Peters et al., 1992). The
5-HT3 receptor in the central nervous system may be less
sensitive or insensitive to fluoxetine. If this is the case, the
antidepressant effect of fluoxetine is not mediated by its
action on the peripheral 5-HT3 receptors.

Antidepressants have been used in patients to produce pain
relief (Hollister, 1992) and 5-HT3 receptors have been
reported to mediate the peripheral pain perception and the
flare response induced by local application of 5-HT in man
(Richardson et al., 1985; Orwin & Fozard, 1986). 5-HT3
receptor antagonists blocked these painful responses and
reduced acute and chronic inflammatory pain (Eschalier et
al., 1989; Giordano & Rogers, 1989; Giordano & Dyche,
1989). 5-HT3 receptor antagonists may also be effective in
migraine, angina and irritable bowel syndrome (for review,
see Fozard & Kalkman, 1992; Greenshaw, 1993). These
observations suggest that the inhibition of 5-HT3 receptors
by antidepressants may help to explain the analgesic effect of
antidepressants.
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Mepacrine-induced inhibition of the inward current mediated
by 5-HT3 receptors in rat nodose ganglion neurones

Ping Fan

Laboratory of Molecular and Cellular Neurobiology, National Institute on Alcohol Abuse and Alcoholism, 12501 Washington
Ave., Rockville, MD 20852, U.S.A.

1 With the whole-cell patch clamp technique, the effect of the antimalarial drug, mepacrine (quinac-
rine) on the inward current mediated by 5-HT3 receptors (5-hydroxytryptamine (5-HT)-induced current)
was investigated in isolated nodose ganglion neurones of the rat.
2 5-HT and the selective 5-HT3 receptor agonists, 2-methyl-5-HT and m-chlorophenylbiguanide elicited
an inward current which reversed at around 0 mV and quickly desensitized to a steady state level.
3 Mepacrine dose-dependently inhibited the peak current induced by 5-HT with an IC50 of 2.1 jAM and
an apparent Hill coefficient of 0.99.
4 Mepacrine increased the decay rate of the 5-HT-induced current.
5 The effect of mepacrine on the 5-HT-induced current was reversible and not dependent on membrane
potential. The reversal potential of the 5-HT-induced current was not affected.
6 Intracellular mepacrine had no significant effect on the 5-HT-induced current and did not block the
extracellular action of mepacrine.
7 Concentration-response curves in the presence and absence of mepacrine suggest a non-competitive
inhibition of 5-HT-induced current by mepacrine.

Keywords: Nodose ganglion; mepacrine; quinacrine; 5-HT3 receptor; patch-clamp

Introduction

Mepacrine (quinacrine) is an antimalarial drug (Webster,
1990). It has been widely used as an inhibitor for phos-
pholipase A2 which is a major enzyme in the release of free
arachidonic acid (Vernon & Bell, 1992; Glaser et al., 1993).
Treatment with mepacrine has become one of the pharma-
cological tools to evaluate the role of arachidonic acid in
cellular functions (Blackwell et al., 1977; Billah et al., 1981;
Snyder et al., 1992). However, mepacrine also has other
effects on cellular physiology. It binds to DNA (Darzyn-
kiewicz et al., 1984), increases the pH of lysosomes (DiCerbo
et al., 1984), competes with the binding of acetylcholine to
muscarinic and nicotinic receptors (O'Donnell & Howlett,
1991; Grunhagen & Changeux, 1976; Cox et al., 1985) and
may have local anaesthetic-like actions (Grunhagen &
Changeux, 1976). Several studies have shown that mepacrine
interacts with voltage-gated ion channels such as the fast
transient outward K+ channels in rat melanotrophs (Kehl,
1991) and the high-threshold Ca2+ channel in rat hippocam-
pal cells (Mironov & Lux, 1992). Mepacrine has also been
reported to inhibit Na+/H' exchange (Karmazyn et al.,
1990), Na+/Ca2+ exchange (Shepherd et al., 1991) and to
protect animals from myocardial ischaemia (Chariello et al.,
1987; Sargent et al., 1992). In the present study, mepacrine
was found to inhibit the inward current mediated by 5-HT3
receptors in rat nodose ganglion neurones and to increase the
rate of current decay. Results presented here also indicate
that inhibition of phospholipase A2 may not be involved in
the effect of mepacrine on the 5-HT3 receptor-mediated
inward current.

Methods

Preparation of nodose ganglion neurones

Single neurones were isolated from rat nodose ganglion. The
procedure used has been described previously (Ikeda et al.,
1986) although some minor changes were made. Briefly,
male, adult Sprague-Dawley rats (150-300g) were killed by

decapitation; nodose ganglia were rapidly dissected and
placed in cold Dulbecco's modified Eagle's medium
(DMEM). Nodose ganglia were then minced wih iridectomy
scissors and digested in DMEM containing 1.25 mg ml-'
collagenase (type IA), 0.8 mg ml-' trypsin (type III) and
0.125 mg ml-' deoxyribonuclease (type IV) at 350C for 30 to
45 min, after which soybean trypsin inhibitor (Sigma type IIs,
1 mg ml-') was added. Neurones were then plated in petri
dishes.

Whole cell patch-clamp recording

Neurones were viewed with an inverted microscope and
superfused with extracellular solution at 1 ml min- . The
extracellular solution contained (in mM): NaCl 150, KCI 5,
CaC12 2.5, MgCl2 1, HEPES 10, D-glucose 10; the pH was
adjusted to 7.4 with NaOH, and sucrose was added to adjust
the osmolality to 340 mmol kg-'. Experiments were per-
formed at room temperature. The whole cell version of the
patch-clamp technique was used by means of an Axopatch-
ID amplifier (Axon Instruments). Patch electrodes (2-5
Mohm) were pulled from borosilicate glass (World Precision
Instrument Co.) and filled with an internal solution contain-
ing (in mM): KCl 140, MgC12 2, CaCl2 1, HEPES 10, ATP
(magnesium salt) 2; the pH was adjusted to 7.4 with KOH
and osmolality to 310 mmol kg-' with sucrose. Neurotrans-
mitters and other drugs were dissolved in external solution
and applied through a fast perfusion system consisting of a
series of fused silica tubes (200-300 plm) glued together and
held by a micromanipulator (Narishige). These tubes were
connected to several different reservoirs containing either
control or test solutions. The neurone under study was
placed within 501gm of the opening of these tubes and the
solution was allowed to perfuse the cell. By rapidly moving
the perfusion system laterally, a different solution was ap-
plied to the cell.

Values in the text and figures are means ± s.e.mean. Data
were statistically compared by variance analysis of paired t
test. Concentration-response curves were fitted with the logis-
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tic equation (De Lean et al., 1978). Current decay was fitted
by the use of Clampfit (Axon Instruments, Inc.). Fits were
considered to be good if r values were >0.97.

5-Hydroxytryptamine (5-HT) hydrochloride, 2-methyl-5-
HT and m-chlorophenylbiguanide were purchased from
Research Biochemicals Inc. Quinacrine dihydrochloride was
from Sigma.

Results

Previous studies have demonstrated that in rat nodose gang-
lion neurones, 5-HT produced an inward current mediated
by 5-HT3 receptors (Lovinger & White, 1991; Lovinger, 1991;
Fan et al., 1992). This current was induced in the present
study at a holding potential of - 50 mV. The selective 5-HT3
agonists, 2-methyl-5-HT and m-chlorophenylbiguanide in-
duced a current with similar kinetics (Figure la). Mepacrine
reduced the peak current induced by 5-HT in a concentra-
tion-dependent manner (Figure lb,c). The effect of mepacrine
reached a steady level after 3-4 min of application. The
concentration-response curve revealed an IC50 of 2.1 JAM and
an apparent Hill coefficient of 0.99 (Figure ic). The effect of
mepacrine was reversible (Figure lb).
The 5-HT-induced current reverses at around 0 mV.

Mepacrine did not change the reversal potential of 5-HT-
induced current and its effect on 5-HT-induced current was
not dependent on membrane potential (n = 5). The current-
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Figure 2 The current-voltage relationship for the 5-hydroxytryp-
tamine (5-HT)-induced current. The curve was obtained by measur-
ing the 5-HT-induced current at different membrane potentials (from
- 75 to + 40 mV). Mepacrine did not affect the current reversal
potential, which was + 1 mV in this cell, and antagonized the 5-HT-
induced current with no voltage-dependency. A similar effect was
observed in another four cells. (0) Control; (A) 5 AM mepacrine.
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Figure 1 Effect of mepacrine on the inward current mediated by
5-HT3 receptors. (a) Inward currents induced by 5-hydroxytryp-
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biguanide (mPBG). Currents induced by 5-HT and 2-Me-5-HT were
from the same cell. (b) Mepacrine inhibited the current induced by
3 JAM 5-HT. (c) Concentration-response curve for mepacrine. Each
point represents the average data from 4-9 cells. Mepacrine was
applied for 3-4 min and then applied together with 5-HT. Standard
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Figure 3 Mepacrine increased the rate of the 5-hydroxytryptamine
(5-HT)-induced current decay. (a) The time constant for the 5-HT-
induced current decay was plotted against mepacrine concentrations.
Each point represents the average data from 3-6 cells. Mepacrine
was applied for 3-4 min and then applied together with 3 pM 5-HT.
(b) An example of the mepacrine effect on current decay. Amplitude
of the 5-HT-induced current after 3 min application of mepacrine
(51M) was normalized to that of control.
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Figure 4 Concentration-response curves for 5-hydroxytryptamine
(5-HT) in control (0) and in the presence of 5 JAM mepacrine (A).
Mepacrine (5 JM) was applied for 3-4 min and then applied together
with 5-HT. Current amplitude was normalized relative to that
induced by 1 JAM 5-HT. Each point contains data from four to five
cells. Standard errors are shown when they are bigger than the size
of the symbols.
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Figure 5 Effect of extracellular mepacrine on the 5-hydroxytryp-
tamine (5-HT)-induced current in the presence of intracellular
mepacrine (60 gM, a, n = 5). Intracellular mepacrine is indicated by a
thick bar and time after cell rupture is shown above each tracing.
Four minute application of 5 JAM extracellular mepacrine is indicated
by a thin bar. Arrows: 15 s application of 3 gM 5-HT. (b) Averaged
data for the effect of mepacrine on the 5-HT-induced current under
different conditions: solid column: peak current: open column: decay
time constant.

voltage relation curves in the absence and presence of mepa-
crine are shown in Figure 2.

During prolonged application of agonist, the 5-HT-
induced current decayed to a steady state level in a few
seconds (Figure la,b). Decay of the 5-HT-induced current
was best fitted by a single exponential function (fitting not
shown). In the presence of mepacrine, the rate of the 5-HT-
induced current decay was increased and the current decay
was still best fitted by a single exponential function. Data in
Figure 3a show the time constant for the 5-HT-induced
current decay at different mepacrine concentrations.

Figure 4 shows the concentration-response curves with or
without 5 gM mepacrine. Mepacrine was applied for 3-4 min
and then applied together with 5-HT. All the responses were
normalized to the peak response induced by 1 JM 5-HT.
Mepacrine depressed the maximal response without an ap-
parent shift of EC50 values. The EC50 was 2.6 JAM in control
conditions and was 3.1 JM in the presence of mepacrine. This
observation suggests a non-competitive inhibition of the 5-
HT-induced current by mepacrine.
To investigate the involvement of intracellular messengers,

mepacrine was also applied intracellularly through recording
electrodes. The current immediately after the cell was rup-
tured was taken as control. Intracellular mepacrine (60JM,
n = 7) had no significant effect on the 5-HT-induced current
at 20 to 30 min after the cell was ruptured and did not block
the effect of extracellular mepacrine (Figure 5). Mepacrine
(5 JM) reduced the peak current and time constant of current
decay by 58 ± 5.6% and 43 ± 2.6% respectively in the
absence of intracellular mepacrine. With 60 JM intracellular
mepacrine, the inhibitions of peak current and time constant
by 5 JM extracellular mepacrine were 67 ± 5.5% and 49 ±
2.8% respectively (Figure 5b).

Discussion

The present study demonstrates that micromolar concentra-
tions of mepacrine non-competitively inhibit the inward cur-
rent mediated by 5-HT3 receptors with an ICm of 2.1 JAM. At
this concentration-range, mepacrine inhibited acetylcholine
bindings to muscarinic (O'Donnell & Howlett, 1991) and
nicotinic receptors (Grunhagen & Changeux, 1976; Cox et
al., 1985), decreased voltage-gated Ca2+ currents (Mironov &
Lux, 1992; Sargent et al., 1992) and a fast transient outward
K+ current (Kehl, 1991), depressed Na+/Ca2" and Na+/H'
exchange (Shepherd et al., 1991; Karmazyn et at., 1990) and
had a cardioprotective effect against ischaemia (Chiariello et
al., 1987; Sargent et al., 1992). All these mepacrine effects
were independent of phospholipase A2 activity, although the
effective mepacrine concentration for the inhibition of phos-
pholipase A2 is also in this range (Billah et al., 1981). The
present observation that intracellular mepacrine exhibits no
significant effect on the 5-HT-induced current does not sup-
port the involvement of phospholipase A2 in the effect of
mepacrine. Therefore, the results with mepacrine treatment
should be interpreted with care.

The effect of mepacrine on the 5-HT-induced current was

not voltage-dependent and mepacrine did not change the
reversal potential of the 5-HT-induced current (Figure 2).
These results indicate that the ionic permeability of the 5-
HT3 receptor-ion channel was not affected by mepacrine.
Lack of effect by internal mepacrine (Figure 5) reveals that
the mepacrine binding site is most likely to be on the external
face of the membrane, while the non-competitive dose-
response curve suggests that this site is different from the
agonist binding site. From these observations, the effect of
mepacrine on 5-HT3 receptors appears to be different from
its effect on acetylcholine receptors. O'Donnell & Howlett
(1991) reported that mepacrine acted at the agonist binding
site on acetylcholine muscarinic receptors and shifted the
dose-response curve in a parallel fashion. Similarly, mepa-

crine also acted at the acetylcholine binding site on nicotinic
receptors (Grunhagen & Changeux, 1976; Cox et al., 1985),
although mepacrine may affect other sites of acetylcholine
binding such as acetylcholine uptake protein (Anderson et
al., 1983).

Mepacrine increased the rate of the 5-HT-induced current
decay. This effect is also concentration-dependent. It seems

that mepacrine is similar to some non-competitive antago-
nists of ligand-gated ion channels, which usually act at sites
other than the agonist binding sites and increase receptor
desensitization. A well known example is the effect of local
anaesthetics on nicotinic receptors (Neher & Steinbach,
1978). A local anaesthetic-like effect of mepacrine on

nicotinic receptors has been reported (Grunhagen & Chang-
eux, 1976). However, our previous results demonstrate that
local anesthetics such as cocaine, procaine and tetracaine
exhibit a competitive blockade on the activation of 5-HT3
receptors (Fan et al., 1992; Fan & Weight, 1993). Therefore,
for the 5-HT3 receptors, the effect of mepacrine is obviously
different from that caused by local anaesthetics.

Recently, Kooyman et al. (1993) demonstrated that tet-
raethylammonium ion, a potassium channel blocker like
mepacrine, blocks the 5-HT3 receptor-mediated ion current in
neuroblastoma NIE-115 cells. However, the effect of tet-
raethylammonium ions is different from that of mepacrine. It
acts at the 5-HT recognition site and prevents desensitization
while mepacrine increases the receptor desensitization.

In conclusion, the inhibition of the 5-HT-induced current
by mepacrine was through an action on the extracellular face
of the membrane, was non-competitive, voltage-independent
and was probably not connected with phospholipase A2
activity.

The author is grateful to Dr J.C. Szerb for reading the manuscript.
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Predominance of endothelinA (ETA) receptors in ovine airway
smooth muscle and their mediation of ET-1-induced
contraction
'Roy G. Goldie, Peta S. Grayson, Patrick G. Knott, Glenn J. Self
& Peter J. Henry

Department of Pharmacology, University of Western Australia, Nedlands, 6009, Australia

1 Autoradiographic studies were conducted to investigate the receptor subtypes for endothelin-I (ET-1)
that were present in the ovine respiratory tract. In addition, the receptor subtypes mediating contraction
of airway smooth muscle and the possible involvement of extracellular Ca2" and inositol phosphate
generation in intracellular signal transduction were assessed.
2 Specific [251I]-ET-1 binding in ovine trachea increased in a time- and concentration-dependent
manner. Autoradiographic studies demonstrated that significant binding was associated with airway
smooth muscle, although higher densities of specific binding were associated with submucosal glands
and with cells immediately below the epithelial basement membrane (lamina propria). The ETA receptor-
selective antagonist, BQ 123 (1 AM), virtually abolished specific binding to airway smooth muscle.
Quantitative analyses of autoradiographic data describing the time-dependence of specific ['2511]-ET-1
binding in ovine airway smooth muscle in the presence and absence of BQ 123 or sarafotoxin S6c,
revealed a homogeneous population of ETA receptors. BQ 123 (1 JtM) also abolished specific binding to
structures associated with submucosal glands, whereas the ETB receptor selective agonist, sarafotoxin
S6c (100 nM) had little effect on this binding, indicating the predominance of ETA receptors at these
sites. In contrast, ETB receptors predominated in the lamina propria, since sarafotoxin S6c abolished
specific binding in this tissue.
3 High levels of specific ['251]-ET-l binding were also detected in the alveoli and in the walls of blood
vessels and small airways in ovine peripheral lung. Specific binding associated with alveoli was reduced
to similar extents by BQ 123 (1 M; 54%) and sarafotoxin S6c (100 nM; 40%), suggesting the co-
existence of both ETA and ETB receptors in approximately equal proportions in this tissue. In contrast,
specific binding to blood vessels and to peripheral bronchial smooth muscle was abolished in the
presence of BQ 123 (1 tM), but was unaffected by sarafotoxin S6c, indicating the presence of only ETA
receptors at these sites.
4 ET-1 caused concentration-dependent contractions of ovine tracheal smooth muscle which were
inhibited in the presence of BQ 123 (1 JLM). ET-1 also caused concentration-dependent contraction of
ovine lung parenchyma strips. In contrast, the ETB receptor-selective agonists, sarafotoxin S6c and
BQ 3020, were virtually inactive as spasmogens in both tracheal smooth muscle and lung strip prepara-
tions. Thus contraction was mediated by ETA receptors in ovine tracheal smooth muscle and this is
consistent with binding and autoradiographic data demonstrating a homogeneous population of these
binding sites in this tissue. Contraction of parenchymal lung strip preparations to ET-1 was mediated
via non-ETB receptors, presumably ETA receptors, with contributions to this response perhaps coming
from airway and vascular smooth muscle and from alveolar wall contractile cells.
5 ET-1-induced contraction of tracheal smooth muscle was not significantly altered in the presence of
indomethacin (5 tLM), indicating that cyclo-oxygenase metabolites of arachidonic acid were not involved
in this response. Contraction induced by ET-1 was virtually abolished in Ca2+-free medium containing
0.1 mM EGTA, indicating that this response was dependent upon the influx of extracellular Ca2 .
Contraction was inhibited by about 50% in the presence of nicardipine (1 JiM), indicating that a
significant component of this response was mediated via the activation of L-type Ca2+ channels.
6 ET-1 caused poorly defined increases in the accumulation of intracellular inositol phosphates in
ovine tracheal smooth muscle. The maximal response to ET-1 was less than 20% of that to the
cholinoceptor agonist, carbachol. Furthermore, sarafotoxin S6c was inactive. These data, when taken
together with the results of autoradiographic and contraction studies, indicate that ovine airway smooth
muscle contraction in response to ET-1 is mediated via ETA receptors which are linked to the influx of
extracellular Ca2+, partly through voltage-dependent channels. ETB receptors also exist in the lamina
propria of ovine trachea and in peripheral alveoli, perhaps residing in vascular endothelial cells.

Keywords: Ovine tracheal smooth muscle; contraction; endothelin; ETA receptors; autoradiography

Introduction

It is now established that both ETA and ETB receptors can receptors, which are selectively stimulated by sarafotoxin S6c
mediate endothelin-1 (ET-1)-induced contraction of airway and BQ 3020 (Williams et al., 1991; Ihara et al., 1992b).
smooth muscle (Hay, 1992; Henry, 1993). ET-1-induced con- ET-1-induced stimulation of these receptors appears to be
traction of guinea-pig tracheal smooth muscle (Tschirhart et linked to the activation of the inositol phosphate cascade
al., 1991; Hay, 1992) is mediated predominantly via ETB (Hay, 1990), and thus presumably to the mobilization of

intracellular Ca2l stores. In contrast, it has been suggested
Author for correspondence. that in sheep airways, the ETA receptor subtype predom-
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inates (Araham et al., 1993). This is consistent with data
showing that the ETA receptor-selective antagonist, BQ 123
(Ihara et al., 1992a) markedly attenuated ET-1-induced bron-
choconstriction in allergic sheep and of contraction of
tracheal smooth muscle isolated from such animals (Noguchi
et al., 1992). In contrast, in rat trachea, powerful contraction
was mediated via both ETA receptors linked to inositol phos-
phate generation and ETB receptors which facilitated the
influx of extracellular Ca2+ (Henry, 1993). In the present
study, we assessed the autoradiographic distribution and den-
sity of both ETA and ETB receptors in ovine tracheal smooth
muscle and evaluated their role in ET-1-induced contraction
and in the generation of intracellular inositol phosphates.

Methods

Tissue preparation

Sheep tracheal and lung parenchymal tissue was obtained at
a local abattoir from freshly slaughtered lambs 4-9 months
of age. Tissue was transferred to the laboratory in ice-cold
Krebs bicarbonate solution, the composition of which was
(mM): NaCl 117, KC1 5.36, NaHCO3 25.0, KH2PO4 1.03,
MgSO4.7H2O 0.57, CaCl2.H2O 2.5 and glucose 11.1. Sur-
rounding fat and other adherring tissue was removed from
the trachea and a longitudinal cut was made through the
cartilage down the length of the airway opposite the smooth
muscle band. Tissue containing the smooth muscle was
removed with the epithelium and some cartilage still at-
tached. These preparations were then submerged in Mac-
rodex and frozen by immersion in isopentane, quenched with
liquid nitrogen. In addition, tracheal smooth muscle dissected
free of all epithelium, submucosal tissue and cartilage, was
obtained from six sheep and a piece (approx. 10mm x 10
mm) from each animal stacked in layers in Macrodex and
frozen as described above. Transverse sections (10 jm) of all
preparations were cut at - 20'C and thaw-mounted onto
gelatin/chrome alum-coated glass slides. Parenchymal tissue
was inflated by bronchial instillation with OCT embedding
medium diluted 1:4 with 0.9% w/v NaCl solution before
snap freezing, sectioning and thaw-mounting on glass slides
as described above.

Autoradiographic studies

[I25l-ET-l autoradiographic studies in sheep tracheal and
lung parenchymal tissue were conducted essentially as
previously described for other species (Henry et al., 1990).
Slide-mounted tissue sections (10 ,Am) were incubated for
2 x 10 min at 22°C in Tris-HCl buffer (50 mM Tris, 100 mM
NaCl; pH 7.4) containing 0.25% (w/v) bovine serum albumin
and the protease inhibitor phenylmethylsulphonyl fluoride
(10 gM). For some autoradiographic experiments, tissue sec-
tions were incubated with 0.5 nM ['25Il-ET-1 for 60 min in the
presence and absence of the ETA receptor-selective antago-
nist, BQ 123 (1 gM) or the ETB receptor-selective agonist,
sarafotoxin S6c (100nM). Non-specific binding was deter-
mined in the combined presence of 1 LM BQ 123 and 100 nM
sarafotoxin S6c. Autoradiographic grain densities over
alveolar wall tissue were determined with an automated grain
detection and counting system (Henry et al., 1990). Four
separate fields (three over tissue and one over a non-tissue
area) were viewed from each parenchymal section and trip-
licate slides were analysed. Thus, a total of 192 fields were
analysed [(four fields per section) x (four tissue sections per
slide) x (three slides per treatment) x (four treatments)].
Autoradiographic densities were expressed as grains 1000

2

Time course of [`25I]-ET-J binding in tracheal smooth mus-
cle In these experiments, ovine tracheal smooth muscle sec-
tions were incubated with 0.35 nM [125I]-ET-I for 10-180 min

in the presence and absence of 1 J4M BQ 123, or 100 nM
sarafotoxin S6c or in the combined presence of 1 JLM BQ 123
and 100 nM sarafotoxin S6c (to assess non-specific binding).
Autoradiographic grain densities were measured as described
above. A total of 1152 fields were analysed [(four fields per
section) x (six tissue sections per slide) x (two slides per
treatment) x (four treatments) for each of six time points].

Functional studies

Trachea Sheep trachea was cut transversely at intervals of
approximately 3 mm to provide a series of ring segments.
The epithelium and attached submucosa was dissected away
from the smooth muscle band. The exterior connective tissue
and other deep submucosal elements were also dissected from
the preparation to leave the intact airway smooth muscle
stretched across the cartilage ring as a thin band. This muscle
was trimmed to leave a fine filament. Two ligatures approx-
imately 5 mm apart were tied around this muscle filament to
provide points of attachment to anchorage sites in the organ
bath system. Tracheal preparations were suspended under a
resting tension of 500 mg and placed in organ baths contain-
ing 2 ml of Krebs bicarbonate solution of 37°C, bubbled
continuously with 5% CO2 in 02 Changes in isometric ten-
sion were recorded via FT03 force-displacement transducers
(Grass Instruments).

Tracheal segments were allowed to equilibrate for 45 min
before exposure to the cumulative addition of 0.3 fLM and
10 jM carbachol. Upon reaching a contraction plateau the
preparations were washed in drug-free Krebs bicarbonate
solution for 15 min. Concentration-effect curves were con-
structed to ET-1 in the presence and absence of the ETA
receptor antagonist, BQ 123 (1 ELM), or the cyclo-oxygenase
inhibitor, indomethacin (5 rM). In these experiments, prepar-
ations were exposed for 20 min to one of these agents or its
solvent (paired control preparation) and then to cumulative
additions (0.5 log-concentration increments) of ET-l (1 nM to
300 nM). In some experiments, tracheal responsiveness to
sarafotoxin S6c or BQ 3020 was also evaluated (1 nM to
300 nM). In a separate series of experiments, the influence of
the L-type Ca2" channel antagonist nicardipine (1 LLM) or
reducing the extracellular Ca2" concentration nominally to
zero was assessed on tracheal smooth muscle contraction to
potassium (K+), carbachol and ET-1. In the latter experi-
ments, Krebs bicarbonate solution was replaced three times
at intervals of 15 min, with Ca2"-free Krebs bicarbonate
solution containing EGTA (0.1 mM). In all experiments, only
one agonist cumulative concentration-effect curve was con-
structed in each preparation. ET-1, BQ 3020-, sarafotoxin
S6c-, carbachol- and K+-induced contractions were plotted
as a percentage of the initial contraction induced by 10 ILM
carbachol (Cma,). Agonist potencies were assessed as pD2
values where pD2 =- log EC50 and EC50 = the concentration
of agonist producing 50% of the maximal response (Emax).

Lung parenchyma strips The marginal edge of the primary
lung lobe was cut away as a strip to expose the underlying
parenchymal tissue. A strip of parenchyma approximately
2 mm x 2 mm x 6 mm, free of pleural lining tissue, was then
dissected from the exposed edge. Such preparations were
suspended in organ baths as described for tracheal prepara-
tions and their responsiveness to cumulative concentrations
of carbachol, ET-1, sarafotoxin S6c or BQ 3020 tested. Con-
tractions were assessed as % of the response to 400 tiM
carbachol (Cm,,). Agonist potencies were assessed as the con-
centration producing 50% of the contraction to 400 gM car-
bachol (95% confidence limits).

[3H]-inositol phosphate accumulation

Inositol phosphates accumulation in response to ET- 1, sara-
fotoxin S6c and carbachol were determined as previously
described (Henry et al., 1992). Lengths (approximately 5 cm)
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of sheep tracheal smooth muscle were dissected free of all
surrounding tissue including epithelium and submucosa and
cut along the fibre axis at intervals of 1 mm. Tissue pieces
from each of three animals were pooled to provide separate
tissue samples. Tissue samples were weighed, preincubated
for 30 min in 5 ml of Krebs bicarbonate solution at 370C and
then incubated with [3H]-myo-inositol (5 gCi) in 1 ml of
carbogen-aerated Krebs bicarbonate solution for 3 h at 37TC
with gentle shaking. Tissues were washed twice with 5 ml
Krebs bicarbonate solution for 15 min to remove excess [3H]-
myo-inositol and a third time for a further 15 min. After
washing, the tissues were incubated for a further 15 min in
1 ml Krebs bicarbonate solution containing 5 mM LiCl to
inhibit the breakdown of inositol monophosphate to inositol
and thus enhance the accumulation of inositol phosphates.
The tissues were stimulated for 15 min by the addition of
20 til ET-1 (1O nM to 3 JLM) or sarafotoxin S6c (1 nM to
2.5 JtM) and the stimulation terminated by the addition of
1.5 ml chloroform:methanol (1:2, v/v) with vigorous shaking.
After standing for 15 min, chloroform (0.5 ml) and distilled

a

b

d

water (0.5 ml) were added sequentially. The entire upper
methanol/water phase was applied to an anion exchange
chromatography column (1 ml of Dowex AG1-X8 in formate
form). Inositol was eluted with 10 ml of water and glycero-
phosphoinositol with 15 ml of a buffer containing 5 mM
sodium tetraborate and 60 mM sodium formate. [3H]-inositol
phosphates were eluted with a buffer containing 0.1 mM for-
mic acid and 0.75 M ammonium formate. Three 1 ml aliquots
of the final fraction were mixed with 10 ml of scintillant
(5.8 g 1' 2,5-diphenyloxazol (PPO) in Triton XI00:toluene,
1:2) and radioactivity counted in a Tricarb liquid scintillation
counter (Packard, Model 1500). Total [3H]-inositol phosphate
accumulation was expressed as d.p.m. mg-' wet wt. tracheal
smooth muscle.

Drugs

Drugs used were: ['251I]-ET-1 (2000 Ci mmol '), ET-1, sarafo-
toxin S6c, BQ3020 ([Ala`1'5]Ac-ET-1(6-21)]; Auspep, Mel-
bourne, Australia), carbamylcholine chloride, indomethacin,

C

e

Figure 1 (a) Bright-field photomicrograph of a 10 jtm transverse frozen section of ovine trachea. ASM = airway smooth muscle,
E = epithelium, SG = submucosal gland, bv = blood vessel. (b-e) Dark-field photomicrographs showing the distribution of
autoradiographic grains derived from ['l25]-endothelin-1 (['25I]-ET-1). (b) Total ['25I]-ET-I binding in the section shown in the
light-field photomicrograph. (c-e) Serial sections showing ['25I]-ET-1 binding (c) in the presence of the ETA receptor-selective
antagonist, BQ-123 (1 jiM); (d) the ETB receptor-selective agonist sarafotoxin S6c (100 nM); and (e) in the combined presence of
1ItM BQ 123 and 100 nM sarafotoxin S6c (i.e. nonspecific binding). Bar = 200 tim.
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nicardipine hydrochloride (Sigma Chemical Company, St
Louis, U.S.A.), potassium chloride (Fluka), phenylmethylsul-
phonyl fluoride (Calbiochem, La Jolla, U.S.A.), BQ 123
(cyclo[D-Trp-D-Asp-L-Pro-D-Val-L-Leu]; gift from Dr D.W.P.
Hay of SmithKline Beecham Pharmaceuticals, U.S.A.). Stock
solutions (50 fAM) of ET-l and sarafotoxin S6c were prepared
in 0.1 M acetic acid and dilutions made in 0.9% NaCl solu-
tion (saline). Stock solutions (50 AM) of BQ 3020 were
prepared in 0.1 M ammonium chloride. BQ-123 and indo-
methacin were prepared in 100mM Na2CO3 and diluted in
saline as required. All other drugs were dissolved in saline.
Drugs were kept on ice and protected from light.

Statistical analyses

Differences between treatment means were assessed by
analysis of variance followed by a modified t-statistic
(Wallenstein et al., 1980) or by Student's unpaired t test as
appropriate. P values less than 0.05 were considered to be
statistically significant.

Results

Autoradiography

Trachea The distribution of total binding sites for ['251l-ET-
1 (0.5 nM; 60 min) in a transverse frozen section (10 jim) of
sheep trachea is shown in Figure lb. The highest densities of
specific autoradiographic grains were associated with cells in
the submucosa, immediately below the epithelial basement
membrane and with cells associated with submucosal glands.
However, high levels of specific binding were also observed
over airway smooth muscle. Autoradiographic grains repre-
senting non-specific binding (Figure le) were evenly distri-
buted over the tissue with no evidence of localization to
particular tissue structures. The ETA receptor antagonist
BQ 123 (1 AM), reduced the density of specific autoradiog-
raphic grains over airway smooth muscle and submucosal
glands to levels similar to non-specific binding (Figure ic),
indicating that only ETA-receptors existed in these tissues,
but did not appear to reduce significantly binding to cells
immediately beneath the epithelial basement membrane. In
sharp contrast, the ETB-selective agonist sarafotoxin S6c
(100 nm, Figure Id), abolished specific binding to these cells,
but appeared to have little affect on specific binding to
airway smooth muscle or submucosal glands.
To assess more accurately the relative proportions of

specific ETA and ETD binding sites in sheep tracheal smooth
muscle, it was necessary to determine the binding maximum
(B..) for all specific binding in sheep tracheal smooth mus-
cle, as well as the binding maxima for these separate binding
site populations. Since ['25l]-ET-l binds irreversibly to its
specific sites (Marsault et al., 1991; Waggoner et al., 1992), it
was not appropriate to apply a competitive binding isotherm
to derive binding maxima from quantitative autoradiographic
data describing the concentration-dependence of specific bin-
ding. However, these data can be derived from analyses of
the time courses of [l25l1-ET-l binding in the presence and
absence of receptor subtype-selective binding inhibitors which
are described by the relationship

Bt = B,=r (I1-e- *klL),
where Bt is the specific binding at time t, k, is association
rate constant and L is the ligand concentration.

Results show that specific [(251]-ET-l (0.35 nM) binding
increased in a time-dependent manner to a plateau (Figure
2a). However, this specific binding could not be described as
consisting of two components. Specific binding was abolished
in the presence of BQ 123 (1 JAM), but was unaffected by
sarafotoxin S6c (100 nM), consistent with the presence of
only ETA sites in airway smooth muscle (Figure lb).
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Figure 2 (a) Time-dependence of 1'251]-endothelin-1 (['251]-ET-l,
0.35 nM) binding in 10 rlm transverse frozen sections of slide-
mounted ovine tracheal smooth muscle. Total (0), specific (M) and
non-specific binding (0) is shown. Non-specific binding was assessed
in the combined presence of 1 piM BQ 123 and 100 nM sarafotoxin
S6c. (b) Specific ['251]-ET-1 binding (0) assessed in the presence of
1 14M BQ 123 (U) (i.e. binding to ETB sites) or 100 nM sarafotoxin
S6c (0) (i.e. binding to ETA sites). Data are presented as mean +
s.e.mean of six mean estimates.

Peripheral lung Figure 3b shows the distribution of auto-
radiographic grains derived from total ['25I]-ET-l (0.5 nM,
60 min) binding in a frozen section (10Jlm) of ovine
peripheral lung tissue. The highest levels of binding were
associated with alveolar septae and vascular smooth muscle,
with lower levels over bronchial airway smooth muscle. It
can. be seen that specific grain density (230 ± 16 grains
1000 gm-2) was markedly reduced over alveolar wall tissue,
but not abolished in the presence of the ETA-selective
antagonist, BQ 123 (1 gAM; 107 ± 8 grains 1000 gm-2; 53.5%
inhibition) alone (Figure 3c), or the ETB-selective agonist,
sarafotoxin S6c (100 nM; 139 ± 8 grains 1000 gm-2; 39.6%
inhibition) alone (Figure 3d). However, binding was reduced
to levels approaching background in the combined presence
of 1 FM BQ 123 and 100 nM sarafotoxin S6c (non-speci-
fic = 8 ± 7 grains 1000 1im2; Figure 3e). In contrast, the
binding associated with bronchial smooth muscle and with
vascular smooth muscle, was virtually abolished in the
presence of BQ 123 (1 JIM) only (Figure 3c), but was not
markedly altered by 100 nM sarafotoxin S6c (Figure 3d).

Functional studies

Trachea Carbachol and ET-1 caused concentration-depen-
dent contraction of ovine tracheal smooth muscle prepara-
tions. ET-l (pD2 = 8.36 ± 0.06, n = 14) was approximately 35
times more potent than carbachol (pD2 = 6.81 ± 0.07, n = 12;
P<0.001), but the maximal contractile response (E..,,) was
only 71 ± 6% of that to carbachol (pooled value from data

I
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Figure 3 (a) Bright-field photomicrograph of a 10 fLm transverse frozen section of ovine peripheral lung. B =bronchus, alv-
= alveolus, bv = blood vessel. (b-e) Dark-field photomicrographs showing the distribution of autoradiographic grains derived
from ['251]-endothelin-l (['25I]-ET-1, 0.5 nm, 60 min). (b) Total ['25I]-ET-1 binding in the section shown in the light-field photomic-
rograph. (c-e) Serial sections showing ['25I]-ET-1 binding in the presence of (c) the ETA receptor-selective antagonist BQ 123
(1 pM); (d) the ETB receptor-selective agonist sarafotoxin S6c (100 nM); and (e) in the combined presence of 1 AM BQ 123 and
100 nM sarafotoxin S6c (i.e. non-specific binding). Bar = 200 ,m.

in Figures 4,5 and 6). In contrast, neither of the ETB
receptor-selective agonists, sarafotoxin S6c (Figure 4) or
BQ 3020 (data not shown) were active as contractile agonists
to any significant extent. The ETA receptor-selective antago-
nist, BQ 123 (1 JAM) shifted the concentration-effect curve to
ET-1 to the right by 5.4 fold (apparent pKB = 6.7), but did
not alter tracheal responsiveness to carbachol (Figure 5).
Contractions to K+ and ET-1 were virtually abolished in
Ca2+-free medium (Figure 6a and b). Under similar condi-
tions, carbachol potency was reduced by less than 2 fold
(P>0.05), although Emax was reduced by 50% (P<0.001)
(control n = 7, test n = 6; data not shown). Furthermore, the
voltage-dependent Ca21 channel antagonist, nicardipine (1
jAM), markedly attenuated responses to K+ and reduced Emax
for ET-1 by approximately 45% from 76 ± 8% (n = 8) to
42 + 7% (n = 8) of the Emu, to carbachol (P<0.01) (Figure
6c and d), whereas carbachol potency was only reduced by
approximately 2 fold (P<0.05) and Emax remained unaffec-
ted (P>0.1) (control n = 5, test n = 6; data not shown). In
contrast, indomethacin (5 lAM) failed to alter significantly

either the pD2 or Emax for ET-1 or carbachol (P>0.1) (con-
trol n = 3, test n = 3; data not shown).

Peripheral lung strips ET-1 and carbachol caused concentra-
tion-dependent increases in isometric tension in ovine lung
strip preparations, whereas sarafotoxin S6c (Figure 7) and
BQ 3020 (data not shown) were virtually inactive. Since max-
imal response was not obtained with either ET, or carbachol,
relative agonist potency was assessed in terms of the concen-
trations of agonist causing 50% of the greatest response to
carbachol (Cm.; 95% confidence limits, CL). ET-1 was ap-
proximately 180 times more potent than carbachol (50% Cm.
carbachol = 26.1 (CL: 15.8-42.7) JAM (n = 4); ET-l = 148
(CL: 90-230)mM (n=4).

[3H]-inositol phosphate generation

Carbachol caused significant concentration-dependent, increa-
ses in the accumulation of total [3H]-inositol phosphates
([3H]-InsPs) above basal levels in ovine tracheal smooth mus-
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cle (Figure 8; pD2 carbachol = 6.02 ± 0.18; Es. = 15.0 ± 2.1
fold increase above basal; n= 3 experiments). However, the
response to ET-1 was variable across the concentration-range
tested. The maximum level of (3H]-InsPs accumulated in
response to ET-1 was less than 20% of that to carbachol
(P< 0.05), while the ETB receptor-selective agonist, sarafo-
toxin S6c was inactive at all concentrations tested (Figure 8).

Discussion

This study has clearly demonstrated that ETA receptors
predominate in ovine tracheal smooth muscle and mediate
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contraction in response to ET- 1. The primary evidence in
support of this contention includes the fact that specific
[125l-ET-l binding in tracheal smooth muscle was abolished
in the presence of the ETA receptor-selective antagonist,
BQ 123 (1 tiM). Quantitative autoradiographic data produced
in the presence and absence of ETA and ETB receptor-
selective ligands, also showed that all of the specific binding
to airway smooth muscle cells could be accounted for as
binding to ETA receptors. In addition, ET-l-induced contrac-
tion of this tissue was significantly inhibited in the presence
of BQ 123. The apparent pKB of 6.7 for BQ 123 against ET-1
is consistent with a value of 7.1 in guinea-pig aorta (Hay,
1992) and with its pA2 value of 6.9 in rat thoracic aorta
(Sumner et al., 1992). Furthermore, the ETB receptor-
selective agonists, sarafotoxin S6c (Williams et al., 1991) and
BQ 3020 (Ihara et al., 1992b) were virtually inactive as spas-
mogens in ovine tracheal smooth muscle preparations. This is
consistent with evidence in sheep that ET-1-induced bron-
chial smooth muscle contraction was mediated via ETA
receptors (Noguchi et al., 1992; Abraham et al., 1993).

However, the present data contrast sharply with results
obtained in airway smooth muscle from other species. For
example, ET-1-induced contraction in guinea-pig bronchus
was mediated predominantly via ETB receptors (Hay, 1992),
although evidence for multiple receptor subtypes in this tissue
has been reported (Tschirhart et al., 1991). Furthermore, ETB
receptors were also primarily responsible for mediating ET-1-
induced contraction in human bronchus (Hay et al., 1993).
However, in rat trachea, both ETA and ET5 receptors co-
existed in approximately equal proportions and mediated
responses which made approximately equivalent contribu-
tions to ET-1-induced increases in airway smooth muscle
tone (Henry, 1993).

Species differences are also apparent with respect to the
signal transduction mechanisms to which ET receptor sub-
types are linked. In rat tracheal smooth muscle, ET-1-induc-
ed contraction mediated via ETA receptors was linked to the
phosphoinositide generating pathway, whereas ETB receptors
were linked to the influx of extracellular Ca2+ via non L-type
Ca2+ channels (Henry, 1993). In contrast, in the present
study, ET-1-induced contraction was completely dependent
upon extracellular Ca2+ influx and this response was only
partially associated with voltage-dependent L-type Ca2+
channels. Furthermore, the dependence on extracellular Ca2+
influx of ET-1-induced contraction mediated via ETA recep-
tors is consistent with the trivial increases in intracellular
inositol phosphate accumulation observed in response to this
peptide and to sarafotoxin S6c.

Autoradiographic data showed that a homogeneous popu-
lation of ETA receptors was also present at sites associated
with submucosal glands and in clearly defined blood vessels
and the density of these sites was greater than that seen over
airway smooth muscle cells. In contrast, ETB receptors were
detected in the tracheal wall in association with submucosal

cells residing at or near the epithelial basement membrane.
The density of these sites was also greater than that for ETA
receptors in airway smooth muscle. While the cell type
associated with these sites could not be accurately resolved,
endothelial cells from the bronchial microcirculation are a
likely location of these receptors, since it is established that
vascular endothelial cells contain ETB receptors (Masaki et
al., 1991; Hirata et al., 1993).
ETB receptors were also detected in ovine lung paren-

chyma, most noticeably in association with the alveolar wall,
where sarafotoxin S6c-sensitive binding accounted for app-
roximately 40% of the specific binding of ['251]-ET-1. Almost
all of the remaining specific binding was BQ 123-sensitive
and was thus defined as ETA receptor-associated. As observ-
ed in the trachea, the ETB receptor-selective agonist sarafo-
toxin S6c abolished ['251]-ET-1 binding to cells at or near the
epithelial basement membrane in peripheral bronchi. In con-
trast, BQ 123 abolished bronchial smooth muscle binding,
indicating that ETA receptors predominated in ovine peri-
pheral airway smooth muscle, as well as in tracheal airway
smooth muscle.

ET-1-induced contraction of ovine peripheral lung strips
was also apparently mediated via ETA receptors, since the
ETB receptor-selective agonists sarafotoxin S6c and BQ 3020
were virtually inactive as spasmogens in this tissue. The
precise locations of all of the ETA receptors mediating con-
tractile responses of ovine lung strips is not known. However,
it seems likely that ETA receptors in bronchial smooth muscle
mediated a large proportion of the total response. Vascular
smooth muscle contraction mediated via ETA receptors may
also have contributed to lung strip responses to ET-1, since
this tissue component in lung strips has been reported
previously to be active in response to spasmogens (Bertram
et al., 1983). It is also possible that some alveolar wall ETA
receptors existed in contractile cells such as interstitial
myofibroblasts (Kapanci et al., 1974) which may contribute
to the increase in lung strip tone in response to ET-1. How-
ever, evidence from electron microscopic autoradiography
suggests that specific [251I]-ET-1 binding in the alveolar wall
primarily involves vascular endothelial cells and fibroblasts
(Furuya et al., 1991; 1992). It seems likely that ovine alveolar
ETB receptors reside in capillary endothelial cells (Hirata et
al., 1993) and are thus unlikely to contribute to ET-1-induced
lung strip contraction.

In conclusion, this study has demonstrated that although
both ETA and ETB receptors exist in the ovine respiratory
tract, it is the ETA receptor subtype which mediates airway
smooth muscle contraction. This contrasts sharply with
human airway smooth muscle in which ET-1-induced con-
traction is mediated primarily via ETB receptors.
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A quantitative comparison of functional and anti-ischaemic
effects of the phosphodiesterase-inhibitors, amrinone, milrinone
and levosimendan in rabbit isolated hearts

1A.F.E. Rump, D. Acar & W. Klaus

Institut fur Pharmakologie, Universitat K6ln, Gleuelerstr. 24, 50931 K6ln, Germany

1 The functional and anti-ischaemic effects of the phosphodiesterase (PDE)-inhibitors, amrinone,
milrinone and levosimendan, a new agent combining PDE-inhibitory with calcium-sensitizing properties,
were investigated in rabbit isolated hearts (Langendorff, constant pressure: 70 cmH2O, Tyrode solution,
Ca2+ 1.8 mmol 1', 37°C). Anti-ischaemic effects were studied in electrically-driven hearts (200 beats
min '). Acute regional ischaemia was induced by ligature of a branch of the circumflex coronary artery
and quantified from epicardial NADH-fluorescence photography.
2 Cumulative concentration-response curves in spontaneously beating hearts in the presence of
isoprenaline (10-1 M), showed a higher inotropic and coronary vasodilator potency for levosimendan
(ECm: 7 X 1O-7M) compared to milrinone (ECm: 7.7 x 10-6M) or amrinone (EC5: 2 x 10- M).
Although the maximal coronary dilator activity was similar for the three agents, the maximal inotropic
and chronotropic effects were lower for levosimendan than for amrinone or milrinone (P<0.05).
3 In regionally ischaemic hearts, milrinone (10-5 M) or levosimendan (5 x 10-6 M) similarly enhanced
the left ventricular pressure (+ 15-20%) (P<0.05) and the global coronary flow (+ 40-50%)
(P <0.05). The epicardial NADH-fluorescence area was significantly diminished by milrinone or
levosimendan (- 20-30%) (P<0.05) and there was no significant difference between the anti-ischaemic
effects of either agent (P>0.05).
4 It is concluded that amrinone and milrinone possess similar functional profiles in rabbit isolated
hearts and a higher inotropic and chronotropic efficacy than levosimendan. At functionally equieffective
concentrations, milrinone and levosimendan show similar anti-ischaemic effects, related to an improve-
ment of myocardial perfusion. The calcium-sensitizing properties seem not to be relevant for cardio-
protection by levosimendan at the concentration used.

Keywords: NADH-fluorescence; myocardial ischaemia; cardioprotection; inotropes; phosphodiesterase-inhibitors; calcium-
sensitizers; amrinone; milrinone; levosimendan

Introduction

Phosphodiesterase (PDE)-inhibitors represent a class of
agents combining inotropic and vasodilator properties (Leyen
et al., 1989). Several of these agents have been shown to
possess anti-ischaemic properties that could be demonstrated
in experimental (Jentzer et al., 1981; Rump et al., 1993a,e)
and clinical situations (Benotti et al., 1980). These anti-
ischaemic effects have often been explained by peripheral
dilatation and a reduction in myocardial oxygen-consump-
tion. Moreover, it has been suggested that an improvement
of myocardial perfusion might also contribute to the bene-
ficial effects observed in isolated heart preparations (Rump et
al., 1993a,e). Thus, the relation of inotropic effects to
vasodilator effects seems to be of prime importance for the
anti-ischaemic properties of PDE-inhibitors. It was, however,
demonstrated that PDE-inhibitors may differ in their in-
fluence on intracellular calcium recirculation (Morner, 1990;
Hohnberg et al., 1991). Moreover, several agents combining
PDE-inhibitory and calcium-sensitizing properties have been
described (Kitzen & Winbury, 1989; Herzig & Quast, 1992).
The sensitization of the myofilaments to calcium may not
only represent a new inotropic principle; theoretically, a
calcium-sensitizing effect might be accompanied by an
oxygen-sparing effect (Van Zwieten, 1991). Therefore, PDE-
inhibitors with calcium-sensitizing properties might possibly
be expected to be particularly effective as anti-ischaemic ino-
tropes.
Simendan is a novel compound combining PDE-inhibitory

and calcium-sensitizing properties (Edes et al., 1992; Haikala
et al., 1992a,b; Ovaska et al., 1992; Raasmuja et al., 1992). It
was demonstrated that simendan augmented the tension

' Author for correspondence.

developed by guinea-pig papillary muscles and chemically
skinned fibres to the same extent in micromolar concentra-
tions (100% tension increase at 3 x 10-6 M) (Haikala et al.,
1992a). In comparison, milrinone had no effect on the skin-
ned fibres up to 10-4 M (Haikala et al., 1992a). These
findings indicate that at a micromolar concentration the
positive inotropic action of simendan is actually caused by an
increased calcium-sensitivity of contractile proteins and not
by an increased calcium influx (Haikala et al., 1992a). The
precise mechanisms involved at the molecular level are still
unclear, but it was shown that simendan binds to troponin
(Ovaska et al., 1992) and does not enhance myosin ATPase
activity (Haikala et al., 1992b). Although a potential draw-
back in the use of myofilament sensitizers is the possibility
that they may impair diastolic function (Katz, 1986; Ventura
et al., 1992), it was shown that simendan does not delay
relaxation (Haikala et al., 1992b). Moreover, an inhibitory
action on the voltage-sensitive Ca2+ current may explain the
antiarrhythmic effects observed (Raasmaja et al., 1992).
Thus, several mechanisms of action may confer cardioprotec-
tive properties to simendan.

In the present study, we have investigated the functional
and anti-ischaemic effects of levosimendan, the active enan-
tiomer of simendan, in comparison to the 'pure' bipyridine-
type PDE-inhibitors, amrinone and milrinone, in a rabbit
isolated heart preparation.

Methods

Hearts from male rabbits (White New Zealand) (1.6-2.0 kg
body weight) were prepared as published previously (Rump

'." Macmillan Press Ltd, 1994
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et al., 1993d) and perfused according to Langendorff
(Langendorff, 1895) at a constant pressure of 70 cmH2O with
Tyrode solution equilibrated with 95% 02 and 5% CO2 at
370C. The Tyrode solution had the following millimolar com-
position: Na' 161, K+ 5.36, Ca2+ 1.8, Mg2+ 1.05, Cl- 148,
HCO3- 23.8, H2PO4- 0.42, glucose 10. Left ventricular pres-
sure was measured continuously with a pressure transducer
(Trantec Modell 800, Bentley) attached to a fluid-filled rub-
ber balloon which was inserted via the left atrium into the
left ventricle. The volume was adapted to give an end-
diastolic pressure of 0 mmHg. Left ventricular pressure was
measured as actively developed left ventricular pressure, i.e.
systolic minus end-diastolic left ventricular pressure. Global
coronary flow was measured with graded glass cylinders. The
hearts were electrically-driven (Stimulator-S, Hugo-Sachs
Elektronik) as described in the experimental protocol.

For quantification of the ischaemic myoepicardium, photo-
graphs using endogenous NADH-fluorescence were taken
and submitted to image processing (Rump et al., 1993d). The
excitation light was provided by a Xe-flash (100 J in 120 gs,
model Strobe 1001 S.O. 1, Drello), the light filtered through
an excitation filter (UGI, 0.5 mm, Schott) and directed
towards the heart by a 4 point quartz light guide (diameter
10 mm, Volpi). A selected pulse of the electrical stimulator
was used to trigger the flash lights without delay so that the
pictures were always taken during the same phase of the
cardiac contraction cycle (late ventricular diastole). NADH-
fluorescence was recorded in a dark room on high sensitivity
film (Polaroid type 667, 36 DIN) with a cut on emission filter
(GG 435/3 mm, Schott) in front of a Rolleiflex SL66 camera
(shutter open) fitted with an 80 mm retro lens and bellow
attachment which allowed an image magnification of up to
1.5.

Epicardial NADH-fluorescence photographs were digitized
into a matrix of 768 x 512 pixels and 255 grey levels, and
image processing was performed on a Lion 486 PC (CCD-
video-camera 1000 WOL, Mintron Enterprise Ltd; frame
graver board, Data translation, Marlboro, U.S.A.; JAVA
and Sigma Plot Software, Jandel Scientific, Corte Madera,
U.S.A.). After coronary occlusion, enhanced NADH-fluores-
cence was shown by an increase in the number of pixels with
higher grey values. The number of pixels with enhanced
NADH-fluorescence after coronary occlusion was propor-
tional to the size of the ischaemic area.
The absolute size of the ischaemic zone was determined as

the quotient of the NADH-fluorescence area 30 min after
coronary occlusion and left ventricle size, as determined on
epicardial NADH-fluorescence photographs.

Influence of the heart-rate on the left ventricular
pressure and the coronary flow

Electrically-driven hearts (n = 8) were allowed to stabilize for
45 min before accelerating the pacing-rate stepwise by 30
beatsmin->, every 10min from 180 beatsmin'1 up to 300
beats min- '.

Concentration-response relationships

To investigate the haemodynamic effects of amrinone, mil-
rinone or levosimendan, cumulative concentration-response
curves were obtained in rabbit isolated spontaneously beating
hearts. Hearts were allowed to stabilize for 45 min after
preparation. Isoprenaline 10-10 M was added to the perfusion
buffer to provide a P-adrenergic drive before applying
amrinone (n = 7), milrinone (n = 6) or levosimendan (n = 6)
at increasing concentrations at intervals of 10 min. Control
hearts were examined to correct the haemodynamic para-
meters for changes occurring over time. The inotropic and
coronary dilator activities were corrected for the influence of
the heart-rate.

Influence of milrinone or levosimendan on acute regional
ischaemia

Hearts were allowed to stabilize for 45 min after preparation
before occluding a postero-lateral branch of the circumflex
artery for 120 min. Milrinone (10-5 M, n = 5> or levosimen-
dan-treatment (5 x 10-6 M, n = 6) was started after an ischae-
mic period of 30 min and continued over the experimental
time. Untreated control hearts were examined for compar-
ison (n = 5).

Epicardial NADH-fluorescence photographs were taken at
t = 30 min, before starting the treatment, as well as at t = 40,
60, 90 and 120 min. The NADH-fluorescence area after an
ischaemic period of 30 min was taken as a reference and set
100%.

Materials

The following substances were used: Amrinone (Sigma, St
Louis, U.S.A.), milrinone (Sanofi-Winthrop, Muinchen, Ger-
many), levosimendan ((-)-OR-125) ((R)-(-)-[[4-(1,4,5,6-tet-
rahydro4- methyl-6-oxo-3- pyridazinyl) phenyl]-hydrazono]
propanedinitril) (gift from Orion Pharmaceutica, Espoo, Fin-
land), isoprenaline (Sigma, St Louis, U.S.A.).

Data analysis and statistics

Data are given as mean ± s.e.mean of n experiments. The
relationship between heart-rate, left ventricular pressure and
coronary flow was examined by linear regression analysis
(Backhaus et al., 1994). Data from cumulative concentration-
response curves were submitted to logit analysis to determine
EC" values (Hafner et al., 1977). Statistical significance was
evaluated at 95% confidence limits by one way or two way
ANOVA and Scheff6e test.

Results

Influence of the heart-rate on the left ventricular
pressure and the coronaryflow

Accelerating the pacing-rate from 180 min' up to 300 min1
was accompanied by a reduction of the left ventricular pres-
sure (A LVP% = - 0.178 x A HR(%) + 1.248, linear correla-
tion coefficient r = - 0.46) and by an increase of the coronary
flow (A CF(%) = 0.093 x A HR(%) + 2.301, r = 0.54).

Concentration-response relationships

The functional parameters did not differ significantly between
the groups at the end of the equilibration period (P> 0.05)
(Table 1), and they were not significantly affected by
isoprenaline 10-10 M (P>0.05). Amrinone, milrinone and
levosimendan concentration-dependently increased the heart-
rate (Figure 1), the left ventricular pressure (Figure 2) and
the coronary flow (Figure 3). Milrinone showed a higher
inotropic and coronary vasodilator potency than amrinone
(Table 2), but the relation of inotropy to coronary dilatation
was similar for both agents. There was also no significant
difference between the maximal inotropic and coronary
vasodilator effects of amrinone and milrinone (P> 0.05). The
chronotropic potency was not determined as the maximal
increase of the heart-rate could not be ascertained (Figure 1).
Levosimendan showed a higher inotropic and coronary
vasodilator potency than milrinone (Table 2). Whereas the
maximal coronary vasodilatation was similar for the three
agents (P> 0.05) (Figure 3), the maximal inotropic effect was
significantly lower for levosimendan compared to amrinone
or milrinone (P<0.05) (Figure 2). Similarly, the maximal
increase in heart-rate by levosimendan was significantly lower
than that induced by amrinone or milrinone at the highest
concentration used (P<0.05) (Figure 1).
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Table 1 Actual values of the heart-rate (HR), the left ventricular pressure (LVP) and the coronary flow (CF) at the end of the
equilibration period before adding isoprenaline

HR (min-') LVP (mmHg) CF (mlmin-')

Amrinone 117± 12 62±8 18±3
Milrinone 134 ± 13 59 ± 3 18 ± 2
Levosimendan 136 ± 5 61 ± 6 21 ± 1

There was no significant difference between the three groups (P>0.05).

Table 2 EC" values (mol 1-) for the chronotropic, inotropic and coronary vasodilator activity of amrinone, milrinone and
levosimendan

Chronotropy

Amrinone
Milrinone
Levosimendan 2.3 x 10-7

Inotropy

2 x 10-O
7.7 x 10-6
7 x 10-7

Coronary dilatation

9.1 x 10-6
3 x 10-6

4.9 x 10-7

80 -

60

40

20

0

-9

100-

80 -

60 -

8 40-

20 -

0-

-8 -7 -6 -5 -4 -3
log C (M)

Figure 1 Cumulative concentration-response curves for the chrono-
tropic effects of amrinone (-, n = 7), milrinone (U, n = 6) or
levosimendan (A, n = 6) in the presence of isoprenaline (10-10 M) in
the perfusion buffer. Ordinate scale: increase in the heart-rate relative
to the actual values before PDE-inhibitor application. Symbols
represent the mean ± s.e.mean.

Effects of milrinone and levosimendan in regionally
ischaemic hearts

There was no significant difference in pacing-rate, left ven-
tricular pressure or coronary flow between treated hearts and
controls at the end of the equilibration period when coronary
occlusion was started (P>0.05) (Table 3).
The coronary flow and concomitantly the left ventricular

pressure were significantly decreased by coronary occlusion
(P<0.05) (Figures 4 and 5). The end-diastolic pressure was
not significantly affected (P>0.05) (data not shown). The
left ventricular pressure and the pressure-rate-product were
significantly increased to a similar extent by milrinone or
levosimendan (P<0.05) (Figure 5), whereas the end-diastolic
pressure remained unaffected (P>0.05) (data not shown).
The coronary flow was enhanced by both agents (P<0.05)
(Figure 4) and the enhancement was similar for both agents
over most of the time (P>0.05) but was temporarily higher
at t =40 and 60 min in hearts treated with levosimendan
(P<0.05). Ventricular fibrillation did not occur in either
group.

After coronary occlusion, myocardial ischaemia was visual-
ized by a significant epicardial NADH-fluorescence enhance-
ment distal to the occlusion site (P<0.05). The size of the
ischaemic zone (%) 30 min after coronary occlusion, prior to
drug administration was not significantly different in the
control (10 ± 3), milrinone-(1 1 ± 3) and levosimendan-(12 ±
3) treated hearts. In control hearts, myocardial ischaemia
remained unchanged over the experimental time (P>0.05)

-20
-9 -8 -7 -6 -5

- --3
-4 3

log C (M)

Figure 2 Cumulative concentration-response curves for the ino-
tropic effects of amrinone (@, n = 7), milrinone (U, n = 6) or
levosimendan (A, n = 6) in the presence of isoprenaline (10-10 M) in
the perfusion buffer. Ordinate scale: increase in the left ventricular
pressure relative to the actual values before PDE-inhibitor applica-
tion. Symbols represent the mean ± s.e.mean.

120 -

100

80 -

60 -

40

20 -

0

-20 I-
._9 -8 -7 -6 -5 -4 -3

log C (M)

Figure 3 Cumulative concentration-response curves for the cor-
onary vasodilator activity of amrinone (@, n = 7), milrinone (U,
n = 6) or levosimendan (A, n = 6) in the presence of isoprenaline
(1010 M) in the perfusion buffer. Ordinate scale: increase of the
coronary flow relative to the actual values before PDE-inhibitor
application. Symbols represent the mean ± s.e.mean.

(Figure 6). Milrinone or levosimendan significantly reduced
the epicardial NADH-fluorescence area (P<0.05) (Figure 6).
There was no significant difference between myocardial
ischaemia reduction by milrinone or levosimendan (P>
0.05).

00X
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Table 3 Actual values of the pacing-rate (HR), the left ventricular pressure (LVP) and the coronary flow (CF) at the end of the
equilibration period, before coronary occlusion, and after an ischaemic period of 30min, before starting the inotropic treatment

HR (min-')

Time (min)
Controls
Milrinone
Levosimendan

0 30
202 ± 8
194 ± 5
207± 10

LVP (mmHg)

0
72±4
65 ± 5
68±4

CF (ml min-')

30
61 ± 6
53 ± 5
48±6

0
25 ± 3
24±3
24± 3

30
18 ± 3
18 ± 3
14±2

There was no significant difference between the groups (P> 0.05).

+20-
40 min 60 min 90 min 120 min

_2oT] -N XY~T
Figure 6 Epicardial NADH-fluorescence area over the experimental
time. Filled columns: untreated control hearts (n = 5); hatched col-
umns: milrinone-treated hearts (n = 5); open columns: levosimendan-
treated hearts (n = 6). The fluorescence area 30 min after coronary
occlusion was used as a reference (100%). Columns represent the
mean ± s.e.mean, *P< 0.05.

Figure 4 Time course of the relative changes of the coronary flow
(CF) over the experimental time: (0) controls (n = 5); (U) milrinone
I0-SM (n = 5); (A) levosimendan 5 x 10-6M (n = 6). The actual
values at t = 30 min, before starting the inotropic treatment, were
taken as a reference (100%). Symbols represent the mean ± s.e.mean.
CF enhancement was temporarily higher after levosimendan com-
pared to milrinone-treatment at t =40 and 60 min (P <0.05).

50 -

30-

-10 _

-30
0 50 1o00

Time (min)

Figure 5 Time course of the relative changes of the left ventricular
pressure (LVP) over the experimental time: (0) controls (n = 5); (-)
milrinone 10-5 M (n = 5); (A) levosimendan 5 x 10-6 M (n = 6). The
actual values at t = 30 min, before starting the inotropic treatment,
were taken as a reference (100%). Symbols represent the mean ± s.e.
mean. There was no significant difference between LVP enhancement
by milrinone and levosimendan (P> 0.05).

Discussion

The relation of inotropy to coronary vasodilatation was
similar for the PDE-inhibitors, amrinone and milrinone.
Although peripheral dilatation was not assessed in our
experiments, these findings suggest that the haemodynamic
profiles of both agents are very similar, and therefore similar
anti-ischaemic potencies might also be expected. This is in
accordance with previous findings showing that, at func-
tionally equieffective concentrations, amrinone and milrinone

diminished myocardial ischaemia and infarct size to a similar
extent (Rump et al., 1993a). Levosimendan showed a differ-
ent functional profile with lower maximal effects on heart-
rate and inotropy. The lower chronotropic and inotropic
efficacy may be caused by an inhibitory action of levosimen-
dan on the voltage-sensitive Ca2" current (Raasmaja et al.,
1992), counteracting the chronotropic and inotropic effects of
PDE-inhibition at higher concentrations. A decrease of the
voltage-sensitive Ca2" current in guinea-pig cardiomyocytes
has been described for simendan at a concentration of
10-6 M whereas twitch tension enhancement in guinea-pig
papillary muscle shows an ECm of 0.2 x 10-6 M (Raasmaja et
al., 1992). Calcium-channel blocking properties are also con-
sistent with a marked coronary dilator activity, in spite of a
lower maximal inotropic effect. Thus, a contribution of the
calcium-antagonistic properties to cardioprotection, mediated
by beneficial effects on the oxygen-demand/supply balance or
by direct cytoprotection, must also be considered.
To assess the anti-ischaemic properties of milrinone and

levosimendan, myocardial ischaemia was quantitated from
epicardial NADH-fluorescence photography. This technique
has been shown to be a very sensitive indicator of myocardial
oxygenation (Barlow et al., 1977). Moreover, tissue injury by
toxic agents such as oxygen free radicals also induces an
increase in NADH-fluorescence intensity (Rump et al.,
1993b,c). However, NAD redox state is measured only in the
myoepicardium, which may not be characteristic of the
myoendocardium. It was nevertheless demonstrated that a
diminution of epicardial NADH-fluorescence during the
experiment by pharmacological interventions is accompanied
by infarct size reduction, as assessed by macrohistochemistry
(Rump et al., 1993a). Therefore, epicardial NADH-fluores-
cence seems to be a valid indicator of transmural ischaemic
damage.

Myocardial oxygen-demand depends on heart-rate, wall
tension and contractility (Baller et al., 1979). The influence of
the heart-rate can be negated in our model as hearts were

paced at a constant rate. Furthermore, left ventricular pres-
sure was measured isovolumetrically, excluding a reduction
in wall-tension by ventricular geometry changes. The main
determinants of myocardial oxygen consumption is therefore
contractility and the only variable determinant of myocardial

50
Time (min)

I
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oxygen-supply in our model is the global coronary flow. The
anti-ischaemic effects of milrinone or levosimendan suggest
an improvement of the oxygen-demand/supply balance.
Several mechanisms must be considered: residual coronary
flow to the ischaemic area is one of the most important
determinants of the rate and extent of cell death within an
ischaemic zone (Jennings & Reimer, 1983; Nienaber et al.,
1983; Hearse & Yellon, 1984). It was however demonstrated
by NADH-surface fluorophotography (Harken et al., 1981),
anatomically (Flores et al., 1984) and by microsphere techni-
ques (Winkler et al., 1984; Maxwell et al., 1987) that col-
lateral flow is essentially zero in rabbit hearts. Therefore, the
likelihood of cardioprotection by drug-induced collateral flow
enhancement seems remote. Concomitantly, direct cyto-
protective effects may be largely excluded as the presence of
the protective agent in the ischaemic tissue is required. As
levosimendan was applied after the coronary occlusion was
started, it may not have entered the ischaemic zone in sub-
stantial amounts. Calcium-channel blocking properties may
re-inforce coronary vasodilatation, but a contribution to car-
dioprotection by inhibiting calcium-overload of cardiomyo-
cytes in the ischaemic zone seems unlikely. It must rather be

assumed that the beneficial effects of milrinone and levosi-
mendan may be related to an increase of myocardial perfu-
sion in the tissue surrounding the ischaemic zone, improving
the oxygen-supply and metabolite elimination by diffusion
exchanges. Moreover, as levosimendan and milrinone showed
similar anti-ischaemic effects at equieffective concentrations,
it seems that oxygen-sparing effects by sensitization of
myofilaments to calcium do not contribute to the beneficial
effects observed.
Although conclusions from in vitro experiments to a

clinical setting must be drawn cautiously, our findings sug-
gest that the bipyridine-type PDE-inhibitors amrinone and
milrinone possess similar functional profiles, and therefore
similar anti-ischaemic potencies might be expected. The anti-
ischaemic properties of levosimendan are comparable to
those of milrinone, at higher haemodynamically equieffective
concentrations, associated with a marked coronary dilator
activity. It remains to be seen whether oxygen-sparing effects,
related to the calcium-sensitizing properties of levosimendan,
confer to that compound particular cardioprotective proper-
ties at lower concentrations, when myocardial perfusion is
less affected.
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A pharmacological analysis of receptors mediating the
excitatory response to 5-hydroxytryptamine in the guinea-pig
isolated trachea
'Adele Lucchelli, Maria Grazia Santagostino-Barbone, Annalisa Barbieri & *Marcello Tonini

Institute of Pharmacology, School of Pharmacy, University of Pavia, Viale Taramelli 14, 27100 Pavia and *Department of
Internal Medicine and Therapeutics, Division of Pharmacology and Toxicology, University of Pavia, Piazza Botta 10, 27100
Pavia, Italy

1 Experiments were carried out to characterize the receptors mediating the indirect excitatory response
to 5-hydroxytryptamine (5-HT) in the guinea-pig isolated trachea.
2 5-HT caused concentration-dependent contractions of tracheal strips, and the resulting concen-
tration-response curve was biphasic in nature. The first phase was obtained with agonist concentrations
in the range of 0.01-3 nM and achieved a maximum which was 30% of the total 5-HT response, while
the second phase was in the range 1OnM- L M.

3 Atropine (0.1I M) and tetrodotoxin (TTX: 0.3 LM) significantly reduced both phases of the 5-HT
curve. Morphine (10 gIM), which can act to inhibit neuronal acetylcholine release, abolished the first
phase and reduced the second phase. This suggests that the first phase is mainly neurogenic (cholinergic)
in nature, while the second phase is in part neurogenic and in part due to direct activation of the effector
cells.
4 The 5-HT2A receptor antagonist, ketanserin (0.01, 0.1 ILM) markedly depressed the first phase and
shifted the second phase to the right in a parallel manner, with some depression of the 5-HT response
maximum. The less selective (5-HT,/5-HT2A) antagonist, methiothepin (0.1 gM) mimicked the action of
ketanserin, albeit with less potency. Concomitant administration of ketanserin and methiothepin (each
at 0.1 tM) produced an antagonism similar to that caused by ketanserin (0.1 LM) alone.
5 The 5-HT3 receptor antagonists, ondansetron (0.1 gM) and granisetron (0.01 I1M) slightly but
significantly inhibited the first phase of the 5-HT curve without altering the second phase. SDZ 205,557
(0.3 0LM), a 5-HT4 receptor antagonist, was ineffective.
6 Our results suggest that neural 5-HT2A and, to a lesser extent, 5-HT3 receptor subtypes mediate the
first phase of the 5-HT curve in the guinea-pig trachea. The second phase is mediated by 5-HT2A
receptors, which are probably located at both the neural and muscular level. No evidence for the
participation of 5-HT, receptors in the 5-HT response has been obtained.

Keywords: 5-HT; 5-HT-mediated contractions; 5-HT receptor antagonists; guinea-pig trachea

Introduction

Increasing evidence suggests that 5-hydroxytryptamine (5-
HT) produces bronchoconstriction in a number of animal
species, including man. In in vivo experiments in the dog, this
response was partially antagonized by atropine (Islam et al.,
1974) and by procedures that reduce vagal nerve function
(Hahn et al., 1978), indicating an interaction of 5-HT with
the extrinsic parasympathetic innervation. This mode of
action has been substantiated by experiments in which 5-HT
caused hyperresponsiveness of canine airways to vagal
stimulation (Hahn et al., 1978; Dixon et al., 1980; Sheller et
al., 1982). Activation of cholinergic pathways by 5-HT has
also been demonstrated in the airways of the guinea-pig
(Macquin-Mavier et al., 1991). Although in this species
bilateral cervical vagotomy or nicotinic ganglionic blockade
had little or no effect on 5-HT-induced bronchoconstriction,
the latter was significantly reduced by atropine. This led to
the hypothesis that excitatory 5-HT receptors might also be
located in postganglionic parasympathetic nerves (Macquin-
Mavier et al., 1991).

In the guinea-pig isolated trachea, however, the excitatory
response to 5-HT is sustained by two distinct mechanisms.
These include a direct action on smooth muscle mediated by
post-junctional 5-HT2 receptors (Cohen et al., 1985; Lemoine
& Kaumann, 1986; Baumgartner et al., 1990; Watts &
Cohen, 1993), and an indirect action caused by activation of

' Author for correspondence.

cholinergic nerves (McCaig, 1986; Baumgartner et al., 1990),
as observed in in vivo experiments. Although 5-HT receptors
mediating the neurogenic component of the 5-HT response
have not as yet been characterized in guinea-pig isolated
preparations, results from in vivo experiments indicate that
5-HT2 receptors may also contribute to the indirect response
(Macquin-Mavier et al., 1991).

Recently, in peripheral tissues like the mouse isolated
trachea (Van Oosterhout et al., 1991) and guinea-pig intes-
tinal preparations (Craig & Clarke, 1990; Eglen et al., 1990;
Tonini et al., 1992a), 5-HT was found to activate cholinergic
nerves via multiple receptors including 5-HT,-like, 5-HT3 and
5-HT4 subtypes. The present study was designed to charac-
terize the receptors mediating the indirect excitatory response
to 5-HT in the guinea-pig isolated trachea by use of selective
antagonists of various 5-HT receptor subtypes. The new
nomenclature for 5-HT receptors recently proposed (Hum-
phrey et al., 1993) will be used throughout the text.

Methods

Male guinea-pigs (400- 500 g) were killed by CO2 asphyxa-
tion. The entire trachea was removed, cleared of adhering
connective tissue and cut into two segments similar in length.
Each segment was opened through the cartilage and a zig-zag
strip (4.5 cm long, 2 mm wide) was prepared according to the
method of Emmerson & MacKay (1979). Strips were mount-

w Macmillan Press Ltd, 1994
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ed in a 10 ml organ bath containing Krebs-Henseleit solution
(composition in mM: NaCi 118, KCI 5.6, CaCl2 2H20 2.5,
MgSO4-7H2O 1.19, NaH2PO4 1.3, NaHCO3 25, glucose 10),
maintained at 370C and gassed with a mixture of 95% 02
and 5% CO2 (pH 7.4).

Contractions were recorded by U. Basile 7006 isotonic
transducers loaded at 0.5 g and connected to LNI recorders.
All experiments were started after an equilibration period of
60 min, during which solutions were changed every 15 min.

Protocol

Cumulative concentration-response curves to 5-HT were con-
structed in paired tissues using half logarithmic dosing incre-
ments. Each 5-HT concentration was added to the bath as
soon as the previous concentration had reached a plateau.
After an initial concentration-response curve had been
obtained (first curve), tissues were washed for 60 min, then a
second curve was constructed either in the absence (second
control curve) or presence of different pharmacological
agents which were left in contact with the preparation for
20 min. These agents were: cocaine, a neuronal 5-HT uptake
blocker (Verbeuren, 1989), morphine, an inhibitor of acetyl-
choline (ACh) release (Schaumann, 1957; Tonini et al.,
1992b), atropine, a non selective muscarinic receptor antag-
onist, tetrodotoxin (TTX), a neuronal Na+-channel blocker,
ketanserin, a 5-HT2A receptor antagonist (Humphrey et al.,
1993), methiothepin, a 5-HTl/5-HT2A receptor antagonist
(Humphrey et al., 1993), granisetron and ondansetron, selec-
tive 5-HT3 receptor antagonists (Richardson et al., 1985;
Sanger & Nelson, 1989) and SDZ 205,557, a 5-HT4 receptor
antagonist (Buchheit et al., 1992). In each tissue, only one
inhibitor/antagonist concentration was tested, with the excep-
tion of a few experiments in which ketanserin and methiothe-
pin were administered concomitantly at equimolar concentra-
tions.

In a separate set of experiments, the contractile response to
5-HT was investigated in tissues obtained from reserpine-
pretreated guinea-pigs (5 mg kg-', i.p., once daily for 2 days)
killed 24 h after the last drug injection. This dose schedule
was previously found to produce effective central and
peripheral noradrenaline depletion in the rat (Wakade, 1980)
and to abolish the responses to tyramine in the guinea-pig
intestine (Lucchelli et al., 1990).

Data analysis

In control tissues, following the determination of the first
concentration-response curve, removal of 5-HT by prolonged
rinsing caused basal muscle tone to decrease to a level lower
than that observed initially. Nevertheless, the second admin-
istration of 5-HT caused a maximum effect comparable to
that obtained in the first curve. Data from the second curve
were then normalized, i.e. corrected for the change in basal
tone and expressed as a percentage of the maximum effect, as
previously suggested by Lemoine & Kaumann (1986).
Control curves were analysed by fitting them to a

logistic equation of the form; Effect =Ewm,,/l +
e( - 2.303 slope Oog[A]- log[Aso)) where: Em.,,im = maximum response;
[A] = molar agonist concentration; [A50] = molar agonist con-
centration inducing 50% of the maximum response. All data
were fitted either to a single logistic expression or to the sum
of two logistics. Goodness of fit to a single or double logistic
expression was evaluated by the F-test of the residual
variances using a significance criterion of P<, 0.05 (SAS
Institute Inc., 1988).

In biphasic curves, maximum responses were determined
graphically for each phase and indicated as max, and max2,
respectively. Potency values were expressed as - log EC, and
- log EC2 for the first and second phase, respectively, where
EC indicates the molar concentration of 5-HT inducing 50%
of the maximum effect.

In the experiments in which inhibitors/antagonists were

tested, any drug-induced depression of the 5-HT curve was
calculated as a percentage of the maximum effect of the first
curve, with no correction for between-curve differences in
control agonist curves.

All data in the text are mean ± s.e.mean. Differences
between means were analysed by Student's paired two-tailed
t test or by ANOVA followed by a posteriori Bonferroni's
test when applicable. Values of P< 0.05 were taken as statis-
tically significant.

Drugs
5-Hydroxytryptamine hydrochloride, reserpine, tetrodotoxin
and atropine sulphate were obtained from Sigma; ketanserin
tartrate and methiothepin mesylate from RBI; granisetron
(BRL43694: endo-N-(9-methyl-9-azabicyclo 3.3.1 non-3-yl)-
1-methyl-lH-indazole-3-carboxamide hydrochloride) and on-
dansetron (GR38032F: 1,2,3,9-tetrahydro-9-methyl-3-(2-me-
thylimidazol-1) methyl carbazole-4-one hydrochloride hyd-
rate) were donated by Smith Kline Beecham and Glaxo,
respectively; SDZ 205,557: (2-methoxy-4-amino-5-chloro-ben-
zoic acid 2-(diethyl-amino)-ethyl ester hydrochloride) was a
gift from Sandoz; morphine hydrochloride and cocaine hyd-
rochloride were from SALARS (Societa Azionaria Labora-
tori Alcaloidi Rifornimenti Sanitari, Como, Italy).
With the exception of ketanserin and reserpine, all drugs

were dissolved in distilled water and administered in volumes
not exceeding 1% v/v of the bath volume. Stock solutions of
ketanserin were prepared in 1:100 v/v ethanol/water, while
those of reserpine in 20:100 v/v ethanol/water with the addi-
tion of 1.6% w/v ascorbic acid. Further dilutions were in
water.

Results

Effects ofS-HT on tracheal strips

5-HT produced concentration-dependent contractions of the
guinea-pig isolated trachea and the resulting concentration-
response curve was biphasic in nature (Figure 1), since it was
better fitted to a summation of two logistics than to a single
logistic function (F= 6.3, P<0.05).
The first phase was obtained with concentrations of 5-HT

in the range 0.01-3 nM, while the second phase was in the
range 10 nM- I LM. The mean maximum response of the first
phase (max,) was 31.0 ± 2.5% of the total response while
that of the second phase (max2) was 98.0 ± 0.2%. The mean
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Figure 1 Concentration-response curves to 5-hydroxytryptamine (5-
HT) obtained in the guinea-pig isolated trachea. (0) First curve; (@)
second curve determined after a 60 min interval. Results are
mean ± s.e.mean; n = 30. *P<0.05 versus respective values of the
first curve.
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potency values were 9.9 ± 0.07 for the first phase (- log EC,)
and 6.7 ± 0.03 for the second phase (- log EC2).

In control experiments designed to determine any time-
dependent changes in tissue sensitivity, a slight change in
5-HT responsiveness was observed after 60 min recovery
from the first 5-HT curve (Figure 1). The second
concentration-response curve to 5-HT was biphasic exhibi-
ting the following values: max, 23.0 ± 2.1% and max2
82.0 + 2.8%; - log EC, 9.9 ± 0.05 and - log EC2 6.7 ± 0.03.
While max, and max2 values of the second curve were
significantly different (P <0.05) from the corresponding
values of the first curve, potency values of the two phases in
both curves were not different.

Reserpine pretreatment (n = 4) did not alter the sensitivity
of the trachea to 5-HT. Potency (-log EC,, 9.7 ± 0.09;
- log EC2, 6.8 ± 0.04) and maximum contractility (max1,
33.0 ± 3.0%; max2, 99.0 ± 1.0%) values obtained in tissues
from reserpinized animals were not different from those
obtained in tissues of untreated animals.

Effects of5-HT receptor antagonists on 5-HT-induced
contractions

None of the pharmacological agents, incubated with tracheal
strips before 5-HT administration, changed the basal tone of
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Figure 2 Concentration-response curves to 5-HT obtained in
guinea-pig tracheal strips in the absence (0) or presence of 10 sM
cocaine (@). Results are mean ± s.e.mean; n = 4.

the preparation. Cocaine (10 JM) did not affect the sensitivity
of trachea to 5-HT (Figure 2). In the presence of atropine
(0.1 4M), both phases of the 5-HT curve were greatly
inhibited (Figure 3). Like atropine, TTX (0.3 gM) signifi-
cantly reduced both phases of the concentration-response
curve to 5-HT. In the presence of TTX, the first phase was
scarcely dependent on agonist concentration, while the
second phase was shifted to the right with max2 reduced to
53.2 ± 10.1% (Figure 4). Morphine (1O LM) greatly affected
5-HT responses causing the curve to become monophasic,
due to abolition of the first phase. Moreover, the second
phase was shifted to the right and reduced in its maximum
(Figure 5).

Ketanserin (0.01 gM) markedly reduced the first phase of
the 5-HT curve and shifted the second phase to the right in a
parallel manner with some depression of the maximum effect
(max2: 66.7 ± 13.3%). A higher concentration of ketanserin
(0.1 M) did not further inhibit the first phase, while it caused
an additional shift of the second phase to the right and a
further reduction of the maximum effect (max2: 50.8 ±
11.2%) (Figure 6a). Methiothepin (0.1 gM) greatly inhibited
the first phase and shifted to the right and depressed the
second phase of the curve (Figure 6b). Preincubation of
tracheal strips with both ketanserin (0.1IM) and methio-
thepin (O.1 M) led to a reduction of both 5-HT phases
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Figure 4 5-HT concentration-response curves obtained in guinea-pig
tracheal strips in the absence (0) or presence of 0.3 fiM tetrodotoxin
(TTX) (0). Results are mean ± s.e.mean; n =4. All values in the
presence of TTX are significantly different (P< 0.05) from their
respective controls.
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Figure 3 5-HT concentration-response curves obtained in guinea-pig
tracheal strips in the absence (0) or presence of 0.1 fiM atropine
(0). Results are mean ± s.e.mean; n =4. All values in the presence
of atropine are significantly different (P< 0.05) from their respective
controls.
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Figure 5 5-HT concentration-response curves obtained in guinea-pig
tracheal strips in the absence (0) or presence of 10 gM morphine
(0). Results are mean ± s.e.mean; n = 4. All values in the presence
of morphine are significantly different (P<0.05) from their respec-
tive controls.
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Figure 6 Effect of 0.01 (i) and 0.1 gM (A) ketanserin (a), 0.1 gM
(0) methiothepin (b), and a combination of ketanserin and
methiothepin (each at 0.1 gM: *) (c) on the concentration-response
curves to 5-HT (control: 0). Results are mean ± s.e.mean; n = 4-8.
Each point of 5-HT curve in the presence of antagonists is
significantly different (P <0.05) from the corresponding control
value (Student's paired two-tailed t test). The antagonism caused by
0.1 JM ketanserin (a) was not different from that caused by a com-
bination of ketanserin and methiothepin (c) (ANOVA followed by
Bonferroni's test).

similar to that obtained with ketanserin (0.1 JAM) alone
(Figure 6c). The comparison of the 5-HT curve in the
presence of 0.1 JM ketanserin with those obtained in the
presence of methiothepin (0.1 JM) or of a combination of
both antagonists revealed that the antagonism exerted by
ketanserin was significantly higher (P <0.05) than that
exerted by methiothepin and was not different from that
exerted by the concomitant administration of the two
antagonists.

Granisetron (0.01 JM) slightly, but significantly, reduced
the first phase of the 5-HT curve without affecting the second
phase. Max, was reduced to 21.0 ± 2.4% (control: 32.5 +
3.3%) (Figure 7a). Like granisetron, ondansetron (0.1 AM)

-9 -8 -7 -6 -5

log 5-HT (M)

Figure 7 Effect of 0.01IAM (@) granisetron (a) and 0.1 jM (0)
ondansetron (b) on the concentration-response curves to 5-HT
obtained in guinea-pig tracheal strips (control: 0). Results are
mean + s.e.mean; n =4-8. *P<0.05.
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Figure 8 Effect of 0.3 fAM SDZ 205,557 (0) on the concentration-
response curve to 5-HT obtained in guinea-pig tracheal strips (con-
trol: 0). Results are mean s.e.mean; n = 4.

reduced max, from 28.4 ± 4.8% to 19.1 ± 3.1% without al-
teration of the second phase (Figure 7b).
SDZ 205,557 (0.3 JAM) was ineffective on both phases of the

5-HT curve (Figure 8).

Discussion

To our knowledge, this is the first work indicating that the
concentration-response curve to 5-HT in contracting the
guinea-pig isolated trachea is biphasic in nature.
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The first phase, which accounts for approximately 30% of
the maximal agonist response, is obtained with 5-HT concen-
trations up to 3 nM, while the second phase is generated at
higher concentrations. In previous works with isolated
trachea, concentration-response curves to the contractile
effect of 5-HT were described as monophasic and the
minimal effective agonist concentration was in the 1-10 nM
range (Lemoine & Kaumann, 1986; Baumgartner et al., 1990;
Cortijo et al., 1992; Watts & Cohen, 1992; 1993). Inclusion
of indomethacin in the bathing solution or a lower tissue
incubation temperature (320C) could account for the failure
to detect a 5-HT contractile response at sub-nanomolar con-
centrations.
The response of the tissue to repeated administrations of

5-HT was fairly reproducible. Slight time-related changes in
sensitivity to 5-HT were detected in both phases of the curve.
However, they were restricted only to a reduction of the
maximum effect in each phase, without changes in the sen-
sitivity to 5-HT. Similar -results have been reported for the
'second phase' by Baumgartner et al. (1990) and by Watts &
Cohen (1992).

It is well known that 5-HT can induce noradrenaline
release in various tissues (Feniuk & Humphrey, 1989; Luc-
chelli et al., 1984) via receptor-mediated mechanisms (e.g.
5-HT3 receptors; Fozard & Mobarok Ali, 1978) and by a
tyramine-like action on sympathetic neurones (Humphrey,
1978), which might influence the constrictor effect of 5-HT.
The similarity of results obtained with 5-HT in tissues from
control and reserpine-pretreated animals indicate that, in the
guinea-pig trachea, 5-HT is devoid of noradrenaline releasing
properties. Furthermore, the failure of cocaine, a blocker of
neuronal 5-HT uptake (Verbeuren, 1989), to modify 5-HT-
induced contractions, suggests that uptake mechanisms play
a minor, if any, role in the trachea.
TTX and atropine inhibited both phases of the contractile

response to 5-HT. This observation suggests that at least part
of the effect of 5-HT is neurogenic in nature and mediated by
ACh release from postganglionic cholinergic neurones. Inhi-
bitory effects of atropine on the contractile response to 5-HT
in the guinea-pig airways have been previously reported both
in vitro (McCaig, 1986; Baumgartner et al., 1990) and in vivo
(Macquin-Mavier et al., 1991). The cholinergic component of
the 5-HT response is probably most prominent in the first
phase, since the latter was abolished by a high concentration
of morphine, which is known to inhibit ACh release from
peripheral tissues (Schaumann, 1957; Tonini et al., 1992b).
The second phase of 5-HT curve was partially resistant to
morphine (as it was to TTX and atropine), indicating that
5-HT may directly activate the effector cells, especially at
high concentrations.
As far as the influence of 5-HT receptor antagonism is

concerned, the effects of various antagonists on both phases
of 5-HT response need to be considered. The ketanserin-
induced inhibition of the first phase of the 5-HT curve and
the rightward displacement of the second phase is entirely
consistent with antagonism at 5-HT2A receptors. These find-
ings support the concept that 5-HT2A receptors are involved
not only in the direct contractile responses induced by high
5-HT concentrations, but also in the nerve-mediated cholin-
ergic responses produced by sub-nanomolar concentrations
of 5-HT. Our results are in agreement with those of Mac-
quin-Mavier et al. (1991), who reported that the neural 5-HT
receptors mediating the facilitation of parasympathetic con-
traction in the guinea-pig airways in vivo may be ascribed to
the 5-HT2 subtype. We are aware, however, that a sub-
nanomolar potency for 5-HT, such as that suggested in our
study, has never been reported for neural (central) 5-HT2
receptors (Hoyer, 1989). To clarify this point, experiments
evaluating ACh release induced by 5-HT receptor agonists
(in the absence and in the presence of antagonists) are
required. The rightward displacement of the second phase
and the reduction in the maximum effect of 5-HT produced
by ketanserin, confirms previous findings (Cohen et al., 1985;

Lemoine & Kaumann, 1986; Baumgartner et al., 1990; Watts
& Cohen, 1992) and corroborates the results of Watts &
Cohen (1992), who found that the reduction of the maximum
effect of 5-HT increased with increasing antagonist concen-
trations. The same pattern of antagonism was obtained with
ritanserin, another competitive 5-HT2A receptor antagonist
(Watts & Cohen, 1992). In addition to 5-HT2A receptor
antagonist properties, ketanserin also displays antagonism at
5-HT2c-receptors (Humphrey et al., 1993), although with 100
fold lower affinity (Hoyer, 1989). The involvement of 5-HT2C
receptors in the contractile effect of 5-HT in the trachea has
been ruled out by Watts & Cohen (1993).
Our findings with methiothepin tend to exclude the par-

ticipation of 5-HT, receptors in the 5-HT-induced neurogenic
response of guinea-pig airways, even though these receptors
have been claimed to facilitate cholinergic transmission in the
trachea of other animal species (i.e. the mouse) (Van Ooster-
hout et al., 1991). In fact, based on our results, the
antagonism exerted by methiothepin on both phases of the
5-HT curve can be explained in terms of blockade of 5-HT2A
receptors. Methiothepin, which is generally employed as a
5-HT, antagonist, has an affinity value for brain 5-HT2A
receptors which is almost 30 times greater than that for any
other type of 5-HT, receptor (Hoyer, 1989). Therefore, at the
concentration employed in this study (0.1 jM), which is in the
range of the affinity of methiothepin for the 5-HT, receptors,
the possibility exists that methiothepin also interacts with
5-HT2A receptors. The observation that ketanserin (0.1 4M)
or a combination of ketanserin and methiothepin (each at
0.1 M) antagonized 5-HT responses to a similar extent, sug-
gests the involvement of 5-HT2A receptors only. In fact, for
an interaction between antagonists at a single receptor type,
addition of concentration-ratios is expected, whereas multi-
plication is expected when the antagonists act at different
receptors.
The 5-HT3 receptor antagonists, ondansetron and graniset-

ron slightly, but significantly, reduced the first phase of 5-HT
curve without affecting the second phase. These findings
suggest that neuronal 5-HT3 receptors may contribute to the
5-HT-induced cholinergic response in the first phase. The
inefficacy of cocaine, a compound that has antagonistic pro-
perties at 5-HT3 receptors (Fozard et al., 1979) is difficult to
explain, but might reflect 5-HT3 receptors heterogeneity
(Richardson & Engel, 1986). In this respect, the potent
cocaine derivative antagonist, MDL 72222, was found to
antagonize central but not peripheral 5-HT3 receptors
(Fozard, 1984; Richardson & Engel, 1986). Nevertheless, cau-
tion is required in interpreting our findings, since a slight
reduction of the first 5-HT phase is also observed following
repeated agonist curves, and because the affinity of 5-HT for
5-HT3 receptors is in the micromolar range of concentrations
(Eglen et al., 1990). In our experiments, the failure of 5-HT3
receptor blockade to affect the second phase of 5-HT curve is
in agreement with the results of Kameda et al. (1988) and
Baumgartner et al. (1990), who found that the 5-HT3/5-HT4
blocker ICS 205,930 (tropisetron) had no effect on 5-HT-
induced contractions. Indeed, a moderate inhibitory effect of
high concentrations of tropisetron was reported by Watts &
Cohen (1992). Recently, the participation of 5-HT3 receptors
in facilitating electrically-induced cholinergic transmission in
the guinea-pig trachea has been reported by Rizzo et al.
(1993). Finally, we investigated the possible contribution of
5-HT4 receptors to the excitatory action of 5-HT. The 5-HT4
receptor antagonist SDZ 205,557 (Buchheit et al., 1992), at a
concentration not interfering with 5-HT3 receptors in guinea-
pig peripheral tissues (Eglen et al., 1993), was ineffective on
the 5-HT curve, indicating that 5-HT4 receptors are not
involved in the contractile effect of 5-HT in the trachea.

In conclusion, 5-HT has been shown to induce a biphasic
contractile response in the guinea-pig trachea. The first phase
appears to be almost totally cholinergic in nature and is
mediated by neural receptors displaying the characteristics of
a 5-HT2A receptor. The slight antagonism caused by
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ondansetron and granisetron on this phase, might suggest a
minor contribution of 5-HT3 receptors. The second phase of
the 5-HT response is mediated by direct and indirect
mechanisms, involving both neural and smooth muscle 5-
HT2A receptors (Macquin-Mavier et al., 1991; Watts &
Cohen, 1993; and present results). However, an unequivocal
receptor classification awaits the development of truly selec-

tive antagonists for the various members of the 5-HT2 recep-
tor subtypes.

This study was supported in part by a grant from the Italian
Ministry for University and Scientific Research (MURST). The
generous gifts of ondansetron (Glaxo), granisetron (Smith Kline
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Peripheral and central adrenoceptor modulation of the
behavioural effects of clozapine in the paw test

'Eric P.M. Prinssen, Bart A. Ellenbroek & Alexander R. Cools

Department of Psycho- and Neuropharmacology, University of Nijmegen, P.O. Box 9101, 6500 HB Nijmegen, The Netherlands

1 In rats, the atypical neuroleptic, clozapine, has been found to increase the hindlimb retraction time
but not the forelimb retraction time, in the paw test. These parameters have predictive validity for the
antipsychotic efficacy and extrapyramidal side-effects of drugs, respectively. The present study analysed
to what extent drugs acting on adrenoceptors affect the behavioural effect of clozapine in the paw test.
2 The al-adrenoceptor agonist, ST 587 but not the peripherally working al-agonist, methoxamine,
decreased the effect of clozapine on the hindlimb retraction time. The al-antagonist phenoxybenzamine
increased this effect of clozapine, and blocked the effect of ST 587 on clozapine at low doses. Only the
combination of phenoxybenzamine with clozapine produced an increase in forelimb retraction time.
3 The a2-adrenoceptor agonist, clonidine, decreased the effect of clozapine on the hindlimb retraction
time. This effect was neither antagonized by the M2-antagonist rauwolscine nor by the a,-antagonist
phenoxybenzamine. Rauwolscine or the peripherally working a2-antagonist L-659,066 did not influence
the effect of clozapine on the hindlimb retraction time. The forelimb retraction time was not affected by
any of the drug combinations.
4 In contrast to the P2-adrenoceptor agonist, clenbuterol, which was ineffective, the peripherally acting
,-agonist, (-)-isoprenaline, increased the effects of clozapine on the hindlimb retraction time. The
a-antagonist, (-)-propranolol as well as the peripherally acting 0-antagonist, nadolol decreased this
effect of clozapine. Low doses of the peripherally acting PI-antagonist, atenolol, as well as low doses of
the P2-antagonist, ICI-118,551, decreased the effect of clozapine. A low dose of nadolol blocked the
effect of (-)-isoprenaline on clozapine. Only the combination of clenbuterol with clozapine produced an
increase in forelimb retraction time.
5 It is concluded that blockade of central al-adrenoceptors plays an important role in the effect of
clozapine on the hindlimb retraction time. Furthermore, the effect of clozapine on the hindlimb
retraction time is strongly modulated by peripheral P,- and/or 2-adrenoceptors. Given the predictive
validity of the paw test, the presented data suggest that the a,-adrenoceptor antagonist properties of
clozapine are important for its therapeutic effects, but not for its lack of extrapyramidal side-effects.

Keywords: Neuroleptics; peripheral adrenoceptors; central adrenoceptors; al-adrenoceptors; M2-adrenoceptors; PI-adrenoceptors;
P2-adrenoceptors; paw test

Introduction

Many studies point towards a role for the noradrenergic
system in schizophrenia (Maas et al., 1993; for review Van
Kammen et al., 1986). There are also many studies suggest-
ing a role for a-adrenoceptors in the therapeutic effects of
neuroleptics (Petersen, 1981; Marwaha & Aghajanian, 1982;
Cohen & Lipinsky, 1986; Baldessarini et al., 1992), although
blockade of dopamine D2 receptors is believed to be crucial
(Creese et al., 1976; Seeman et al., 1976; Peroutka & Snyder,
1980; but see, Cohen & Lipinsky, 1986). However, clozapine
is a much weaker antagonist of the dopamine D2 receptor
than most neuroleptics (Richelson & Nelson, 1984; Ander-
son, 1988; Farde & Nordstr6m, 1992), while it is effective in
patients who are unresponsive to other neuroleptics (Kane et
al., 1988). Moreover, clozapine is superior to most other
neuroleptics with respect to lack of extrapyramidal side-
effects (Angst et al., 1971) and amelioration of negative
symptoms (Honigfeld et al., 1987). Together, this implies that
clozapine must have a working mechanism that is different
from that of other neuroleptics. One of the prominent
features of clozapine is its potent al- as well as M2-
adrenoceptor antagonist properties (Hall et al., 1986; Richel-
son & Nelson, 1984), which are even more pronounced since
clozapine is administered in high doses (Wyatt, 1976).
Therefore, the present study examined to what extent al- and
M2-adrenoceptors play a role in the effects of clozapine.
Moreover, since a- and P-adrenoceptors can interact strongly

' Author for correspondence.

(e.g. Stone et al., 1987), the possible modulation of the effects
of clozapine by P-adrenoceptors was also studied. The animal
model used was the so-called paw test which models both the
antipsychotic efficacy and the extrapyramidal side-effects of
drugs (Ellenbroek et al., 1987). With regard to a large
number of criteria (such as false positives and false negatives,
response to chronic treatment, interactions between neurolep-
tics and anticholinergics, etc.), this model has been shown to
have predictive validity for both the antipsychotic efficacy
and the extrapyramidal side-effects of drugs (Ellenbroek et
al., 1987; Ellenbroek & Cools, 1988; Ellenbroek, 1993).

Methods

The procedure followed was similar to that described by
Prinssen et al. (1993). Male Wistar rats (weighing between
220 and 250 g) were housed individually 24 h before the
experiment. Experiments were performed between 10 h
00 min and 16 h 00 min, and rats were used only once. On
the day of the experiment, the rats received one or two
intraperitoneal injections. In the case of single injections,
each rat was injected at t = 0 min. In the case of two injec-
tions, the first injection (an adrenoceptor antagonist) was given
at t = - O min and the second (clozapine) at t =0 min.
When a (putative) adrenoceptor antagonist was combined
with its agonist, the two drugs were administered as a cock-
tail at t = - 10. The injection volume was always 1 ml kg-',
except for phenoxybenzamine dissolved in propylene glycol

'." Macmillan Press Ltd, 1994
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(0.5 ml kg-'). All drugs were dissolved in distilled water,
except for clozapine to which a drop of HCI was added (1 N),
phenoxybenzamine which was dissolved in propylene glycol,
and the combination of clonidine or ST 587 and phenoxyben-
zamine which was dissolved in 50% alcohol. Control injec-
tions consisted of distilled water, since combinations of pro-
pylene glycol or 50% alcohol with clozapine did not differ
from the combination of distilled water with clozapine (data
not shown).

Thirty minutes after the last injection the paw test was
performed and repeated at 40 and 50 min. In the paw test a
rat was placed on a Perspex platform which has four holes.
The rat was placed on the platform by positioning first the
hind- and then the forelimbs in the holes. Two variables were
measured in this test, namely the time it takes the animal to
retract its first hindlimb (hindlimb retraction time; HRT) and
the time it takes the animal to retract its first forelimb
(forelimb retraction time; FRT) with a minimum time of 1 s
and a maximum time of 60 s. Since only robust effects are
considered to be important, the window (1 to 60 s) was
chosen so that both significant decreases and significant in-
creases could be easily detected. The individual score was
calculated for each animal as the mean of the three trials.
The data are presented as the median value of these means
per group (n = 6-15 rats) together with the corresponding 25
and 75 percentiles. Group differences were calculated with a
two-tailed Mann-Whitney U-test.
The following drugs were used (for the sake of clarity,

peripherally working drugs are defined as drugs that do not
readily pass the blood-brain barrier): the atypical neuroleptic
clozapine (Sandoz, The Netherlands), the al-agonist ST 587
(2-(2-chloro-5-trifluoromethyl-phenyl imino)imidazolidine;
Boehringer Ingelheim, Germany), the peripherally working
al-agonist, methoxamine HC1 (Wellcome, U.S.A.), the al-
antagonist, phenoxybenzamine HC1 (SK&F, U.S.A.), the
M2-agonist, clonidine HCO (Boehringer Ingelheim, The Nether-
lands), the M2-antagonist rauwolscine HCl (Carl Roth, Ger-
many), the peripherally working a2-antagonist L 659,066
((2R - trans) -N -(2 -( ,3,4,6,7,12b -hexahydro - 2'- oxospiro(2H -
benzo-furo(2,3-a)quinolizine-2,3-imidazolin)-3'-yl)ethyl)meth-
ane-sulphonamide monohydrochloride; Merck, U.S.A.), the
132-agonist clenbuterol HC1 (Sigma, The Netherlands), the
peripherally working P-agonist, (-)-isoprenaline HCO (Sigma,
U.S.A.), the P-antagonist, (-)-propranolol HC1 (RBI,
U.S.A.), the peripherally working P-antagonist, nadolol
(Sigma, St. Louis, U.S.A.), the peripherally working 3,-
antagonist (±)-atenolol (RBI, U.S.A.) and the 132-antagonist,
ICI-1 18,551 (erythro-DL-l-(7-methylindan-4-yloxyl)-3-(iso-
propylaminobutan-2-ol) hydrochloride; Zeneca, U.S.A.).

Results

Effects of drugs acting on adrenoceptors

The purpose of this study was to analyse the interaction of
drugs acting on adrenoceptors with clozapine. To avoid the
use of doses of drugs that were effective on their own, all
drugs used in interaction with clozapine, were also tested
alone in high doses. In case of strong behavioural effects of
such a drug, a sub-threshold dose was used in the interaction
study with clozapine. ST 587 (1 mg kg-'), phenoxybenzamine
(10 mg kg-'), rauwolscine (5 mg kg-'), L 659,066 (5 mg kg-'),
(-)-isoprenaline (5 mg kg-'), (-)-propranolol (10 mg kg-'),
nadolol (10mg kg-'), atenolol (1 mg kg') and ICI-1 18,551
(1 mg kg-') did not significantly influence HRT or FRT
compared with controls (distilled water, median values: HRT
1.1 s; FRT: 1.0s). Methoxamine (1Omgkg-') and clen-
buterol (10 mg kg-') induced small, but significant increases
in HRT (median value of HRT: 2.9 and 4.3 s, respectively).
Since higher doses of clonidine induced strong effects on the
HRT [(clonidine (0.3 mg kg-') induced a HRT of 22.0 s
(median value)], the highest dose used in this study was

limited to 0.1 mg kg-', a dose that was without significant
effects.

Effects of clozapine alone

In line with earlier findings, clozapine (15-20mg kg-')
significantly increased the HRT (P<0.01; Figure 1), but not
the FRT (data not shown) compared with controls (distilled
water; see above).

Effects ofa,-selective drugs on clozapine

ST 587 (0.25-1 mg kg-') decreased the effect of clozapine
(20 mg kg-') on the HRT (Figure 1): higher doses produced
stronger effects. On the other hand, the peripherally acting
aq-agonist, methoxamine (10 mg kg-') combined with cloza-
pine (20 mg kg-'), did not influence the HRT (median value:
56.6 s) compared with clozapine alone (median value: 60.0 s;
Figure 1). Phenoxybenzamine increased the effect of cloza-
pine (15 mg kg-') on the HRT (Figure 1): the lowest dose
which was significantly effective, already produced a maximal
increase (60.0 s). The effect of ST 587 on clozapine could be
antagonized by phenoxybenzamnine (1 mg kg-'; Figure 3), in
a dose that itself did not affect clozapine (15 mg kg-'; Figure
1).
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Figure 1 The effect of ST 587 and phenoxybenzamine on the hind-
limb retraction time (HRT) induced by clozapine. The doses used (in
mg kg-') are shown in the figure. Median values and percentiles (25
and 75%) of the HRT are shown. *P<0.05; **P<0.01.
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Figure 2 The effect of clonidine and rauwolscine on the hindlimb
retraction time (HRT) induced by clozapine. The doses used (in
mg kg-') are shown in the figure. Median values and percentiles (25
and 75%) of the HRT are shown. **P<0.01.
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The FRT was not affected by any of the combinations,
apart from the combination of phenoxybenzamine (10mg
kg-1) and clozapine (15 mg kg-') that produced a small, but
significant effect (P< 0.05) on the FRT (median value: 6.2 s)
compared with clozapine alone (median value: 1.0 s).

Effects of ;,-selective drugs on clozapine

Clonidine (0.03-0.1 mg kg-') significantly decreased the
effect of clozapine (20 mg kg-') on the HRT (Figure 2):
higher doses could not be tested since they produced strong
effects when given alone (see above). Rauwolscine (1-5mg
kg-l; Figure 2), as well as L-659,066 (5 mg kg-l; HRT,
median value: 35.8), did not influence the effect of clozapine
(15 mg kg-') on the HRT. The inhibitory effect of clonidine
(0.1 mg kg-') on clozapine (20 mg kg-') could not be
antagonized by relatively high doses (see Discussion) of
rauwolscine (1 mg kg- ') or phenoxybenzamine (1 mg kg-';
Figure 3).
The FRT was not affected by any of the drug combina-

tions.
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Figure 3 All groups received 20 mg kg-' clozapine. The left part of
the figure shows that the inhibition of clozapine by ST 587 is
antagonized by phenoxybenzamine. The right part of the figure
shows that the inhibition of clozapine by clonidine is neither
antagonized by rauwolscine (Rauwol) nor by phenoxybenzamine
(PBZ). The doses used (in mg kg-') are shown in the figure. Median
values and percentiles (25 and 75%) of the hindlimb retraction time
(HRT) are shown. *P<0.05.
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Figure 4 The effect of clenbuterol and (-)-propranolol on the
hindlimb retraction time (HRT) induced by clozapine. The doses
used (in mg kg-1) are shown in the figure. Median values and
percentiles (25 and 75%) of the HRT are shown. *P<0.05;
**P<0.01.

Effects of P-selective drugs on clozapine

Clenbuterol (1-10mgkg-') did not influence the effect of
clozapine on the HRT (15mgkg-'; Figure 4). In contrast,
the peripherally acting P-agonist, (-)-isoprenaline (1-5mg
kg-') increased the effects of clozapine (15 mg kg-') on
the HRT (Figure 5): the lowest dose that was significantly
effective, already produced maximal effects (60.0 s). (-)-
Propranolol (0.1-10 mg kg-'), nadolol (1-10 mg kg-'),
atenolol (0.1-1 mgkg-') and ICI-118,551 (0.1-1 mgkg-')
decreased the effect of clozapine (20mgkg-') on the HRT
(Figures 4-6). The effect of (- )-isoprenaline (5 mg kg-') on
clozapine (15 mg kg-') was blocked by a dose of nadolol
(1 mg kg-') that itself had no effect (Figure 5).
The FRT was not affected, apart from the combination of

clenbuterol (1Omg kg-') and clozapine (15 mg kg-'), which
produced a significant increase in the FRT (median value:
15.7 s) compared with clozapine alone (median value: 1.0 s).

Discussion

The role of a,-adrenoceptors in the effects of clozapine

In line with earlier findings, clozapine (15-20 mg kg-')
enhanced the hindlimb retraction time (HRT) in the paw test.
The al-agonist, ST 587, decreased this effect of clozapine.
The effect of ST 587 appeared to be a,-adrenoceptor-specific:
(1) ST 587 is highly selective for al- over M2-adrenoceptor
stimulation (De Jonge et al., 1981); (2) the effect of ST 587
could be attenuated by a dose of the al-antagonist, phenoxy-
benzamine, that itself did not affect clozapine; (3) when
combined with clozapine, higher doses of phenyoxyben-
zamine produced effects opposite to those of ST 587.
A high dose (cf. Liebau et al., 1989) of the peripherally

acting a,-agonist, methoxamine, did not alter the effect of
clozapine on the HRT. Even when a possible effect of
methoxamine was obscured by the ceiling effect of clozapine,
the contribution of peripheral al-adrenoceptors to the effects
of ST 587 can be excluded since the effective dose of ST 587
(0.5 mg kg-') was 20 times smaller than the ineffective dose
of methoxamine (1Omg kg-'). Thus, the attenuation of the
effects of clozapine by al-adrenoceptor stimulation did not
seem to involve peripheral al-adrenoceptors. Therefore, it is
concluded that central al-adrenoceptor stimulation decreased
the effects of clozapine on the HRT in the paw test. These

**
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Figure 5 The effect of (-)-isoprenaline and/or nadolol on the hind-
limb retraction time (HRT) induced by clozapine. The doses used (in
mg kg-') are shown in the figure. Median values and percentiles (25
and 75%) of the HRT are shown. **P<0.01; tP<0.05, compared
with the combination of (- )-isoprenaline (5 mg kg-') and clozapine.
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Figure 6 All groups received 20mg kg- clozapine. The effect of
atenolol and ICI-1 18,551 on the hindlimb retraction time (HRT)
induced by clozapine is shown. The doses used (in mg kg-') are

shown in the figure. Median values and percentiles (25 and 75%) of
the HRT are shown. *P<0.05; **P<0.01.

data together with the fact that clozapine potently anta-
gonizes al-adrenoceptors (Hall et al., 1986; Mennon et al.,
1988) strongly suggest that blockade of central al-adreno-
ceptors contribute significantly to the HRT elicited by
clozapine. Since the HRT is a parameter with predictive
validity for the antipsychotic efficacy of drugs (Ellenbroek et
al., 1987; Ellenbroek & Cools, 1988; Eflenbroek, 1993), the
present study implies that inhibition of central al-adreno-
ceptors is important for the antipsychotic effects of clozapine.
On the other hand, a high dose of phenoxybenzamine alone
(10 mg kg-') did not increase the HRT, suggesting that
blockade of al-adrenoceptors alone is not enough to produce
such an effect. Indeed, recent studies have shown that the
5-hydroxytryptamine 5-HT2 receptor antagonist properties
(Ellenbroek et al., 1994) as well as the dopamine DI receptor
antagonist properties, but not the dopamine D2 receptor
antagonist properties of clozapine (Ellenbroek et al., 1991)
also play a role in the effects of clozapine on the HRT. We
are now studying to what extent combined antagonism of
5-HT2 receptors, dopamine D, receptors and al-adrenoceptors
may produce a clozapine-like profile in the paw test.
As previously reported (Ellenbroek et al., 1987), unlike

classical neuroleptics, clozapine did not induce an increase in
the forelimb retraction time (FRT). When combined with
clozapine, ST587 did not induce an increase in FRT,
indicating that the al-antagonist properties of clozapine do
not play a role in its lack of FRT. Since the FRT is a
parameter with predictive validity for extrapyramidal side-
effects (Ellenbroek et al., 1987; Ellenbroek & Cools, 1988),
the present data indicate that the a,-antagonist properties of
clozapine do not play a role in its lack of extrapyramidal
side-effects. Moreover, phenoxybenzamine in combination
with clozapine, did induce an increase in FRT, suggesting
that additional blockade of a,-adrenoceptors together with
clozapine, may increase, but not decrease, extrapyramidal
side-effects (cf. Chiodo & Bunney, 1985).

The role of o2-adrenoceptors in the effects of clozapine

As mentioned, clozapine enhanced the HRT in the paw test.
The higher dose of clonidine (0.1 mg kg-') decreased this
effect of clozapine. This effect of clonidine could not be
blocked by a relatively high dose of rauwolscine (cf. Timmer-
mans et al., 1981), suggesting that z2-adrenoceptor stimula-
tion does not affect clozapine with respect to the HRT. This
is underlined by the finding that both rauwolscine and
L 659,066 did not modulate the effect of clozapine on the
HRT. Since the HRT is a parameter with predictive validity

for the antipsychotic efficacy of drugs (see above), the present
study implies that inhibition of qt2-adrenoceptors does not
contribute to the antipsychotic effects of clozapine.

Since clonidine also has a,-adrenoceptor agonist properties
(Liebau et al., 1989), the role of these adrenoceptors was
evaluated as well. However, a dose of phenoxybenzamine
(1 mg kg-') that strongly attenuated the effect of ST 587, did
not attenuate the effect of clonidine on clozapine. This sug-
gests that the effects of clonidine on clozapine are not due to
its al-adrenoceptor properties. However, until more is known
about the pharmacology of the many different al- and a2-
adrenoceptor subtypes that have recently been identified
(Johnson & Minneman, 1986; Morrow & Creese, 1986;
Bylund et al., 1988) a role for these receptor subtypes cannot
be fully excluded. Moreover, the effect of clonidine may
involve an interaction between a,- and a2-adrenoceptor
(sub)types. Alternatively, other receptors for which clonidine
has a high affinity may be involved, e.g. imidazoline receptors
(Molderings et al., 1993).
As mentioned clozapine did not induce an effect on the

FRT; nor did the combination of clonidine with clozapine
induce an increase in FRT, indicating that the a2-antagonist
properties of clozapine do not play a role in its lack of effect
on FRT. Since the FRT is a parameter with predictive
validity for extrapyramidal side-effects (see above), the pres-
ent data indicate that the a2-antagonist properties of
clozapine do not play a role in its lack of extrapyramidal
side-effects.

The role of P-adrenoceptors in the effects of clozapine

The peripherally acting P-agonist, (-)-isoprenaline, increased
the effect of clozapine on the HRT, which could be
attenuated by an ineffective dose of the peripherally acting
P-antagonist, nadolol (1 mg kg-'). Moreover, when given
alone, higher doses of nadolol decreased the effects of
clozapine. Together, these data imply that peripheral P-
adrenoceptors modulate the effect of clozapine on the HRT.
The decrease in the effect of clozapine on the HRT by
,-adrenoceptor blockade seems to be mediated via P,- as well
as P2-adrenoceptors, since atenolol and ICI-118,551 were
both effective in doses that are receptor-specific (Bilsky et al.,
1983). The significant effect of a low dose of atenolol
(0.1 mg kg-') furthermore underlines the involvement of
peripheral receptors. The P2-agonist, clenbuterol, had no
effect on clozapine, in contrast with (-)-isoprenaline. This
was especially surprising since selective P2-adrenoceptor
blockade did affect clozapine (see above). These data may
indicate that stimulation of P2-adrenoceptors, as opposed to
non-selective P-adrenoceptor stimulation, is not sufficient to
enhance the effect of clozapine on the HRT. However, one
has to be careful since clenbuterol also seems to possess
P,-antagonist properties (Ordway et al., 1987). Since a ,B-
antagonist (atenolol) decreased the clozapine-induced HRT,
the possibility cannot be excluded that the lack of effect of
clenbuterol is due to its ability to interact with both PI- and
P2-adrenoceptors in an opposite manner.
As mentioned, clozapine did not induce an increase on the

FRT. Neither did the combination of any of the peripherally
acting drugs with clozapine produce an effect on the FRT.
Interestingly, clenbuterol, which readily passes the blood-
brain barrier, did induce an increase in FRT, when combined
with clozapine, suggesting that central P2-adrenoceptors may
be involved in this increase in FRT.

Since clozapine has a very low affinity for p-adrenoceptors
(Hall et al., 1986), it becomes difficult to ascribe the effects of
peripheral P-adrenoceptor agents on the clozapine-induced
increase of HRT to clozapine's ability to interact with P-
adrenoceptors. While the precise mechanisms of action by
which peripheral A-adrenoceptors might modulate the effects
of clozapine are unknown, we can exclude the following
ones. First, the effects of the P-ligands do not seem to be
mediated by a change in the pharmacokinetics of clozapine.
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Propranolol has been shown to increase, and not to decrease,
the plasma concentration of neuroleptics (the classical
neuroleptic, chlorpromazine and the atypical neuroleptic,
thioridazine; clozapine was not studied), thereby increasing
their therapeutic efficacy (Peet et al., 1980; Silver et al., 1986).
Indeed, (-)-propranolol has been found to increase, but not
to decrease, the effects of haloperidol on the HRT (unpub-
lished observations). Second, the effect of the P-ligands could
not be ascribed to a direct influence on the extrafusal fibres
in the hindlimb muscles, thereby influencing the contract-
ability of these muscles, despite the fact that these muscle
fibres contain P2-adrenoceptors (Buckenmeyer et al., 1990):
for, both Pj- and P2-adrenoceptors were found to be involved
in the effects studied. Moreover, (-)-propranolol increased
the effects of haloperidol on the HRT (see above), while it
decreased the effects of clozapine (Figure 4): such effects
seem incompatible with a direct action on muscle fibres.
Further research on the mechanisms of action by which
peripheral P-adrenoceptors modulate the effects of clozapine
is necessary.

Summary

The present study shows that central a,-adrenoceptor
stimulation decreases the effects of clozapine on the hindlimb

retraction time (HRT), a parameter with predictive validity
for the antipsychotic efficacy of drugs. As discussed, these
data imply that blockade of central a1-adrenoceptors by
clozapine is important for the antipsychotic effects of
clozapine. The present study also shows that blockade of j-
and/or P2-adrenoceptors decreased the effect of clozapine on
the HRT, an effect that seemed to be mediated by peripheral
receptors. The forelimb retraction time (FRT), a parameter
with predictive validity for extrapyramidal side-effects, on
which clozapine has no effect, was not increased when
clozapine was combined with a,-agonists. Therefore, these
data imply that a,-adrenoceptors do not play a role in the
lack of extrapyramidal side-effects of clozapine.

The authors would like to thank Anne-Marie Boerboom for her
contribution in the experiments. We thank Sandoz, The Netherlands
(clozapine), Boehringer Ingelheim, Germany (ST 587), Merck,
U.S.A. (L 659,066) and Zeneca, U.S.A. (ICI-1 18,551) for generously
supplying the drugs. This study is supported by the Dutch Society
for Scientific Research (NWO), no. 900-548-119.
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Characterization of the effects of 2-methylthio-ATP and
2-chloro-ATP on brain capillary endothelial cells: similarities to
ADP and differences from ATP

Paul Vigne, Erick Feolde, *Jean Philippe Breittmayer & 'Christian Frelin

Institut de Pharmacologie Moleculaire et Cellulaire du CNRS, 660 Route des Lucioles, Sophia Antipolis, 06560 Valbonne,
France and *INSERM U343, Faculte de Medecine, Universite de Nice-Sophia Antipolis 06034 Nice Cedex, France

1 Brain capillary endothelial cells responded to 2-methylthio-ATP (2MeSATP) by large increases in
[Ca2+], (EC5, = 27 nM) that were partially dependent on the presence of extracellular Ca2+ and that were

not associated with a measurable production of inositol phosphates.
2 2-chloro-ATP (2ClATP) raised [Ca2+]i in a biphasic manner. At low concentrations, intracellular
Ca2+ mobilization was not associated with a measurable production of inositol phosphates. At concent-
rations >30 LM, 2ClATP activated phospholipase C.
3 The actions of 2ClATP, 2MeSATP and ADP on [Ca2+]j were additive to those of ATP and UTP.
Non-additive actions of 2MeSATP and of low concentrations of ADP or of 2ClATP were observed.
4 Cross desensitizations of the actions of ADP, 2MeSATP and 2ClATP were observed. None of them
desensitized cells to the action of ATP.
5 It is concluded that 2MeSATP and low concentrations of 2ClATP and ADP induce intracellular
Ca2+ mobilization by acting via an atypical P2y purinoceptor that is not coupled to phospholipase C. At
high concentrations, 2C1ATP also activates phospholipase C and further increases [Ca2+], probably by
acting on P2U purinoceptors.

Keywords: Blood brain barrier; purinoceptor; 2-chloro-ATP; 2MeSATP; 2-methylthio-ATP

Introduction Methods

Phosphorylated adenine nucleotides play an important role in
modulating a variety of cellular functions in the cardiovas-
cular system (Pirotton et al., 1993; Gordon, 1986). Their
action is mediated via at least five distinct P2 purinoceptors
(Burnstock & Kennedy, 1985; Gordon, 1986). P2, receptors
are receptor operated channels that are mainly found in
vascular smooth muscle cells. P2y receptors are phospholipase
C-coupled receptors that are more specific for 2-methylthio-
ATP (2MeSATP) than for adenosine 5' triphosphate (ATP)
and that are found in aortic endothelial cells. P2t receptors
are adenosine 5' diphosphate (ADP)-specific receptors of
platelets. Pu receptors specifically recognize the tetrabasic
form of ATP and are responsible for the permeabilizing
effects of ATP in various transformed cell lines. Finally the
recently identified P2U receptors recognize ATP and uridine 5'
triphosphate (UTP) and couple to phospholipase C (O'Con-
nor et al., 1991). The structures of P2y and P2,, receptors have
recently been elucidated. Both receptors belong to the family
of G protein coupled, seven transmembrane domain recep-
tors (Lustig et al., 1993; Webb et al., 1993).

In a previous study we analyzed the responses of rat brain
capillary endothelial cells (BCEC) to nucleotides and pro-
vided evidence for the presence of two types of receptors for
nucleotides: (i) a P2.-like receptor coupled to phospholipase
C and (ii) an ADP-specific receptor the occupancy of which
induced a mobilization of intracellular Ca2' stores without
activation of phospholipase C (Frelin et al., 1993). In this
paper we analyze the actions of 2MeSATP and 2-chloro-ATP
(2ClATP) on BCEC. 2MeSATP is a well known agonist of
P2y receptors in aortic endothelial cells (Motte et al., 1993;
Wilkinson et al., 1993). 2ClATP and 2MeSATP are antag-
onists of ADP responses mediated by P2, receptors in
platelets (Cusack & Hourani, 1982; Hall & Hourani, 1993).
2ClATP is also a potent P24 agonist (Needham et al., 1987).

' Author for correspondence.

BCEC were prepared as previously described (Vigne et al.,
1989). Cells were grown in Dulbecco's modified Eagle's
medium (GIBCO) supplemented with 10% foetal calf serum
(Dutscher, Strasbourg, France), 100 units ml-' penicillin and
100ILgmlm streptomycin. For intracellular Ca2" measure-
ments, cells were loaded with 5 fAM indo-l/AM for 2 h in
complete culture medium at 37C. After dissociation from the
culture dishes, cells were centrifuged at low speed and
suspended into an Earle's salt solution (composition, mM:
NaCl 140, KCl 5, CaCl2 1.8, MgSO4 0.8, glucose 5, buffered
at pH 7.4 with N-2-hydroxyethylpiperazine-N'-2-ethane sul-
phonic acid-NaOH 25). Flow cytometric analysis of the indo-
1 fluorescence was performed as described previously (Frelin
et al., 1993) using a FacStar Plus (Becton-Dickinson). Indo-l
fluorescence ratio were measured in single cells and collected
in real time at a rate of 500 cells s-'. Means of 1000-3000
individual measurements were computed and collected at
different times following the addition of agonists. The values
of the fluorescence ratio given by the computer are arbitrary
values. The technique, because it reduces the incidence of the
cell to cell variability in the responses, is well suited for a
pharmacological analysis of the action of Ca21 mobilizing
agents (Frelin et al., 1993). To define dose-response curves
for agonists, cells were treated with the desired concentration
of agonists and analyzed. The indo-l fluorescence ratio of
1000 cells, sampled during 1.5 s, 20s after the addition of
agonists were collected and the mean ratio computed. Each
experiment was repeated at least three times. Low [Ca2+]
(50 nM) solutions were prepared using 0.5 mM CaCl2 and
1.2 mM ethyleneglycol bis-(P-aminoethyl ether)-NNN,N'-
tetraacetic acid. All experiments were performed at 20°C.
To measure the production of inositol phosphates, BCEC

were grown to confluency in six well plates and labelled to
equilibrium with 2 pCi ml-I of myo-[2-3H]-inositol in com-
plete culture medium. After washing with Earle's salt solu-
tion, cells were incubated for 10 min at 37°C in a 10 mM
NaCl, 40 mM LiCl modified Earle's salt solution. After 5 min

19" Macmillan Press Ltd, 1994
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of exposure to agonists, the radioactivity incorporated into
total inositol phosphates (InsP) was determined as previously
described (Frelin et al., 1993).

Proteins were determined according to Bradford (1976).
Means ± s.e.mean are shown. When no error bar is pres-

ented in the Figures, it was smaller than the size of the
points. Dose-response curves were fitted to a four parameter
logistic function using the SigmaPlot software.

Materials

2CIATP and 2MeSATP were purchased from Research
Biochemicals Inc. Other nucleotides were from the Sigma
Chemical Co. Indo-l/AM was from Calbiochem. Endothelin-
1 was from Neosystems (Strasbourg, France). myo-[2-3HJ
inositol (19Cimmol-') was from Amersham.

Results

Similarly, 2C1ATP had no action up to concentrations of
10 JIM. At higher concentrations, 2CIATP increased InsP pro-
duction up to 1.8 fold. Under the same conditions ATP
(30 JLM) and endothelin-I (100 nM) increased InsP production
2 and 2.6 fold (Figure 3). An obvious possibility for these
results is that 2C1ATP had two distinct actions on BCEC. At
low concentrations it increased [Ca2+]i in the absence of
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Figure la shows that the addition of 1 gM 2MeSATP to
BCEC increased [Ca2+]i in a manner partially dependent on
the presence of external Ca2". The dose-response curve for
the action of 2MeSATP on [Ca2+], is presented in Figure lb.
It was monophasic with an EC50 value of 27 ± 4 nM. Figure
2a shows that like 2MeSATP, 2CIATP raised [Ca21]i in a
manner partially dependent on the presence of external Ca2".
The dose-response curve for 2CIATP action on [Ca2+], is
shown in Figure 2b. It extended over at least five orders of
magnitude and showed a marked shoulder at 3 to 10 pM.
We next measured the production of total inositol phos-

phates. Figure 3 shows that 2MeSATP had no effect on InsP
production up to the highest concentration tested (1 mM).
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Figure 2 The action of 2-chloro-ATP (2ClATP) on [Ca2+]i: (a)
Changes in indo-1 fluorescence ratio observed after the addition of
1 IM 2CIATP. Experiments were performed in the presence of
1.8 mm Ca2+ (-) or of 50 nM Ca2l (0). (b) Dose-response curve for
the action of 2CIATP on [Ca2+]j. Mean indo-l fluorescence ratio
were measured 20 s after the addition of the nucleotide to the cells.
Means ± s.e. (n = 3) are shown.
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Figure 1 The action of 2-methylthio-ATP (2MeSATP) on [Ca2+]i:
(a) Changes in indo-I fluorescence ratio observed after the addition
of 1 juM 2MeSATP. Experiments were performed in the presence of
1.8 mm Ca2+ (M) or of 50 nm Ca2+ (0). (b) Dose-response curve for
the action of 2MeSATP on [Ca2+],. Mean indo-1 fluorescence ratio
was measured 20 s after the addition of the nucleotide to the cells.
Means ± s.e. (n = 3) are shown.
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Figure 3 The action of 2-methylthio-ATP (2MeSATP) and 2-
chloro-ATP (2CIATP) on inositol phosphates (InsP) production.
Cells were exposed for 5min to the indicated concentrations of
2MeSATP (@) and 2CIATP (0) and the production of total InsP
was measured as described in Methods. The figure also shows for
comparison the effects of 100 nM endothelin-I (ET-1) and of 30 AM
ATP in the same cells. Means ± s.e. (n = 8) are shown. It was
checked that the clones used in these experiments responded to low
concentrations of 2MeSATP and 2CIATP by large changes in
[Ca2+]i.
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measurable InsP production. At high concentrations (>30
SM) it further increased [Ca2+]i by activating phospholipase
C. Very similar results have been previously reported for
ADP (Frelin et al., 1993).
A useful way to assess receptor heterogeneity is to look for

additive responses. Additive actions of maximally effective
concentrations of agonists are expected if they bind to
different receptor sites. Non additive actions are expected if
they bind to the same receptor. They are also expected if they
bind to different sites but maximally increase [Ca2+]i by
depleting intracellular Ca2" stores. However, one difficulty
with this approach is that ADP and 2ClATP which have a
complex action of [Ca2+]i (e.g. Figure 2) may recognize more
than one type of receptor. For this reason, dose-response
curves for each nucleotide were established in the presence of
fixed concentrations of 2MeSATP, 2C1ATP or ADP. In a
first series of experiments, cells were treated at the same time
with 1 EM 2MeSATP and different concentrations of ATP,
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Figure 4 The action of nucleotides on [Ca2+]j in the presence of
2-methylthio-ATP (2MeSATP). Cells were exposed at the same time
to 1 JIM 2MeSATP and different concentrations of ATP (0), UTP
(-), ADP (U) and 2-chloro-ATP (2CIATP) (0). The mean indo-l
fluorescence ratio was measured 20s later and plotted as a function
of the concentration of nucleotide used. The mean indo-I fluor-
escence ratio in the absence of agonists was 10. Means ± s.e. (n = 3)
are shown. All experiments shown were performed on the same
batch of cells and are directly comparable.

UTP, ADP or 2C1ATP. At a concentration of 1 AM,
2MeSATP induced maximum InsP-independent intracellular
Ca2" changes (Figure lb). Figure 4 shows that ATP and
UTP still increased [Ca2+], in the presence of 2MeSATP.
EC50 values were 7.9 ± 1.4 I4M and 4.3 ± 1.9 4M for ATP and
UTP respectively. These values were close to the EC50 values
measured in the absence of 2MeSATP (ATP: 10 tM, UTP:
15 ,M; Frelin et al., 1993). Thus the presence of 2MeSATP
hardly altered the responses to ATP and UTP. Figure 4
further shows that in the presence of 1 lAM 2MeSATP, ADP
and 2C1ATP increased [Ca2+]i but only at concentrations
> 10 gM. EC50 values were 0.15 ± 0.02 mM and 0.19 +
0.06 mM for ADP and 2C1ATP respectively. A conspicious
effect of 2MeSATP was to transform the biphasic action of
2C1ATP (Figure 2b) into a monophasic action (Figure 4). It
suppressed the actions of low concentrations of 2C1ATP that
are independent of the formation of InsP and left unaltered
the action of large concentrations of 2C1ATP that are associ-
ated with an activation of phospholipase C. 2MeSATP also
transformed the biphasic action of ADP into a monophasic,
InsP-associated action.

Figure 5 shows the results of similar experiments per-
formed in the presence of 1 ILM 2CIATP. At this concentra-
tion, 2C1ATP increased [Ca2+]i to a large extent (Figure 2b)
but had no action on the formation of InsP (Figure 3). In the
presence of 1 gM 2CIATP, ATP and UTP still increased
[Ca2J1i. EC50 values were 21 ± 2 JIM and 13 ± 3 JIM for ATP
and UTP respectively, close to the values previously observed
in the absence of 2C1ATP. Thus low concentrations of
2C1ATP hardly modified the responses to ATP and UTP.
Figure 5 further shows that 2CIATP almost completely
suppressed the action of 2MeSATP. It also prevented low
concentrations (<10IM) of ADP from raising [Ca2+]i and
transformed its biphasic action into a monophasic action.
The EC50 value for the action of ADP on [Ca2+]i in the
presence of 2CIATP was 0.24 ± 0.03 mM. At these concentra-
tions, ADP induced a measurable production of InsP (Frelin
et al., 1993).

Figure 6 shows the results of similar experiments per-
formed in the presence of 101M ADP. This concentration
induced maximum InsP-independent Ca2" mobilization (Fre-
lin et al., 1993). As previously reported (Frelin et al., 1993),
ADP did not prevent ATP from increasing [Ca2J1i, thus
indicating additive actions. The EC50 value for the action of
ATP in the presence of ADP was 11 ± 2 JM. Figure 6 further
shows that ADP completely suppressed the actions of
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Figure 5 The action of nucleotides on [Ca2+], in the presence of
2-chloro-ATP (2CIATP). Cells were exposed at the same time to
1 pM 2CIATP and different concentrations of ATP (0), UTP (a),
ADP (0) and 2-methylthio-ATP (2MeSATP) (U). The mean indo-1
fluorescence ratio was measured 20 s later and plotted as a function
of the concentration of nucleotide used. The mean indo-1 fluor-
escence ratio in the absence of agonists was 10. Means ± s.e. (n = 3)
are shown. All experiments shown were performed on the same
batch of cells and are directly comparable.
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Figure 6 The action of nucleotides on [Ca2i] in the presence of
ADP. Cells were exposed at the same time to 10 gM ADP and
different concentrations of ATP (@), 2-methylthio-ATP (2MeSATP)
(U) and 2-chloro-ATP (2CIATP) (0). The mean indo-1 fluorescence
ratio was measured 20s later and plotted as a function of the
concentration of nucleotide used. The mean indo-I fluorescence ratio
in the absence of agonists was 10. Means ± s.e. (n = 3) are shown.
All experiments shown were performed on the same batch of cells
and are directly comparable.
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Figure 7 ADP desensitized cells to the actions of 2-methylthio-ATP
(2MeSATP) and 2-chloro-ATP (2ClATP) but not to that of ATP.
Cells were exposed twice to 3 tiM ADP and then to 1 gM 2MeSATP,
I LM 2ClATP and 0.3 mm ATP as indicated and changes in the
indo-I fluorescence ratio were monitored. The right panel shows for
comparison, a Ca2' transient obtained in the same batch of cells
using 0.3 nM ATP. Each point was the mean of 1000 individual cell
measurements.
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Figure 9 2-Chloro-ATP (2CIATP) desensitized cells to the actions
of 2-methylthio-ATP (2MeSATP) and ADP but not to that of ATP.
Cells were exposed twice to I jlM 2CIATP and then to I JlM
2MeATP, 3 JM ADP and 0.3 mm ATP as indicated and changes in
the indo-l fluorescence ratio were monitored. The right panel shows
for comparison, a Ca2+ transient obtained in the same batch of cells
using 0.3 mM ATP. Each point was the mean of 1000 individual cell
measurements. Experiments shown in Figures 7-9 were performed
on the same batch of cells and are therefore directly comparable.
They are representative of three independent experiments.

2MeSATP and ADP but not to that of ATP. Thus cross
desensitizations of the actions of ADP, 2MeSATP and
2ClATP were observed. None of these substances desen-
sitized cells to the action of ATP.

ATP

2 min

Figure 8 2-Methylthio-ATP (2MeSATP) desensitized cells to the
actions of ADP and 2-chloro-ATP (2ClATP) but not to that of ATP.
Cells were exposed twice to I jLM 2MeATP and then to I ILM
2CIATP, 3 pM ADP and 0.3 mM ATP as indicated and changes in
the indo-l fluorescence ratio were monitored. The right panel shows
for comparison, a Ca2" transient obtained in the same batch of cells
using 0.3 mM ATP. Each point was the mean of 1000 individual cell
measurements.

2MeSATP and of low concentrations of 2ClATP. ADP did
not prevent large (> 30 gM) concentrations of 2ClATP from
raising [Ca2']i. At these concentrations, 2ClATP induced a
measurable production of InsP (Figure 3).
Taken together, the results presented in Figures 4 to 6

indicated that 2MeSATP, 2ClATP and ADP acted in very
similar ways. They hardly modified the cellular responses to
ATP and UTP. They prevented their high affinity, InsP
independent responses but had no action on the low affinity
responses, associated with a measurable production of InsP.
Another way to assess receptor heterogeneity is to perform

desensitization experiments. We previously reported that
ADP desensitized cells still responded to ATP (Frelin et al.,
1993). Figure 7 shows that a first treatment of BCEC with
3 pM ADP desensitized cells to further applications of ADP
and also to the applications of 2MeSATP and 2ClATP. Yet
desensitized cells still responded to 0.3 mM ATP by a large
[Ca2"Ji transient. Figure 8 further shows that cells that had
been treated with 1 pLM 2MeSATP no longer responded to
1 JiM 2CIATP or to 3 gM ADP, yet they retained large re-
sponses to 0.3 mM ATP. Finally, Figure 9 shows that 1 jiM
2CIATP-treated cells were desensitized to the actions of

Discussion

2MeSATP is a potent agonist of P2y receptors in aortic
endothelial cells (Motte et al., 1993; Wilkinson et al., 1993)
and an antagonist of P2, receptors of platelets (Hall &
Hourani, 1993). Conversely, 2ClATP is an agonist of P2y
receptors (Needham et al., 1987), a weak agonist of P2U
receptors (Lustig et al., 1993) and an antagonist of P2t recep-
tors (Cusack & Hourani, 1982; Hall & Hourani, 1993). We
previously described the presence in rat BCEC of two distinct
receptor sites for nucleotides: (i) a P2U purinoceptor for ATP
and UTP and (ii) an ADP receptor that induced the
mobilization of thapsigargin-sensitive intracellular Ca2+
stores in the absence of formation of inositol phosphates
(Frelin et al., 1993). This paper defines the actions of
2MeSATP and 2C1ATP in BCEC and shows that the two
nucleotides act in a manner similar to that of ADP and
distinct from that of ATP.

Evidence that 2MeSATP and low concentrations of ADP
have similar actions is as follows: (i) 2MeSATP (Figure 3)
and low concentrations of ADP (Frelin et al., 1993) induce
intracellular Ca2+ mobilization in the absence of measurable
InsP production. (ii) 2MeSATP hardly alters the cell res-
ponses to ATP and UTP but it prevents the action of low
concentrations of ADP (Figure 4). Conversely ADP prevents
the action of 2MeSATP but not that of ATP (Figure 6). (iii)
2MeSATP and ADP desensitize each other's action.
2MeSATP and ADP do not desensitize cells to the action of
ATP (Figure 7-9).

Evidence that low concentrations of 2CIATP and ADP act
similarly are as follows: (i) Low concentrations of 2ClATP
(Figures 2 and 3) and ADP (Frelin et al., 1993) induce
intracellular Ca21 mobilization in the absence of measurable
InsP production. (ii) Low concentrations of 2C1ATP do not
prevent ATP or UTP from raising [Ca2+], with EC50 values

6 1
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close to those observed in the absence of 2ClATP (Figure 5).
Low concentrations of 2ClATP prevent the action of low
concentrations of ADP (Figure 4). Conversely ADP prevents
the action of low concentrations of 2C1ATP but not that of
ATP (Figure 6). (iii) 2C1ATP and ADP desensitize each
other's action. 2CIATP and ADP do not desensitize cells to
the action of ATP (Figures 7-9).
The close similarities of the actions of 2MeSATP and of

2C1ATP suggest that they may recognize the same receptor.
The observations that 2MeSATP and low concentrations of
2CIATP have no additive actions (Figures 4 and 5) and
desensitize each other's action (Figures 8 and 9) are fully
consistent with this hypothesis.

Very similar properties have previously been reported in
rat hepatocytes which respond to ATP, UTP, 2MeSATP and
ADP by large increases in [Ca2+]i and by increased glyco-
genolytic rates. First ATP and ADP induce different intracel-
lular [Ca2+], oscillations (Dixon et al., 1990). Second, while
the actions of ATP and UTP are clearly associated to an
activation of phospholipase C (Keppens et al., 1992), those
of ADPS and 2MeSATP are not (Keppens & DeWulf, 1991;
Keppens et al., 1993). Finally, it is worth noting that the
EC50 value for the action of 2MeSATP on glycogen phos-
phorylase in hepatocytes (20 nM, Keppens & DeWulf, 1991)
is close to the EC50 value for the action of 2MeSATP on
[Ca2+]i in BCEC (27 nM, Figure lb). This could suggest that
a similar receptor is expressed by rat BCEC and by rat
hepatocytes. This receptor recognises low concentrations of
2MeSATP, 2ClATP and ADP and it induces intracellular
Ca2+ mobilization in the absence of formation of inositol
phosphates. Its pharmacological profile, defined from the
InsP-independent actions of nucleotides on [Ca2+], is:
2MeSATP (EC50 = 27 nM, Figure lb) > 2CIATP (EC50
- 0.3 tiM, Figure 2b) >ADP (EC50 - 1 gM; Frelin et al.,
1993). This receptor although pharmacologically similar to
P2y receptors differs from known P2y purinoceptors in that it
is not coupled to phospholipase C. It differs from P2t
purinoceptors for 2C1ATP and 2MeSATP act as agonists
rather than as antagonists. It is unlikely a P2X or P2z
purinoceptor for changes in [Ca2+], induced by 2MeSATP
and 2C1ATP are not suppressed when the external Ca2+
concentration is lowered (Figures 1 and 2) and mostly result
from the mobilization of intracellular stores. This is also

suggested by the observation that a, 13 methylene ATP, a
potent agonist of P2,, receptors is inactive on BCEC (Frelin et
al., 1993). 2MeSATP is usually considered as a high affinity
and specific agonist of P2y receptors and is thought to act
primarily by activating phospholipase C (Motte et al., 1993;
Wilkinson et al., 1993; Webb et al., 1993). It is worth noting
that at low concentrations 2MeSATP may also act in a
manner independent of the formation of inositol phosphates
both in rat BCEC (this study) and in rat hepatocytes (Kep-
pens & DeWulf, 1991).
At high concentrations, 2C1ATP increases [Ca21], in

parallel to an activation of phospholipase C (Figures 2 and
3). The properties of the receptor involved can be defined
from the experiments presented in Figures 5 to 7 in which the
InsP-independent responses were masked by the use of low
concentrations of ADP, 2MeSATP or 2ClATP. Under these
conditions ATP (EC0= 7-21 jM), UTP (ECO= 4-13 ILM),
2ClATP (EC0 = 0.19 mM) and ADP (EC50 = 0.15-0.24 mM)
increase [Ca2+],. Similar values have been found for their
action on phospholipase C activity (ATP: 10 tM, UTP:
15 gM, 2ClATP: > 0.1 mM, ADP: > 0.1 mM) (Frelin et al.,
1993, Figure 2). Both profiles are typical of a P2U, receptor
(Fine et al., 1989; Pfeilschrifter, 1990; Brown et al., 1991;
O'Connor et al., 1991; Lustig et al., 1993; Raha et al., 1993),
suggesting that the InsP-dependent action of nucleotides was
mediated by P2U purinoceptors. Further evidence for the
presence of a P2U receptor on BCEC is provided by the
observation that ATP and UTP have non-additive and cross-
desensitizing actions (Frelin et al., 1993). Finally, clear
evidence that the P2U, receptor is distinct from the ADP
receptor described above is that some of the cell clones used
in this study responded to ATP and UTP but not to low
concentrations of 2C1ATP or of 2MeSATP (data not shown).

In conclusion, the results presented in this paper provide
further support for the presence of at least two types of
purinoceptors in rat BCEC: a P2U purinoceptor and an
atypical P2y receptor that induces intracellular Ca2+ mobiliza-
tion via a phospholipase C independent mechanism.

This work was supported by the Centre National de la Recherche
Scientifique and the Association pour la Recherche sur le Cancer.
We thank N. Boyer and V. Cheron for expert technical assistance.
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The effect of cyclic AMP elevating agents on bradykinin- and
carbachol-induced signal transduction in canine cultured
tracheal smooth muscle cells
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1 The effects of cholera toxin (CTX), forskolin and dibutyryl cyclic AMP on bradykinin (BK)- and
carbachol-induced accumulation of inositol phosphates (IPs) and Ca2" mobilization were investigated in
canine cultured tracheal smooth muscle cells (TSMCs). The BK-induced responses were mediated via a

G protein which was not inhibited by CTX or pertussis toxin treatment.

2 BK-stimulated IPs accumulation and Ca2" mobilization were potentiated by CTX (10 tg ml-')
pretreatment which was time-dependent. Maximal increase of these responses occurred after 24 h
treatment with CTX. The concentration-effect relationship of BK-induced responses were shifted to the
left and BK was substantially more effective in CTX-treated cells than in the control cells. This
enhancing effect of CTX did not occur with carbachol.
3 Short-term (<4 h) treatment with forskolin (1O pM) or dibutyryl cyclic AMP (1 mM) failed to
accentuate BK-induced responses, but long-term (> 4 h) treatment of TSMCs with these agents
mimicked the enhancing effect of CTX, suggesting that CTX-induced enhancement of BK respon-

siveness might be due to a rise in cyclic AMP.
4 Prolonged treatment of TSMCs with these agents was accompanied by an increase in cell surface
[3H]-BK binding sites, which was inhibited by concurrent incubation with cycloheximide, an inhibitor of
protein biosynthesis. Cycloheximide also abolished the potentiating actions of CTX, forskolin, and
dibutyryl cyclic AMP on BK-induced IPs formation and Ca2+ mobilization.
5 The locus of this enhancement was further investigated by examining the effects of CTX, forskolin
and dibutyryl cyclic AMP on AIF4-induced IPs accumulation in canine TSMCs. AIF4-induced IPs
accumulation was not affected by CTX, forskolin, or dibutyryl cyclic AMP treatment, supporting the
contention that this stimulatory effect is located at the BK receptor level.
6 These results demonstrate that the augmentation of BK-induced IPs accumulation and Ca2+
mobilization produced by CTX, forskolin and dibutyryl cyclic AMP involves a cyclic AMP-dependent
mechanism which is induced by a sustained increase in the level of intracellular cyclic AMP. CTX and
forskolin may promote an increase of the synthesis of BK receptors, and thereby enhance BK-induced
responses.

Keywords: Inositol phosphates; Ca2+; G protein; cyclic AMP; BK receptor

Introduction

Bradykinin (BK) is a classic mediator of inflammatory
diseases of the airways and may be implicated in allergic
asthma (Christiansen et al., 1987). In the airways, BK causes
bronchoconstriction, pulmonary and bronchial vasodilata-
tion, mucus secretion and microvascular leakage (Barnes,
1992). One possible mechanism of BK-induced tracheal
smooth muscle contraction has been attributed to an increase
in phosphoinositide (PI) hydrolysis (Marsh & Hill, 1992;
Yang et al., 1994) and a rise in intracellular Ca2+ ([Ca2+],)
(Murray & Kotlikoff, 1991; Marsh & Hill, 1993). Many
studies have suggested that G proteins are involved in the
coupling of the BK receptor to phospholipase C (PLC) in
various cells (Higashida et al., 1986; Burch & Axelrod, 1987;
Murayama & Ui, 1987), since BK-induced inositol phos-
phates (IPs) accumulation was found to be sensitive to
guanine nucleotide analogues (Higashida et al., 1986; Mura-
yama & Ui, 1987). BK stimulates IPs accumulation by
mechanisms involving both pertussis toxin-sensitive and
insensitive G proteins (Higashida et al., 1986; Lambert et al.,
1986; Liebmann et al., 1990).

Several lines of evidence have demonstrated that cholera
toxin (CTX) affects signal transduction in various cell types
(Hepler & Gilman, 1992). Preincubation of cells with CTX

' Author for correspondence.

causes inhibition of PI turnover, which is partly due to a
reduction in number of hormonal receptors (Gardner et al.,
1989; Guillon et al., 1989; Socorro et al., 1990). It has also
been shown that CTX potentiates the BK-stimulated PI turn-
over in human foreskin fibroblasts, the osteoblast-like cell
line MC3T3-E1 and BALB/c/3T3 cells (Olashaw & Pledger,
1988; Etscheid & Villereal, 1989; Banno et al., 1993). This
potentiating action was inhibited by cycloheximide. This res-
ponse may therefore involve an increase in protein synthesis
following elevation of the concentration of cyclic AMP,
probably through BK receptors (Etscheid et al., 1991; Banno
et al., 1993). Moreover, elevation of cyclic AMP concentra-
tion caused by CTX promotes transcription of mRNA
encoding a protein that stimulates the release of arachidonic
acid metabolites (Peterson et al., 1991).
We have previously shown that BK-induced IPs accumula-

tion was potentiated by CTX treatment for 4 h in canine
TSMCs (Yang et al., 1994). In this study, experiments were
undertaken to investigate the effects of CTX, forskolin and
dibutyryl cyclic AMP on BK- and carbachol-induced IPs
accumulation and Ca2" mobilization, as well as the mech-
anism underlying the enhancement by these agents of BK
responsiveness in canine TSMCs. Our results show that
CTX, forskolin, and dibutyryl cyclic AMP greatly enhance
the accumulation of IPs induced by BK, but not by car-
bachol in canine TSMCs. This enhancement is accompanied

'." Macmillan Press Ltd, 1994
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by an increase in effectiveness of BK in inducing Ca2"
mobilization. Finally, we demonstrate that the increased res-
ponsiveness of the TSMCs results, at least in part, from an
increase in the number of BK receptors.

Methods

Animals

Mongrel dogs, 10-20 kg, of either sex were purchased from a
local supplier, and used throughout this study. Dogs were
housed indoors in the animal facilities under automatically
controlled temperature and light cycle conditions and fed
standard laboratory chow and tap water ad libitum. Dogs
were anaesthetized with pentobarbitone (30 mg kg', intra-
venously) and ventilated mechanically via an orotracheal
tube. The tracheae were surgically removed.

Isolation of tracheal smooth muscle cells

The TSMCs were isolated according to the methods previously
reported (Yang, 1990; Yang et al., 1991a,b). The trachea was
cut longitudinally through the cartilage rings and the smooth
muscle was dissected. The muscle was minced and transferred
to the dissociation medium containing 0.1% collagenase IV,
0.025% DNase I, 0.025% elastase IV, and antibiotics in
physiological solution. The physiological solution contained
(mM): NaCl 137, KCI 5, CaCl2 1.1, NaHCO3 20, NaH2PO4 1,
glucose 11 and HEPES 25 (pH 7.4). The tissue pieces were
gently agitated at 37TC in a rotary shaker for 1 h. The
released cells were collected and the residual was again
digested with fresh enzyme solution for an additional 1 h at
37°C. The released cells were pooled and washed twice with
Dulbecco's modified Eagle's medium (DMEM) and Ham's
nutrient mixture F-12 (F-12) medium (1: 1, vol/vol). The cells,
suspended in DMEM/F-12 containing 10% foetal bovine
serum (FBS), were plated onto a 60mm culture dish and
incubated at 37°C for 1 h to remove fibroblasts. The cells
were counted and diluted with DMEM/F-12 to a final con-
centration of 2 x 105 cells ml-'. The cell suspension was
plated onto (0.5 ml/well) 24-well (1 ml/well) 12-well or (2 ml/
well) 6-well culture plates containing glass coverslips coated
with collagen for receptor binding assay, IPs accumulation
and Ca2+ measurement, respectively. The medium was chang-
ed after 24 h and then every 3 days. After 5 days in culture,
the cells were cultured in DMEM/F-12 containing 1% FBS
for 24 h at 37°C. Then, the cells were grown in DMEM/F-12
containing 1% FBS supplemented with insulin-like growth
factor I (IGF-I, 10 ng ml-') and insulin (1 pg ml-') for
12-14 days. These culture conditions were used to facilitate
the expression of muscarinic receptors on cultured TSMCs
(Yang et al., 1991b).

In order to characterize the isolated and cultured TSMCs
and to exclude contamination by epithelial cells and fibro-
blasts, the cells were identified by an indirect immunofluores-
cence method using a monoclonal antibody of light chain
myosin (Gown et al., 1985). Under the above culture condi-
tions, over 95% of the cells were smooth muscle cells.

Accumulation of inositol phosphates

Effect of BK on the hydrolysis of PI was assayed by monitor-
ing the accumulation of 3H-labelled IPs as described by
Berridge et al. (1983). Cultured TSMCs were incubated with
5 pCi ml-' of myo-[2-3H]-inositol at 37°C for 2 days. TSMCs
were washed two times with PBS and incubated in Krebs-
Henseleit buffer (KHS, pH 7.4) containing (in mM):
NaCl 117, KCl 4.7, MgSO4 1.1, KH2PO4 1.2, NaHCO3 20,
CaCl2 2.4, glucose 1, HEPES 20, and LiCl 10 at 37°C for
30 min. After BK was added at the concentration indicated,
incubation was continued for another 60 min in the presence
of 10 gAM phosphoramidon. Reactions were terminated by

addition of 5% perchloric acid followed by sonication and
centrifugation at 3000 g for 15 min.
The perchloric acid soluble supernatants were extracted

four times with ether, neutralized with potassium hydroxide,
and applied to a column of AG1-X8, formate form, 100-200
mesh (Bio-Rad). The resin was washed successively with 5 ml
of water and 5 ml of 60 mM ammonium formate: 5 mM
sodium tetraborate to eliminate free myo-[3H]-inositol and
glycerophosphoinositol, respectively. Total IPs was eluted
with 5 ml of 1 M ammonium formate: 0.1 M formic acid. The
amount of [3H]-IPs was determined in a radiospectrometer
(Beckman LSSOOOTA, Fullerton, CA, U.S.A.).

Measurement of intracellular Ca2- level

[Ca2+]i was measured in confluent monolayers with the
calcium-sensitive dye fura-2/AM as described by Grynkiewicz
et al. (1985). Upon confluence, the cells were cultured in
DMEM/F-12 with 1% FBS one day before measurements
were taken. The monolayers were covered with 1 ml of
DMEM/F-12 with 1% FBS containing S gM fura-2/AM and
incubated at 37°C for 45 min. At the end of the loading
period, the coverslips were washed twice with the
physiological buffer solution (PBS) containing (mM):
NaCl 125, KCl 5, CaCl2 1.8, MgCl2 2, NaH2PO4 0.5,
NaHCO3 5, HEPES 10, and glucose 10, pH 7.4. The cells
were incubated in PBS for another 30 min to complete dye
deesterification. The coverslip was inserted into a quartz
cuvette at an angle of approximately 450 to the excitation
beam and placed in the thermostatted holder of a SLM
8000C spectrofluorometer. Continuous stirring was achieved
with a magnetic stirrer.

Fluorescence of Ca2+-bound and unbound fura-2 was
measured by rapidly alternating the dual excitation wave-
lengths between 340 and 380 nm and electronically separating
the resultant fluorescence signals at an emission wavelength
of 510 nm. The autofluorescence of each monolayer was
subtracted from the fluorescence data. The ratios (R) of the
fluorescence at the two wavelengths were computed and used
to calculate changes in [Ca2+]j. The ratios of maximum (R.,.)
and minimum (Rmin) fluorescence of fura-2 were determined
by the addition of ionomycin (10 gM) in the presence of PBS
containing 5 mM Ca2+ and by adding 5 mM EGTA at pH 8
in Ca2'-free PBS, respectively. Values obtained were 14.09,
0.96, and 22.07 for Rm., R,,m,,, and P, respectively. The Kd of
fura-2 for Ca2+ was assumed to be 224 nM (Grynkiewicz et
al., 1985).

[31H-BK binding assay

For detection of the effects of CTX, forskolin, and dibutyryl
cyclic AMP on BK receptor density of TSMCs, [3H]-BK was
used as a ligand for binding studies. Binding assays were
performed with confluent TSMCs in 24-well culture plates,
with or without CTX, forskolin or dibutyryl cyclic AMP
treatment in DMEM/F-12 containing 1% FBS for 24 h prior
to the binding experiments, as described by Lambert et al.
(1986). Culture medium was removed and 1 ml of binding
buffer (composition, mM HEPES 20, pH 7.4, NaCI 17,
KCI 5.4, KH2PO4 0.44, CaC12,0.63, MgSO4 0.21, Na2HPO4
0.34, N-methylglucamine 11O, 0.1% (w/v)BSA and bacitra-
cin 2) was added to each well. Plates were equilibrated on ice
for 10 min, after which the binding buffer was replaced with
0.25 ml of binding buffer containing the appropriate concen-
tration of [3H]-BK in the absence or presence of unlabelled
BK (10 9iM). After 4 h incubation at 4°C, binding buffer was
removed and cells were washed three times with 2 ml of
binding buffer at 4°C. Cells were suspended in 0.25 ml of
0.1 N NaOH and counted in a radiospectrometer. Counting
data were corrected for the specific activity and quenching.
The amount of specific binding was calculated as the total
binding minus the binding in the presence of 10 9M
unlabelled BK. Total receptor density (Bm.) and dissociation
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constant (Kd) were calculated by the Ligand programme, as
described previously (Yang, 1991).

Analysis of data

The ECm values were estimated by the Graph Pad Pro-
gramme (Graph Pad, San Diego, CA, U.S.A.). The data were
expressed as the mean ± s.e.mean of at least four experiments
with statistical comparisons based on a Student's two-tailed
ttest at a P <0.05 level of significance.

Chemicals

DMEM/F-12 medium and FBS were purchased from J. R.
Scientific (Woodland, CA, U.S.A.). Insulin and IGF-1 were
from Boehringer Mannheim (GmbH, Germany). Fura-2 was
from Molecular Probes Inc (Eugene, OR, U.S.A.). [3H]-
bradykinin (67 Ci mmol ') was from Du Pont NEN (Boston,
MA, U.S.A.). [3H]-myo-inositol (18 Ci mmol') was from
Amersham (Buckinghamshire, England). Enzymes and other
chemicals were from Sigma Co (St. Louis, MO, U.S.A.)

Results

Effect ofBK on IPs accumulation

We have previously reported that the BK-induced IPs
accumulation is enhanced by CTX treatment (10 Fig ml-',
4 h; Yang et al., 1994). To characterize the effect of CTX on
BK-induced IPs accumulation, TSMCs were prelabelled with
[3H]-inositol for 48 h, with or without CTX (10 g ml-') for
24 h, before addition of BK (1 tiM). As shown in Table 1, the
BK-induced IPs accumulation was significantly enhanced by
approximately 4 fold in TSMCs incubated with CTX
(P <0.001, n = 5), but CTX alone did not stimulate IPs
accumulation, indicating that CTX-induced enhancement of
BK responsiveness might indirectly result from a rise in
adenosine 3': 5'-cyclic monophosphate (cyclic AMP). To test
this hypothesis, TSMCs were treated with either 10 1M for-
skolin, an agent that raises cyclic AMP levels via activation
of adenylate cyclase, or 1 mM dibutyryl cyclic AMP for 24 h,
and then exposed to 1 tiM BK. Forskolin and dibutyryl cyclic

Table 1 Effects of cholera toxin (CTX), forskolin, and
dibutyryl cyclic AMP on bradykinin (BK)-induced
accumulation of inositol phosphates (IPs)

IPs accumulation
(d.p.m./well x 10-4)

Treatment

Control
Untreated
Cholera toxin
Forskolin
Dibutyryl cyclic AMP

Cycloheximide
Untreated
Cholera toxin
Forskolin
Dibutyryl cyclic AMP

AMP also markedly enhanced the BK-induced IPs accumula-
tion (P <0.001, n = 5, Table 1), but these agents alone did
not induce IPs accumulation. To determine whether the cy-
clic AMP-dependent enhancement of the BK-induced re-
sponses is related to protein synthesis, cycloheximide, an
inhibitor of protein synthesis, was used with either CTX,
forskolin, or dibutyryl-cyclic AMP. Concurrent exposure of
TSMCs with cycloheximide (1 pM) blocked the CTX-, for-
skolin-, and dibutyryl cyclic AMP-induced enhancement of
the IPs accumulation response to BK (Table 1). Importantly,
an exposure to these cyclic AMP elevating agents signifi-
cantly decreases carbachol-induced IPs accumulation
(P < 0.05, n = 5). These results suggest that cyclic AMP
elevating agents might induce changes in some components
unique to the BK pathway.
The CTX and forskolin enhanced BK-induced IPs accumu-

lation was time-dependent (Figure 1). The enhancement of
BK-induced IPs accumulation was not seen until 6h of
treatment, and enhancement apparently still occurred after
24h treatment with these agents (Figure 1). These results
suggest that a prolonged increase in cyclic AMP levels might
be a prerequisite for the increased BK-responsiveness of
TSMCs that had been treated with cyclic AMP elevating
agents. Parallel experiments were carried out with carbachol.
There was no enhancement of carbachol-induced IPs
accumulation during treatment with CTX (Figure 1). The
enhancement of IPs accumulation by pretreatment with CTX
and forskolin was dependent upon the BK concentrations
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9.5 ± 0.2
10.4 ± 0.4**

13.3 ± 0.4
11.8 ± 0.9
11.7 ± 0.5
12.8 ± 0.8

5.6 ± 0.4
23.8 ± 0.6*
22.4 ± 0.8*
19.5 ± 0.5*
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Tracheal smooth muscle cells were prelabelled with [3H]-
inositol for 48 h, and then treated with cholera toxin
(10ig ml-'), forskolin (10 JM), or dibutyryl cyclic AMP
(1 mM) in the absence (control) or presence of cycloheximide
(1 gM) for 24 h, and then exposed to BK (1 jLM) or car-
bachol (100 j.M) for 60 min. The basal levels of [3H]-IPs
accumulation in the absence and presence of cycloheximide
were 10400 ± 780 and 11310 ± 1820 d.p.m./well, respec-
tively. The results are expressed as the mean ± s.e.mean of
five separate experiments determined in triplicate.
*P<0.001; **P<0.05, as compared with untreated cells
stimulated by respective agonists.
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Figure 1 Time-dependence of cholera toxin (CTX) (a) and forksolin
(b) treatment on bradykinin (BK)-induced inositol phosphates (IPs)
accumulation. [3H]-inositol prelabelled tracheal smooth muscle cells
(TSMCs) were incubated with either CTX (10 g ml-') or forskolin
(10 JM) at 37°C for the indicated time, and then exposed to BK
(1 gAM, *) or carbachol (100 IAM, 0) for another 60 min. The
accumulation of IPs was determined, as described under Methods.
Results are expressed as the mean ± s.e.mean of five separate experi-
ments determined in triplicate.
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when measured 60 min after exposure to BK (Figure 2).
These agents increased the maximal BK-induced IPs
accumulation, but did not change the basal level
(10400 ± 780 d.p.m./well) obtained when these agents were
used alone. The concentration-effect relationship of BK-
induced IPs accumulation was shifted to the left and BK was
substantially more effective in TSMCs treated with CTX and
forskolin than in the control (Figure 2). Moreover, pretreat-
ment with pertussis toxin did not change IPs accumulation
induced by BK and carbachol (data not shown).

Effect ofBK on [Ca2l~i
Since cyclic AMP elevating agents increased the magnitude of
BK-induced IPs accumulation, and it has been established
that generation of inositol, 1,4,5-trisphosphate leads to a rise
in [Ca2+]J (Murray & Kotlikoff, 1991; Marsh & Hill, 1993),
we therefore investigated the effects of CTX, forskolin and
dibutyryl cyclic AMP on the BK-induced increase in [Ca2+].
The data in Table 2 show that the BK-induced increase in
[Ca2+]i was significantly enhanced in TSMCs incubated with
either CTX, forskolin or dibutyryl cyclic AMP for 24 h
(P <0.001, n = 6). Similarly, the enhancing effects of these
agents on protein synthesis may be mediated through activa-
tion of a cyclic AMP-dependent protein kinase, since concur-
rent exposure of TSMCs to cycloheximide (1 ItM), blocked
the stimulatory effect of these agents on the calcium response
to BK (Table 2). However, pretreatment of TSMCs with
these agents for 24 h did not affect the mobilization of Ca2"
induced by carbachol. These results suggest that prolonged
treatment with CTX and forskolin might be required to
induce protein synthesis in canine TSMCs.
CTX and forskolin enhanced the BK-induced rise in [Ca2+i

in a time-dependent manner (Figure 3). The augmentation of
BK-induced rise in [Ca2+]i was not observed until 12 h after
treatment and increase in [Ca2+]i induced by BK apparently
still occurred after treatment with these agents for 24 h. The
magnitude of the effect of BK on [Ca2+]i was markedly
greater in the TSMCs pretreated with CTX and forskolin for
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Figure 2 Effects of cholera toxin (CTX), forskolin, and dibutyryl
cyclic AMP treatment on concentration-effect relationship of
bradykinin (BK)-induced inositol phosphates (IPs) accumulation.
[3H]-inositol prelabelled TSMCs were incubated with either CTX
(101agml1'), forskolin (10 M) or dibutyryl cyclic AMP (1IAM) for
24 h and then exposed to various concentrations of BK for 60 min.
Results are expressed as the mean ± s.e.mean of five separate
experiments determined in triplicate. (0) Control; (-) CTX; (*)
forskolin; (U) dibutyryl cyclic AMP.

24 h (P <0.001, n = 6, Figure 3), whereas treatment with
CTX and forskolin for 4 h led to a small decrease in the
calcium response to BK or carbachol (Figure 3). However,
treatment of TSMCs with forskolin for 24 h led to a small
increase in the calcium response to carbachol. The data in
Figure 4 show further details the relationship between BK
concentrations and [Ca2+]i changes in TSMCs pretreated with
these agents. CTX and forskolin increased the maximal BK-
induced rise in [Ca2+]j, but did not change the resting level of
[Ca2]i (115 + 18 nM, n = 30). The concentration-effect rela-
tionship of BK-induced increase in [Ca2+]i was shifted to the
left and BK was substantially more effective in TSMCs
treated with CTX and forskolin than in the control (Figure
4). The greater sensitivity of the TSMCs pretreated with
these agents is clearly evident in the presence of BK concen-
trations as low as 30 nM. Furthermore, pretreatment of the
cells with pertussis toxin did not significantly change the
increase in [Ca2+]i induced by BK or carbachol (data not
shown).

Effects of CTX, forskolin and dibutyryl cyclic AMP on
[3H1]-BK binding

Cyclic AMP elevating agents have been shown to exert their
effect by modulating the binding of a hormone to its recep-
tors, (Gardner et al., 1989; Guillon et al., 1989; Socorro et
al., 1990; Etscheid et al., 1991; Banno et al., 1993). From our
study, it is evident that pretreatment of TSMCs with CTX,
forskolin, and dibutyryl cyclic AMP enhances BK-induced
accumulation of IPs and the rise in [Ca2+]j. This might be
due to changes in the affinity (dissociation constant, Kd)
and/or to an increase in density of the BK receptor (B.,).
To determine whether the potentiation by CTX, forskolin,
and dibutyryl cyclic AMP on BK-stimulated responses in
TSMCs occurs at the level of BK receptors, we further
measured B. and Kd in cells pretreated with CTX, forskolin
or dibutyryl cyclic AMP for 24 h, using [3H]-BK. As shown
in Table 3, the B., values were increased from 23.1 to 252.3,
189.3 and 228.2 fmol mg'- protein in TSMCs pretreated with
CTX, forskolin, and dibutyryl cyclic AMP, respectively. The
Kd values were not significantly changed as compared with
that of the control (Table 3).

Effects of cyclic AMP elevating agents on direct
stimulation ofG proteins

To determine whether treatment with CTX, forskolin, and
dibutyryl cyclic AMP influences the coupling of G protein to

Table 2 Effects of cholera toxin (CTX), forskolin, and
dibutyryl cyclic AMP on bradykinin (BK)-induced Ca2+
mobilization

Treatment

Control
Untreated
Cholera toxin
Forskolin
Dibutyryl cyclic AMP

Cycloheximide
Untreated
Cholera toxin
Forskolin
Dibutyryl cyclic AMP

Increased [CaJ]i (nM)
Carbachol Bradykinin

185 ± 13
202 ± 29
237 ± 27
192 ± 12

172 ± 19
191 ± 22
197 ± 21
171 ± 17

188 ± 14
494 ± 22*
462 ± 20*
479 ± 17*

179 ± 10
197 ± 18
207 ± 18
204± 13

Tracheal smooth muscle cells were prelabelled with cholera
toxin (1O0lgmlh'), forskolin (1I0M). or dibutyryl cyclic
AMP (1 mM) in the absence (control) or presence of cyclo-
heximide (1 EM) for 24 h, and then exposed to BK (1 gM) or
carbachol (100 gLM). The results are expressed as the
mean ± s.e.mean of six separate measurements. *P <0.001
as compared with untreated cells stimulated by BK.
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phospholipase C (PLC), AlF4- (10 JAM; 10 jAM AIC13 + 10 mM
NaF) was used to stimulate G proteins directly and then
hydrolyze PI to generate IPs. Data in Figure 5 reveals that
pretreatment of TSMCs with one of these three agents for
24 h enhanced BK-induced IPs accumulation, but there was
no effect on the AIF4--induced response.
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Discussion

It has been reported that BK-stimulated IPs accumulation
can be inhibited or stimulated by CTX treatment, depending
on the physiological assay and cell type studied (Etscheid &
Villereal, 1989; Etscheid et al., 1991; Banno et al., 1993). The
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Figure 3 Time dependence of cholera toxin (CTX) (A) and forskolin (B) treatment on bradykinin (BK)-induced rise in [Ca2+]j.
Tracheal smooth muscle cells (TSMCs) were incubated with either CTX (10 Lg ml-') or forskolin (10 M) at 37°C for the indicated
time, and then exposed to BK (1 FM; a) or carbachol (100 gAM; b). The cells on glass coverslips were loaded with 5 JM fura-2 and
fluorescent measurement of [Ca2+] was carried out in a dual excitation wavelength (340 and 380 nm) spectrofluorometer. Agonist
was added to the cells at 300 s. The resting [Ca2+]i level was 105 ± 10 nM. The data expressed as the mean ± s.e.mean of six
separate experiments are shown in (c). Open column, exposed to carbachol; solid column, exposed to BK. *P <0.001, as compared
with control cells.
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purpose of this study was to determine the mechanisms by
which CTX, forskolin and dibutyryl cyclic AMP enhance the
cellular responsiveness to BK stimulation. We demonstrate
that BK is a more effective stimulator of IPs accumulation
and Ca2" mobilization in canine TSMCs that had been
pretreated with CTX, forskolin, and dibutyryl cyclic AMP
(Figures 2 and 4). The increased sensitivity of [Ca2+], to BK
in cells treated with cyclic AMP elevating agents probably
results directly from an enhanced accumulation of IPs. How-
ever, treatment of TSMCs with these cyclic AMP elevating
agents did not enhance the carbachol-induced responses
(Figures 1 and 3). The site of action of these agents might be

a

i

-z

C4

m

unique to the BK pathway and associated with BK receptor
synthesis, since cycloheximide reversed these effects. The
selective increase in the responsiveness of TSMCs to BK
upon treatment of cells with these cyclic AMP elevating
agents appears to result largely from an increase in the
number of BK receptors (Table 3). The increased expression
of BK receptors probably contributes to the greater
effectiveness of BK in inducing these responses.
The enhancing effect of CTX on the PI-PLC pathway may

be due to the activation of the stimulatory G, protein, which
in turn activates adenylate cyclase, and which leads to an
increased intracellular cyclic AMP level (Gilman, 1984). The

b

0
Time (s)

Figure 4 Effects of cholera toxin (CTX) (a) and forskolin (b) treatment on concentration curve of bradykinin (BK)-induced Ca2l
mobilization. Tracheal smooth muscle cells (TSMCs) were incubated with either CTX (O fig ml -), or forskolin (1OjM) for 24 h
and then exposed to various concentrations of BK; (1) 10 tiM; (2) 1 EM; (3) 0.1 JM; (4) 10 nM; (5) 1 nm and (6) 0.1 nm. Inset: The
concentration-response curves of BK for the increase in [Ca2+]i by (0) control, (0) CTX (a) or (0) forskolin (b) treatment.
Results are expressed as the mean ± s.e.mean of five separate experiments determined in triplicate.

25r
Table 3 Effects of cholera toxin (CTX), forskolin and
dibutyryl cyclic AMP treatment on [3H]-bradykinin
([3H]-BK) binding in canine tracheal smooth muscle cells
(TSMCs)

Treatment

Control
Untreated
Cholera toxin
Forskolin
Dibutyryl cyclic AMP

Cycloheximide
Untreated
Cholera toxin
Forskolin
Dibutyryl cyclic AMP

Baas (fmol mg '
Kd (nM) protein)

2.3 ± 0.3
2.4 ± 0.3
2.2 ± 0.3
1.9 ± 0.3

2.6 ± 0.6
2.3 ± 0.5
2.4 ± 0.7
2.7 ± 0.6

23.1 ±0.3
252.3 ± 35.8*
189.3 ± 18.1*
228.2 ± 32.2*

21.9 ± 3.9
46.4 ± 6.0**
42.4 ± 9.8**
42.6 ± 6.7**

Cultured TSMCs were incubated in the absence or presence
of cycloheximide (1 JAM) with either cholera toxin
(10 igmlm'), forskolin (1OJM), or dibutyryl cyclic AMP
(1 mM) for 24 h. Binding assays were performed in triplicate
with concentrations of [3H]-BK ranging from 0.2 to 10 nM
and incubated at 4'C for 4 h. Data are expressed as the
mean ± s.e.mean of three individual experiments.
*P<0.001; **P<0.05 as compared with untreated cells.
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Figure 5 Effects of cholera toxin (CTX), forskolin, and dibutyryl
cyclic AMP on direct stimulation of G protein coupling to PI
hydrolysis in TSMCs. Cells prelabelled with [3H]-inositol were
incubated with either CTX (10 Fig ml-'), forskolin (10 JM), or
dibutyryl cyclic AMP (I mM) for 24 h and then exposed to BK
(1 JM) or AIF4- (10 JAM; 10 JM AIC13 and 10 mm NaF) for 60 min.
The accumulation of IPs was determined as described under
Methods. Data are expressed as the mean ± s.e.mean from three
separate experiments determined in triplicate. *P <0.001, as com-
pared with untreated cells stimulated with BK. Open column, basal
level; hatched column, BK; cross-hatched bar, AlF4-.
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increase in the concentration of cyclic AMP caused by CTX
and forskolin is responsible for the enhancement of BK-
induced IPs accumulation (Etscheid et al., 1991; Banno et al.,
1993). In contrast, several lines of evidence have shown that
CTX and forskolin exert a negative feedback regulation on
receptor-activated signal transduction through activation of
the cyclic AMP-dependent protein kinase. It has been
reported that cyclic AMP elevating agents inhibit agonist-
induced IPs accumulation in Jurkat T lymphocytes (Imboden
et al., 1986), skeletal myoblasts (Gardner et al., 1989), and
glomerulosa cells (Guillon et al., 1989). In those cells, treat-
ment with the cyclic AMP elevating agents caused a decrease
in the numbers of vasopressin and angiotensin II receptors
(Gardner et al., 1989; Guillon et al., 1989). This inhibitory
mechanism of CTX and forskolin is thought to result from
desensitization or uncoupling of receptors by phosphoryla-
tion.

In the present work, the results obtained are consistent
with previous studies showing that the accumulation of IPs
induced by BK was enhanced by CTX treatment in human
forskin fibroblasts (Etscheid & Villereal, 1989) and in the
osteoblast-like cell line, MC3T3-E1 (Banno et al., 1993).
Short-term treatment with forskolin and dibutyryl cyclic
AMP showed that a large increase in the intracellular cyclic
AMP level is not sufficient to cause augmentation of IPs
accumulation and Ca2" mobilization induced by BK (Figures
1 and 3). However, long-term treatment (24 h) with these two
agents mimicked the enhancement effect of CTX on BK-
induced responses. These results suggest that the elevation of
cyclic AMP concentration requires to be maintained for
several hours before it can exert a potentiating effect.
Therefore, the enhancing effect of CTX is caused by a rise in
cyclic AMP, but it is unlikely that it is due to phosphoryla-
tion of the BK receptors. Indeed, the enhancing effects
induced by cyclic AMP elevating agents were abolished by
concurrent exposure to cycloheximide (Tables 1 and 2). It
can be concluded that the enhancing effects of these agents
on BK receptor-linked PI-PLC activation in canine TSMCs
requires induction of certain protein(s) synthesis. Several

lines of evidence have demonstrated that the effects of cyclic
AMP elevating agents are blocked by cycloheximide (Etscheid
et al., 1991; Banno et al., 1993). It has been shown that the
action of CTX is involved in protein synthesis; elevation in
cyclic AMP levels caused by CTX promoted transcription of
mRNA encoding a protein that stimulates the release of
arachidonic acid metabolites (Peterson et al., 1991). Also,
epidermal growth factor-stimulated IPs accumulation was
potentiated by CTX pretreatment and inhibited by cyclohexi-
mide (Olashaw & Pledger, 1988). Therefore, the stimulatory
effects of these agents might involve the induction of un-
identified proteins synthesis via a cyclic AMP-dependent
mechanism in canine TSMCs.

Furthermore, it has been reported that CTX increases the
synthesis of cell surface BK receptors and thereby enhances
IPs accumulation in response to BK in various cell types
(Etscheid et al., 1991; Banno et al., 1993). In this study, we
found that CTX, forskolin, and dibutyryl cyclic AMP in-
creased total [3H]-BK binding sites in canine TSMCs (Table
3). We speculate that these agents affect the receptor number
at the gene level, associated with the sustained elevation of
intracellular cyclic AMP, since TSMCs require to be exposed
to CTX, forskolin, or dibutyryl cyclic AMP for several hours
before any enhancing effect occurs. This hypothesis is sup-
ported by the evidence that treatment with cyclic AMP
elevating agents did not affect AIF4-induced IPs accumula-
tion in canine TSMCs (Figure 5). It is therefore conceivable
that CTX, forskolin and dibutyryl cyclic AMP induce an
increase in the number of BK receptors, which in turn poten-
tiate BK-induced IPs accumulation and Ca2" mobilization in
canine TSMCs.
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The effects of SB 204070, a highly potent and selective 5-HT4
receptor antagonist, on guinea-pig distal colon

'K.A. Wardle, E.S. Ellis, G.S. Baxter, G.A. Kennett, L.M. Gaster & G.J. Sanger

SmithKline Beecham Pharmaceuticals, Coldharbour Road, The Pinnacles, Harlow, Essex CM19 5AD

1 The pharmacology of a novel 5-HT4 receptor antagonist, SB204070 has been evaluated in the
guinea-pig isolated distal colon longitudinal muscle-myenteric plexus (LMMP).
2 SB 204070 is a highly potent antagonist of 5-HT-evoked cholinergically-mediated contractions in the
guinea-pig distal colon. Low concentrations (1O-100 pM) produced a shift to the right of the curve

(apparent pA2 10.8 ± 0.1) with no significant effect on the maximum response. With higher concentra-
tions of SB 204070 (300 pM and above), the maximum response to 5-HT was reduced.
3 When tested against the partial 5-HT4 receptor agonist, BIMU 1, SB 204070 was active at similar
low concentrations (10 pM and above) but produced a reduction in maximum, with no prior shift to the
right of the curve, at all concentrations tested (10-300 pM).
4 The antagonism seen with SB 204070 is unlikely to be due to a non-selective effect since high
concentrations (10 nM and 1 9AM) of the compound had no effect on cholinergically-mediated contrac-
tions evoked by the nicotinic receptor agonist, DMPP, in the same preparation. SB 204070 is unlikely to
be an irreversible antagonist since the effects of the compound could be reversed upon washing of the
tissue.
5 Radioligand binding studies show that SB 204070 has a greater that 5000 fold selectivity for the
5-HT4 receptor over 5-HTIA, 5-HTID, 5-HTIE, 5-HT2A, 5-HT20, 5-HT3, GABAA, BDZ, TBPS, Al
adenosine receptors, aC, a2, P, P2 adrenoceptors and DI, D2 and D3 dopamine receptors.
6 SB 204070 is a highly potent, highly selective 5-HT4 receptor antagonist and as such is an important
new tool in evaluating the functional role of the 5-HT4 receptor.

Keywords: 5-HT (5-hydroxytryptamine); 5-HT4 receptors; SB 204070; guinea-pig distal colon

Introduction

A novel 5-hydroxytryptamine (5-HT) receptor, positively
coupled with adenylate cyclase was identified in mouse em-
bryo colliculi neurones byDumuis and co-workers as far back
as 1988 (Dumuis et al., 1988a,b). The receptor was ten-
tatively named 5-HT4 due to its inability to fit into the
Bradley et al. (1986) classification. Since then, the 5-HT4
receptor has been officially recognised (Humphrey et al.,
1993) and identified in a variety of tissues across many
species (for review see Ford & Clarke, 1993).

Until recently, much of the characterization of the 5-HT4
receptor has been based on the activity of agonists. Thus, the
5-HT4 receptor is activated by indoleamine agonists (5-HT
and 5-methoxytryptamine (5-MeOT)), by -substituted ben-
zamides (such as metoclopramide, renzapride, cisapride and
zacopride) and by azabicycloalkyl benzimidazolones (such as
BIMU 1 and BIMU 8). The antagonist profile of the 5-HT4
receptor has been based largely on exclusion. Tropisetron
was the first compound to be identified as having antagonist
activity at the 5-HT4 receptor (Dumuis et al., 1988a).
Tropisetron, however, possesses a 10 to 100 times higher
affinity for the 5-HT3 receptor than for the 5-HT4 receptor
(Clarke et al., 1989). Furthermore, tropisetron has been
shown to block both muscarinic receptors (Clarke et al.,
1989) and sodium channels (Scholtysik, 1987). An alternative
antagonist, SDZ 205 557 has been shown to display around
50 fold selectivity for the 5-HT4 receptor over the 5-HT3
receptor in the guinea-pig isolated ileum (Buchheit et al.,
1992). However, since the 5-HT3 receptors in guinea-pig yield
lower antagonist affinity estimates than other species (Butler
et al., 1990), this selectivity appears to be an over-estimation
(see Eglen et al., 1992a).
More recently, compounds with much greater selectivity

for the 5-HT4 receptor have been reported. These include

' Author for correspondence.

RS-23597-190 (Eglen et al., 1992b) and GR 113808 (Gross-
man et al., 1993). RS-23597-190 has been shown to
antagonize 5-HT4 receptor-mediated relaxations in the rat
oesophagus, yielding a pA2 estimate of 7.8 (Eglen et al.,
1992b) and has selectivity over 5-HT3 and dopamine recep-
tors of greater than 125 fold. GR 113808 has been shown to
act as a competitive antagonist of 5-HT4 receptor-mediated
responses in both the guinea-pig proximal colon and rat
oesophagus, with pA2 values of 9.2 and 9.5 respectively, with
selectivity over a range of receptors of approximately 3000
fold (Grossman et al., 1993).

In the present study we describe details of another highly
potent and selective 5-HT4 receptor antagonist, the ben-
zodioxan derivative, SB 204070. The pharmacology of this
compound has been characterized in the guinea-pig distal
colon (Wardle & Sanger, 1992; 1993). Preliminary results
have previously been reported (Wardle et al., 1993; Gaster et
al., 1993).

Methods

Preparation ofguinea-pig distal colon tissue

Distal colon (discarding the terminal 7-8 cm) was removed
from young male Dunkin Hartley guinea-pigs (200-300 g)
and placed in Krebs solution of the following composition
(mM): NaCl 121.5, CaCl2 2.5, KH2PO4 1.2, KCI 4.7, MgSO4
1.2, NaHCO3 25.0, glucose 5.6.

Sections of longitudinal muscle-myenteric plexus (LMMP,
2-3 cm in length) were dissected as previously described
(Wardle & Sanger, 1993) and mounted under a 0.5 g load in
10ml tissue baths. Tissues were bathed with Krebs solution
at 37°C gassed with 5% CO2 in °2 and containing graniset-
ron (1 9AM) and methiothepin (100 nM) to inhibit responses
mediated by 5-HT3 and 5-HT,-like and 5-HT2 receptors

'." Macmillan Press Ltd, 1994
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respectively. Responses were recorded isotonically and dis-
played on a Lectromed MT8P multitrace chart recorder.

Experimental protocol and concentration-effect curves

Tissues were left to stabilize and sensitized to 5-HT as
previously described (Wardle & Sanger, 1993). Sensitization
was viewed as being complete when three consistent res-
ponses were obtained to 5-HT (1 JM). Agonist concentration-
effect curves were constructed non-cumulatively by adding
increasing concentrations of agonist at 15 min intervals. The
agonist was left in contact with the tissue until a maximum
response was obtained (usually 30 s), then washed out. Two
agonist concentration-effect curves were constructed in each
tissue, the first in the absence, the second in the presence of
SB 204070. In all experiments, the antagonist was left to
equilibrate with the tissues for a minimum of 45 min. Res-
ponses were expressed as a percentage of the maximum
5-HT-evoked contraction in each tissue obtained in the con-
trol concentration-effect curve. Results were expressed as
mean ± s.e.mean of a number (n) of observations.

All agonist concentration-effect curves were fitted to the
following equation using Kaleidagraph (Synergy Software,
PCS Inc. Reading, PA, U.S.A.) on an Apple Macintosh II Ci
computer.

E = I/l + (EC30/[A])'
a, [A] and n represent the maximum response, agonist con-
centration and curve mid point slope factor respectively. The
EC50 is the concentration of agonist that produces 50% of
the maximal response. EC50 values from individual curves
were converted to loglo values prior to calculation of the
arithmetic mean.
Where the maximum response to the agonist was not

significantly reduced, affinity estimates for the antagonist
(SB 204070) were expressed as pA2 values, calculated accord-
ing to the method of Arunlakshana & Schild (1959). How-
ever, as higher concentrations of SB 204070 reduced the
maximum response, it would appear that something other
than simple competitive antagonism was taking place. For
this reason, the term 'apparent pA2' will be used throughout
this paper.

Onset/recovery of effects ofSB 204070

The rate of onset and time to wash out of the antagonistic
effects of SB 204070 were investigated in the guinea-pig distal
colon LMMP. Tissues were set up as previously described
and exposed repeatedly to the approximate EC,% concentra-
tion of 5-HT (generally I nM) at 15 min intervals until consis-
tent responses were obtained. Immediately after washout of
5-HT, SB 204070 was added to the bathing solution and left
in contact with the tissues for 30 min, during which time
tissues were exposed to the same concentration of 5-HT
twice. The bathing solution was then replaced with drug-free
Krebs and the tissues challenged with the same concentration
of 5-HT every 15 min until responses returned to control
level. The rate of recovery from the antagonistic effects of
SB 204070 was calculated as the time taken for the response
to 5-HT to recover to 50% of its control value (tjoff).

Radioligand binding studies

Radioligand binding studies were performed as described by
Sanger & Nelson (I989), except that [3H]-idazoxan (0.5 nM),
[3H]-SCH 23390 (0.1 nM), and ['25I]-iodosulpiride (0.1 nM)
were used to label the M2 adrenoceptor, dopamine DI and
dopamine D2 receptors respectively. Iodosulpiride (100JM)
was used to define non-specific binding in this latter assay. In
addition the following assays were used: 5-HTlD [3H]-5-HT
(4 nM) in guinea-pig cortex in the presence of 100 nM 8-OH-
DPAT and 100 nM pizotifen (Waeber et al., 1989); 5-HT2c,
[3H]-mesulergine (2 nM) in pig choroid plexus tissue in the

presence of 30 nM spiperone (Pazos et al., 1985); 5-HT3,
[H]-granisetron in pooled rat hippocampus and entorhinal
cortex, non-specific binding defined by 100 j4M metoclo-
pramide (Nelson & Thomas, 1990); 5-HTIE, [H]-5-HT
(10 nM) in CHO cells expressing human 5-HTlE clones using
the conditions of Hamblin & Metcalf (1991) and defining
non-specific binding with 1OIAM 5-HT; dopamine D3, [125I]_
iodosulpiride (200 pM) in CHO cells expressing human D3
clones, non-specific binding defined by 100 jAM iodosulpiride
(Bowen et al., 1993); PI adrenoceptor, ['23I]-iodocyano-
pindolol (0.024 nM) on cloned human P receptors expressed
in CHO cells, non-specific binding defined by 30 nM
isoprenaline; P2 adrenoceptor, [125'1-iodocyanopindolol (12
pM) on cloned human P2 receptors expressed in CHO cells,
non-specific binding defined with 30 nM isoprenaline; GABAA,
V3H]-muscimol (10 nM) in rat cortex, non-specific binding
defined by 100 pM bicuculline (Peters et al., 1988); adenosine
A1; [3H]-phenylisopropyladenosine in rat cortex, non-specific
binding defined by 100 pM 2-chloroadenosine (Schwabe &
Trost, 1980).

Statistics and data analysis for radioligand binding
studies

The concentration of inhibitor required to inhibit 50% of
specific binding (IC5o) was derived using the four parameter
logistic function 'Allfit' (DeLean et al., 1978) and corrected
to inhibitory affinity constant (K.) according to Cheng &
Prusoff (1973). For all binding studies, n values were greater
than or equal to 2.

Drugs

The following drugs were used: 5-hydroxytryptamine crea-
tinine sulphate (5-HT), 1,1-dimethyl-4-phenyl-piperazinium
iodide (DMPP), isoprenaline hydrochloride and 2-chloro-
adenosine (+ )-bicuculline (Sigma), 8-hydroxy-n,n-dipropyl-
aminotetralin hydrogen bromide (8-OH-DPAT, RBI), spiper-
one (Janssen), methiothepin hydrochloride (Roche), graniset-
ron, renzapride, iodosulpiride hydrochloride, metoclopramide,
and pizotifen hydrogen maleate (SmithKline Beecham),
SB 204070 ((1-butyl-4-piperidinyl)methyl 8-amino-7-chloro-
1,4-benzodioxan-5-carboxylate hydrochloride, synthesized in
house). BIMU 1 was a kind gift from Dr Carlo Rizzi, Boeh-
ringer Ingelheim, Italy.

All drugs were dissolved in 0.9% w/v saline and diluted
with Krebs solution. Glass was used at all times in the
making up and dilution of SB 204070 since the compound
may adhere to certain types of plastic (see Discussion).

Radiochemical sources were as follows (specific activity
Ci mmolh'): [3H]-5-HT (20), [3H]-8-OH-DPAT (161), [12sI]-
iodocyanopindolol (2200), [3H]-granisetron (61), [3H]-prazosin
(80), [3H]-ter-butyl-bicyclphosphorothionate (TPBS, 127) -
New England Nuclear; [3H]-mesulergine (80), [3H]-idazoxan
(43), [3H]-SCH 23390 (73), [3H]-muscimol (19), [3H]-fluni-
trazepam (84), [3H]-phenylisopropyladenosine (50), ['25I]_
iodosulpride (2000) - Amersham International.

Results

Effects ofSB 204070 in the guinea-pig distal colon
LMMP

In the presence of methiothepin (100 nM) and granisetron
(1 JiM), 5-HT (10 pM- 1O nM) evoked a monophasic concen-
tration-dependent contraction with a pEC50 of 9.2 ± 0.1
(n = 38). This response has previously been shown to be
antagonized by tropisetron (pA2 6.4 ± 0.1, slope of Schild
plot 1.3 ± 0.1) and SDZ 205 557 (pA2 7.8 ± 0.1, slope of
Schild plot 1.1 ± 0.1), suggesting that the response is 5-HT4
receptor-mediated (Wardle & Sanger, 1993).



SB 204070 IN GUINEA-PIG DISTAL COLON 791

Low concentrations of SB 204070 (10, 30 and 100 pM,
n = 6, Figure la) caused concentration-dependent, surmoun-
table antagonism of the 5-HT curve, yielding apparent pA2
values of 11.1 ± 0.2, 10.7 ± 0.2 and 10.7 ± 0.1 respectively.
At higher concentrations (0.3, 1 and 3 nM), rightward dis-
placements of the concentration-effect curve to 5-HT were
associated with a reduction in the maximum response.
SB 204070 did not display agonism at any concentration
tested.
SB 204070 was also examined as an antagonist of the

responses mediated by two other classes of 5-HT4 receptor
agonists, namely the substituted benzamide, renzapride and
the benzimidazolone derivative, BIMU 1. Renzapride was a
full agonist in the guinea-pig distal colon (intrinsic activity cf.

5-HT = 1.0± 0.02, n = 4) with a pEC50 of 7.2 ± 0.1. SB
204070 (10-300 pM, n = 4, Figure lb) evoked a concen-
tration-dependent reduction in the maximum response to
renzapride, with no prior shift to the right of the
curve. Similar results were obtained with the partial
agonist, BIMU 1 (intrinsic activity cf. 5-HT = 0.6 ± 0.03,
pEC50 = 6.9 ± 0.2, n = 4, Figure Ic).

Onset and recovery of antagonistic effects ofSB 204070

A 30 min incubation with SB 204070 (30 pM, 100 pM, 300 pM
and 1 nM, n = 6) caused maximum antagonism of the con-
traction evoked by a pECo dose of 5-HT of 50 ± 3%,
84± 2%, 100 ±0% and 100± 0% respectively (Figure 2).
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Figure 2 Onset and recovery of the antagonistic effects of
SB 204070 in the guinea-pig distal colon longitudinal muscle-
myenteric plexus preparation. A standard pEC5o concentration of
5-HT was added to tissues until stable responses were produced. At
time t = -30 min, various concentrations of SB 204070 (30 pM (0),
100 pM (0), 300 pM (M) and I nM (11)) were added to the bath.
Following a 30 min incubation with SB 204070 the antagonist was
washed from the bath and 5-HT added at 15 min intervals until
responses returned to control levels. Experiments were carried out in
the presence of methiothepin (100 nM) and granisetron (I gtM). Each
point represents the mean ± s.e.mean of 4 observations.
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Affinity (pK1) (range)
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<6.0
<4.0
<5.0
<5.0
<4.5

Longer incubations with SB 204070 revealed no further
antagonism (results not shown). Upon washout, the res-

ponses to 5-HT recovered to control levels with tiff values of
36 ± 5 min, 47 ± 5 min and 70 ± 7 min for concentrations of
SB 204070 of 100 pM, 300 pm and 1 nM respectively.

Selectivity studies

In the guinea-pig distal colon the nicotine receptor agonist
DMPP (3-300 pM, n =4) evoked concentration-dependent,
cholinergically-mediated contractions. These responses were
not affected by SB 204070 (10 nm and 1 AM) at concentra-
tions significantly greater than those required to antagonize
the cholinergically-mediated contractions evoked by 5-HT in
the same preparations (Figure 3).
The effects of SB 204070 in a number of radioligand bind-

ing systems were studied in vitro. Results are summarized in
Table 1. SB 204070 had little or no affinity for the 5-HTlA,
5-HTID, 5-HTlE or 5-HT2A receptors. Weak affinity was

observed for the 5-HT2C (pK1 6.9-7.1) and 5-HT3 (pKI
6.4 ± 6.8) sites. In the following binding systems: dopamine
DI, D2 and D3, a1, a2, PI and P2 adrenoceptors, GABAA,
BDZ, TBPS and adenosine Al, no inhibition of binding was

observed for SB 204070 at concentrations up to and includ-
ing 1 M.

Discussion

The tools currently available for the study of the 5-HT4
receptor, including tropisetron, SDZ 205 557 and DAU 6285
are limited by selectivity and bioavailability. For example,
tropisetron has affinity for the 5-HT4 receptor in the micro-
molar range (Dumuis et al., 1988a; Kaumann et al., 1990),
but antagonizes 5-HT3 receptor-mediated responses at
nanomolar concentrations (Richardson et al., 1985). Both
SDZ 205 557 and DAU 6285 show a greater affinity for the
5-HT4 receptor over the 5-HT3 site, but with pA2 estimates in
the range of 7.4 for SDZ 205 557 (Buchheit et al., 1992) and
7.0 for DAU 6285 (Turconi et al., 1991; Baxter et al., 1992),
potency values are still relatively low. More recently, two
highly potent and selective 5-HT4 receptor antagonists,
GR 113808 (Grossman et al., 1993) and SB 204070 (Wardle
et al., 1993; Gaster et al., 1993) have been identified. At the
present time the bio-availability of the former compound,
GR 113808 is unknown, and based on its structure, may be
speculated to be low. In the present investigation we describe
a more detailed study of the latter compound, SB 204070.
This compound has previously been shown to have good
bio-availability when dosed sub-cutaneously (Banner et al.,
1993) and as such represents a useful tool in the evaluation

of 5-HT4 receptor-mediated responses both in vitro and in
vivo.
The activity of SB204070 has been investigated against

5-HT4 receptor-mediated contractions in the guinea-pig distal
colon (Wardle & Sanger, 1992; 1993). SB 204070 alone had
no effects on resting tone, suggesting that it is devoid of
agonist effects at the 5-HT4 receptor. When examined against
5-HT-evoked contractions, low concentrations of SB 204070
shifted the curve in an apparently competitive manner (mean
apparent pA2 value over this concentration-range: 10.8 ±
0.1). Higher concentrations produced a further shift to the
right of the curve with a concomitant reduction in the max-
imum response.
There are many plausible mechanisms of non-surmoun-

table antagonism including multiple receptor subtypes,
allosteric receptor modulation, irreversible antagonism and
pseudo-irreversible antagonism (see Bond et al., 1989).
The possibility that SB 204070 mediates its effects through

multiple receptors is unlikely. Thus, radioligand binding
studies indicate a lack of affinity of SB 204070 for other
5-HT receptors and other classical neurotransmitter recep-
tors. When compared to activity at the 5-HT4 receptor in
functional systems, binding studies indicate that SB 204070
has a greater than 5,000 fold selectivity for the 5-HT4 recep-
tor over 5-HTlA, 5-HTID, 5-HTlE, 5-HT2A, 5-HT2C, 5-HT3,
GABAA, BDZ, TBPS, Al adenosine receptors, al, a2, PI, P2
adrenoceptors and DI, D2 and D3 dopamine receptors. These
findings suggest that SB 204070 is highly selective for the
5-HT4 receptor and that the non-surmountable effects are
unlikely to be due to antagonism of a non-5-HT4 site.

It has previously been shown that, in the guinea-pig distal
colon, 5-HT4 receptor-mediated contractions are evoked
indirectly via acetylcholine release (Wardle & Sanger, 1993).
Thus, the possibility that the apparent non-surmountable
antagonism observed with SB 204070 was due to a non-
selective effect was investigated against DMPP-evoked,
cholinergically-mediated contraction in the same preparation.
SB204070, at concentrations of up to 10,000 fold greater
than those required to block the 5-HT4 receptor had no
significant effect on DMPP-evoked contractions, suggesting
that the reduction in maximum seen with SB 204070 is
unlikely to be due to either a local anaesthetic or anti-
cholinergic effect of the antagonist.
The possibility of an allosteric binding site or of pseudo-

irreversible antagonism are difficult to evaluate in the present
system. However, irreversible or pseudo-irreversible anta-
gonism are preferred mechanism in explaining the non-
surmountable activity of SB 204070 because they are
intrinsically less complicated than allosteric modulation.
Thus, this latter mechanism involves the postulation of a
second binding site, in addition to the 5-HT4 receptor, which
in turn mediates a change in receptor state. While this pos-
sibility cannot be ruled out, the observed effects of
SB 204070 can be better accounted for by a simpler explana-
tion.
The apparent non-surmountable effects of SB 204070 in

the guinea-pig distal colon may be explained if the compound
behaved as an irreversible antagonist at the 5-HT4 receptor.
Such an effect, however, is unlikely since, upon repeated
washing of the compound from the bathing solution, the
responses to a pEC50 concentration of 5-HT were restored to
control levels for all concentrations of SB 204070 tested. This
observation strongly suggests that the effects of SB 204070
are reversible in this system. Further evaluation of the
washout profile of SB 204070 against a complete concen-
tration-effect curve to 5-HT was not possible to obtain.
Thus, control experiments, in which three consecutive
concentration-effect curves were constructed to 5-HT,
indicated that the third curve was not super-imposable on the
first two, an effect probably due to fatigue of the tissues
(unpublished observation).
The most likely explanation for the reduction in the max-

imum response to 5-HT observed with higher concentrations

Table 1 In vitro binding profile of SB 204070

Receptor

5-HTIA
5-HTID
5-HTIE
5-HT2A
5-HT2C
5-HT3
Dopamine DI
Dopamine D2
Dopamine D3
Adrenoceptor a,
Adrenoceptor a2
Adrenoceptor P
Adrenoceptor P2
GABAA
BDZ
TBPS
A,



SB 204070 IN GUINEA-PIG DISTAL COLON 793

of SB 204070 is that, in this preparation, SB 204070 is a
slowly reversible or 'persistent' antagonist and acts in a
pseudo-irreversible manner (Rang, 1966). Thus, since the
5-HT4 receptor-mediated response in the guinea-pig distal
colon has previously been proposed to be a well coupled
system (Wardle & Sanger, 1993), the initial shift to the right
of the curve seen with the low concentrations of SB 204070
may be attributed to the occupation and removal of spare
receptors in a manner similar to that expected for an irrever-
sible antagonist (Kenakin, 1993). Furthermore, in this model,
BIMU 1 acts as a partial agonist relative to 5-HT and, by
definition, must occupy all of the available receptors to
produce its maximum response (Kenakin, 1993). Thus, when
tested against BIMU 1, SB 204070, at all concentrations, pro-
duced an immediate reduction in maximum, without any
prior shift to the right of the curve.

Non-surmountable antagonism is a common phenomenon
in 5-HT receptor systems (see Leff & Martin, 1988; Martin,
1990) and in particular with highly potent compounds. It is
relevant to note that, in the guinea-pig proximal colon, the
potent 5-HT4 receptor antagonist GR 113808 (pA2 9.2), has
also been reported to cause a small suppression of the max-
imum response to 5-HT at concentrations approximately 100
fold higher than its pA2 value (Grossman et al., 1993). Such
an effect is consistent with that seen in the present study.
Furthermore, in the present study, tissues were exposed to
the agonist for a period of 30 s, during which time the
response to the agonist reached a plateau. Considering the
possible slow offset of SB 204070 from the receptor, it is
likely that re-equilibration between SB 204070 and 5-HT is
incomplete in this short time period, an effect contributing to
the observed reduction in maximum response. If the depres-
sion in the maximum response is simply due to a problem of
drug-receptor kinetics, then it should be possible to protect
against agonist curve depression by co-incubation with an
excess of a simple competitive antagonist, such as SDZ
205,557. Such an investigation is currently under way.

Radio-ligand binding studies with an iodinated derivative
of SB 204070 (SB 207710, Brown et al., 1993) are currently
ongoing in piglet hippocampus. Preliminary data suggest a
binding affinity of 9.9 ± 0.1 (T. Young, personal communica-
tion). This value is clearly lower than that predicted by the
present study. The reason for this difference is at present
unclear. While it may reflect differences in the 5-HT4 receptor
in the two models, an alternative explanation is that of tissue
accumulation of SB 204070 in the functional studies. Thus,
the compound may become concentrated in the tissue
elements close to the receptor phase, disturbing equilibrium.
Such a suggestion is supported by the apparent high
lipophilicity of SB 204070 (see below) and by the washout
data presented in the present study.
While studying the antagonistic effect of SB 204070 it was

noted that when the compound was diluted using plastic

pipettes, variations were observed in the potency of SB
204070. This variation could be eliminated by carrying out
all dilutions in glass test tubes and using glass pipettes (as
was the case in the present results). The reason for this is
unclear, but may reflect adsorption and release of SB 204070
from the plastic throughout the dilution procedure. Such a
possibility is currently being investigated further.
The antagonistic effects of SB 204070 were investigated

against each of the three chemical classes of 5-HT4 receptor
agonists (indoles; 5-HT, 4-amino-5-chloro-2-methoxy sub-
stituted benzamides; renzapride and azabicycloalkyl ben-
zimidazolone derivatives; BIMU 1). Since the mechanism of
antagonism of SB 204070 in this preparation cannot be des-
cribed as simple competition, a comparison of pA2 values
against different agonists was not possible. What can be
concluded from the present data, however, is that, when
tested against each of the three types of 5-HT4 receptor
agonists, SB 204070 is consistently active at very low concen-
trations (1OpM and above). From this it may be suggested
that the potency of SB 204070 in the guinea-pig distal colon
is agonist-dependent.

In conclusion, SB 204070 has been evaluated for its ability
to antagonize 5-HT4 receptor mediated-contractions in the
guinea-pig distal colon LMMP. This compound is shown to
be a highly potent, highly selective 5-HT4 receptor antagonist
in this preparation. The nature of the antagonism is complex.
While the binding of the compound in vitro is reversible,
dissociation from the receptor appears to be slow, thus
preventing the attainment of equilibrium between 5-HT and
the receptor within the time course of the experiment. The
simplest explanation for the observed results is that
SB 204070 behaves as a pseudo-irreversible antagonist. It is
worth pointing out that the non-surmountable nature of the
antagonism observed with SB 204070 suggests a need for
caution when using this ligand for comparison of 5-HT4
receptors in different tissues or in the discrimination of
putative 5-HT4 receptor subtypes. Indeed, the- behaviour of
SB 204070 and its apparent affinity may be influenced by the
receptor reserve of the particular preparation under investiga-
tion (see Baxter et al., 1994). Notwithstanding this caveat,
the high potency and selectivity of SB 204070 suggest that it
will be a useful tool in the study of the physiology and
pathophysiology of the 5HT4 receptor. We eagerly await
results from other functional studies to see if the nature of
this antagonism is a peculiarity to the model currently used
and from whole animal studies to see how this observation
manifests itself in vivo.

The authors wish to thank all members of the Neuroscience
Research at SmithKline Beecham involved in the radio-ligand bind-
ing studies on SB 204070.
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Moguisteine: a novel peripheral non-narcotic antitussive drug
'L. Gallico, A. Borghi, C. Dalla Rosa, R. Ceserani & S. Tognella

Boehringer Mannheim Italia, Research Center, Viale della Liberta, Km 0.750, 1-20052 Monza, Italy

1 The antitussive effects of moguisteine have been compared with codeine in several experimental
models of cough in guinea-pigs and dogs.
2 Moguisteine and codeine dose-dependently (respective ED50 values are given in parentheses) inhibited
cough induced in guinea-pigs by 7.5% citric acid aerosol (25.2 and 29.2mgkg-', p.o.), by 30tiM
capsaicin aerosol (19.3 and 15.2 mg kg', p.o.), by mechanical stimulation (22.9 and 26.4mg kg-', p.o.)
and by tracheal electrical stimulation (12.5 and 13.9mgkg'1, p.o.).
3 Moguisteine was effective against cough induced by tracheal electrical stimulation in dogs (EDo
17.2mgkg-', p.o.); codeine was not tested because of its emetic effect.
4 After repeated dosing (12-15 days), moguisteine did not induce tolerance in either guinea-pigs or

dogs.
5 Moguisteine did not interact with opiate receptors, since it did not show affinity for [3H]-naloxone
binding sites and furthermore naloxone (5 mg kg-', s.c.) did not antagonize its antitussive effects.
6 Moguisteine had-no antitussive effect after i.c.v. administration (20 ftg), whilst codeine (2-10 yg) and
dextromethorphan (2.5-20 gg) were highly effective.
7 Our findings demonstrate that moguisteine is a novel peripherally acting non-narcotic antitussive
agent, the mode of action of which remains to be elucidated fully.

Keywords: Cough; antitussive agents; moguisteine; codeine; naloxone

Introduction

Cough is a physiological defence mechanism for the clearance
of foreign materials and of excessive bronchial secretion in
the airways, but it is also a common symptom of a variety of
respiratory diseases (Irwin et al., 1981). The cough reflex is
triggered by the activation of rapidly adapting receptors (or
'irritant' receptors) within the larynx, trachea and the prox-
imal bronchi, and of C-fibre endings found in the airway
walls of bronchi (Karlsson et al., 1988b). Afferent signals are
transmitted through the sensory vagal fibres to the cough
centre, which has been experimentally identified as being in
the region of the solitary nucleus in the medulla within the
brain (Kase et al., 1970). From the cough centre the impulses
travel through the efferent pathways to the respiratory mus-
cles (diaphragm, intercostal and abdominal muscles) and the
airways (Irwin et al., 1977).

Current cough therapy is based on the use of drugs that
are classified according to their site of action, which may be
central (applicable to both narcotic and non narcotic drugs),
or peripheral. The centrally acting antitussives, such as
codeine and dextromethorphan, which depress the cough
centre, are considered the most clinically effective, although
sedative and addictive effects can limit their use (Eddy et al.,
1969). However recent experimental studies have clearly
shown that codeine acts also at the peripheral level, as its
antitussive effect was reversed by opiate antagonists with
scanty penetration of the blood-brain barrier (Adcock et al.,
1988; Karlsson et al., 1988a). Further support for the concept
of the peripheral component in the action of opiates was
provided by the investigations performed with BW 443C, a
novel agonist of opioid receptors that has poor penetration
of the blood-brain barrier, which in turn inhibits cough in
animals. The drug's effect was antagonized by peripherally
acting opioid receptor antagonists (Adcock et al., 1988).
BW 443C was also shown to act on sensory nerve endings,
since it reduced spontaneous and chemically induced activity
in both irritant and C-fibre receptors (Adcock, 1991). The
peripherally acting non opiate drugs, such as oxolamine,
benzonatate and dropropizine are believed to reduce the

' Author for correspondence.

afferent fibre nerve inputs or to inhibit the activation of
airway sensory receptors: however, very few studies have
attempted to clarify their mechanism of action (Irwin &
Curley, 1990). Furthermore, the effectiveness in cough
therapy of peripherally acting drugs has not been con-
clusively demonstrated, given the paucity of controlled
clinical trials (Banner, 1986). Only local anaesthetics that
interfere with the conduction of afferent nerve impulses have
been shown to be peripherally active antitussive compounds,
but their considerable side effects make their use unsuitable
(Karlsson, 1983). Therefore the availability of a novel, non-
narcotic peripheral and effective drug could represent a con-
siderable improvement in the treatment of cough.

This paper describes the antitussive profile of moguisteine,
(R,S)-2- (2-methoxyphenoxy) -methyl-3-ethoxycarbonyl-acetyl
-1,3 thiazolidine (Figure 1), a non-narcotic compound, in
comparison with that of codeine, as assessed in animal
models. Part of this work has been published in abstract
form (Gallico et al., 1990).

Methods

Cough induced by citric acid aerosol in the guinea-pig

Male Dunkin Hartley guinea-pigs (Charles River, Calco,
Italy) 350-400 g were maintained in conditioned quarters
(temperature 21 ± 2°C, relative humidity 55 ± 10%, 12 h
on- 12 h off, light cycle) with food and water ad libitum for
at least 1 week before use.

Guinea-pigs were put into a Perspex box (20 x 12 x 14 cm)
and exposed to a 7.5% citric acid aerosol (Charlier et al.,
1961) delivered by an ultrasonic nebulizer (G.B. Elbisonic,
Bielin Milan, Italy, particle size 0.5-6 tm, mean output
0.5 ml min-') for 5 min. During this period the animals were
continuously watched by a trained observer and the number
of coughs was counted manually and taken as the control
basal value. Coughs can be recognized easily on the basis of
sound associated with a rapid inspiration followed by a rapid
expiration. Only the guinea-pigs responding within the range
of 14-22 coughs were selected for further studies. Twenty
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Figure 1 Chemical structure of moguisteine.

four hours later, after overnight fasting with water ad libitum,
the guinea-pigs (n = 8 for each dose), were randomly pre-
treated by gavage with moguisteine (I5, 30 and 60 mg kg-')
and codeine (20, 40 and 80 mg kg-') 1 h before re-exposure

to the citric acid aerosol. The experiments were performed
with a blind design so that the observer was unaware of the
treatment. Antitussive activity was evaluated in each guinea-
pig as the reduction in the number of coughs in comparison
with the previously established control basal value. In the
repeated dosing study (15 days), antitussive activity for each
guinea-pig was determined as described above, 1 h after the
last administration of either moguisteine or codeine (the
control basal values having been recorded before the beginn-
ing of the treatment).

Preliminary experiments demonstrated that cough, checked
for two consecutive days per week, was consistently rep-

roducible in the same animal for at least 3 weeks.

Cough induced by capsaicin aerosol in the guinea-pig

In this experimental model, the guinea-pigs could not be used
as their own controls because of the tachyphylactic effect of
capsaicin, which occurs after two repeated exposures; the
experimental schedule was therefore modified. After over-

night fasting with water ad libitum, the guinea-pigs were

randomly assigned to the experimental groups (n = 10 for
each dose) and orally pretreated with vehicle (controls),
moguisteine (7.5, 15 and 30mg kg-') or codeine (10, 20 and
40 mg kg-') 1 h before exposure for 5 min to a 30 AM capsai-
cin aerosol (Forsberg & Karlsson, 1986). The aerosol charac-
teristics and the cough counting were as previously described;
in control animals capsaicin induced 7-12 coughs. Antitus-
sive activity was evaluated as the reduction in the number of
coughs in comparison with the control group.

Cough induced by mechanical stimulation of the trachea
in anaesthetized guinea-pigs

After overnight fasting with water ad libitum, the guinea-pigs
were lightly anaesthetized with 25% w/v urethane (4 ml kg-',
i.p.) which induces surgical levels of analgesia without
depressant effects on respiratory function. Analgesia was

monitored throughout the experiment as the disappearance
of head shaking in response to an ear pinch (Green, 1982).
The animals were maintained at a constant body temperature
of 370C by means of a heated plate. A thin steel wire was

gently inserted into the trachea through a small incision near

the cricoid cartilage. Coughs were evoked by pushing the
steel wire to reach the bifurcation of the trachea 35 and
5 min before oral drug administration and 30, 60 and
120min after treatment (Takagi et al., 1960). One violent
cough (the intensity was not recorded) occurred upon each
stimulation. We only selected those guinea-pigs that res-

ponded to both mechanical stimulations before dosing; the
animals were then randomly assigned to receive moguisteine
(7.5, 15 and 30 mg kg-') and codeine (I5, 30 and 60mg
kg-') (n = 10 for each dose). The pretreatment was con-

sidered to be effective when, after administration of the test

compounds, an animal failed to respond to any one of the
stimulations.

Cough induced by electrical stimulation of the trachea in
conscious guinea-pigs

The guinea-pigs were anaesthetized (ketamine, 10 mg kg-',
i.m. and xylazine 3 mg kg-', i.m.) and the neck region caudal
to the cricoid cartilage was incised in the midline and the
trachea was exposed. Care was taken to not disturb the
recurrent vagus nerves along the dorsolateral side of the
trachea. A silver-plated cuprum electrode (Awg 32-Habia)
was wrapped around the trachea at about 1.5 cm above the
bifurcation, fixed to the muscular tissue and brought through
the skin incision (Cavanagh et al., 1976). The indifferent
electrode (a stainless steel clip) was fixed to the dorsal skin.
The animals were then allowed to recover from the anaes-
thesia under aseptic conditions in warmed cages. After over-
night fasting with water ad libitum, the guinea-pigs were
assessed, 48 h after the surgical implant, for tussive threshold
to electrical stimulation by the determination of the min-
imum voltage (range of 4-10 V) required to elicit cough with
the following stimulus conditions: square wave pulses of
0.6 ms, 40 Hz, 10 s train duration (Stimulator S, Ugo Sachs
Elektronik, Germany). The number of coughs (7-12) during
the electrical stimulation was recorded for each guinea-pig
and considered as a basal value. The guinea-pigs were then
randomly assigned to different experimental groups and
pretreated by gavage with the test compounds i.e. moguis-
teine (7.5, 15 and 30 mg kg-') and codeine (7.5, 15 and
30 mg kg-') (n = 8 for each dose).

In a further experiment, animals were treated by the in-
tracerebroventricular route (i.c.v.) with moguisteine (10 and
20 pg), codeine (1, 2.5, 5 and O fig) and dextromethorphan
(2.5, 5, 10 and 20 fg) respectively (n = 7 animals for each
dose). The i.c.v. administration (50 AI volume) was performed
through a small cannula inserted under light general anaes-
thesia (25% urethane, 4mlkg'1, i.p.) at the level of the
bregma above the right cerebral lateral ventricle. At the end
of the experiment, 50 fil of methylene blue was injected i.c.v.
into each guinea-pig; homogeneous spreading of the dye
within the ventricle demonstrated that the drug had been
correctly administered.

Antitussive activity was evaluated as the reduction in the
number of coughs in comparison with the control responses
in the same guinea-pig at either 1 h after oral treatment or at
1, 3 and 5 min after i.c.v. treatment.

Cough induced by electrical stimulation of trachea in
conscious dogs

Six Beagle dogs of either sex (Morini, S. Polo d'Enza, Italy)
10-15 kg, were maintained in conditioned quarters with food
and water ad libitum for at least two weeks before use. The
animals were anaesthetized with a mixture of xylazine
(I mg kg-', i.v.), ketamine (2 mg kg-', i.v.) and pancuronium
bromide (2 mg i.v.); surgical anaesthesia was judged and
controlled by loss of the pedal, corneal and photomotor
reflexes (Green, 1982). The effect lasts about 60-90 min
which is the time required for surgical operation. After orot-
racheal intubation the dogs were artificially ventilated by an
automatic apparatus (Bird Mark 4 - Mark 8).
A short midline incision was made in the neck of the dogs,

caudal to the cricoid cartilage. After the exposure and the
isolation of the trachea, two electrodes, connected to
insulated wires, were inserted (i.e. penetrated the mucosa)
between two tracheal rings (at about 6 cm down the cricoid
cartilage) and properly secured (Stefko & Benson, 1953). The
wires were brought through the subcutaneous tissue and
exteriorized on the back. The muscle relaxant effect of pan-
curonium was reversed with neostigmine (0.5 mg kg-', i.v.).
The animals were allowed to recover from the anaesthesia in
aseptic warmed boxes. One week after surgery, the unres-
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trained animals were placed in a cage to which the animals
had previously been accustomed. The tracheal mucosa was
stimulated with a Grass S48 stimulator according to the
following parameters: 10 stimulations of 1 s with square wave
pulse of 1 ms, 50 Hz, 10-30 V, at intervals of 5 s each. The
cough basal value response determined for each dog ranged
from 10 to 12. The antitussive activity of moguisteine (10, 20
and 40mgkg-', p.o.) and of codeine (10 and 20mgkg-',
p.o.), evaluated as reduction in coughs versus basal value in
the same animal, was recorded 1 h after oral treatment. In
the repeated dosing study (12 days), antitussive activity in
each dog was determined as described above, 1 h after the
last administration (the control basal values having been
recorded before the beginning of the treatment).

[3H]-naloxone binding assay

Male Sprague Dawley rats (Charles River, Calco, Italy)
175-225 g were used. The animals, maintained in condi-
tioned quarters with food and water ad libitwn for at least 1
week, were used.
The animals were killed by decapitation and the cortices

rapidly removed and homogenized in 20 volumes of ice-cold
50 mM Tris-Cl buffer (pH 7.7) with a Polytron tissue disrup-
tor. After centrifugation at 38,000g, the pellet was resus-
pended in 100 volumes of buffer. Binding assays were carried
out by incubation for 20 min of approximately 0.5 mg mem-
brane protein with 1.6 nM [3H]-naloxone at 250C in the dark
in a final incubation volume of 1 ml (Stengaard-Pedersen &
Larsson, 1981). We incubated, for 30 min, moguisteine at up
to a concentration of 0.05 mM, codeine from 5 jiM to
0.05 mM, morphine and naloxone from 1 nM to 5 ILM. At the
end of the incubation period, samples were rapidly filtered
through Whatman GF/B glass-fibre filters and washed three
times with 4 ml of ice-cold 50 mM Tris-Cl buffer. The filters
were then placed in scintillation vials; radioactivity was deter-
mined with a beta-counter (TRI-CARB, Packard). Specific
[3H]-naloxone binding was defined as the difference in bin-
ding in the presence and absence of morphine 6 gM.

Effect on pulmonary mechanics in spontaneously
breathing anaesthetized guinea-pigs

Guinea-pigs, fasted overnight, were anaesthetized with ure-
thane 1.2 g kg-', i.p. The animals were tracheotomized and
connected through a tracheal cannula to a Fleisch pneumo-
tachograph (type 0000, HSE) which was coupled to a
differential pressure transducer (type DP45-14, Basile, Italy)
for the measurement of respiratory airflow. Transpulmonary
pressure was measured with a differential pressure transducer
(mod. MPX-1 1DP, HSE); one end of the differential pressure
transducer was connected to an intrapleural catheter and the
other end was exposed to atmospheric pressure. Using a
respiratory analyzer (Model 6, Buxco, U.S.A.) we applied the
breath by breath principle of Amdur & Mead, (1958) to
calculate values for respiratory rate (breath min- 1), tidal
volume (ml), minute volume (ml min 1), total lung resistance
(cmH2O ml-' s-'), and dynamic compliance (ml cmH2O-').
The values were recorded on a dynograph (Beckman R61 1)
and registered on a printer. During the experiments, the
animals were maintained at the constant body temperature of
37°C. Respiratory function was assessed under baseline con-
ditions and 10, 20, 30, 60 and 90 min after either vehicle or
moguisteine or codeine treatment (60 mg kg-', p.o.). Five
animals per group were used.

Compounds

The following compounds were used: moguisteine [(R,S)-2-(2-
methoxyphenoxy)-methyl-3-ethoxycarbonyl-acetyl-1,3 thiaz-
olidine] (Boehringer Mannheim Italia) either suspended in
0.5% methylcellulose or dissolved in 0.4% dimethyl sulphox-
ide (DMSO); codeine phosphate and morphine HCO (Carlo

Erba, Italy), dextromethorphan (Roche, Italy) and urethane
(Fluka Chemie, Switzerland) dissolved in saline; citric acid
(Carlo Erba, Italy) dissolved in distilled water; capsaicin
(Fluka Chemie, Switzerland) dissolved in 10% ethanol, 10%
Tween 80 and diluted with saline; ketamine (Ketalar, Parke
Davis); xylazine (Rompum, Bayer); pancuronium bromide
(Pavulon, Organon); naloxone (Narcan, Crinos); neostigmine
methylsulphate (Prostigmin, Roche); [3HJ-naloxone (Dupont/
NEN). The vehicles (1 ml kg-', p.o. or 50 gpl, i.c.v.) used to
dissolve and/or prepare suspensions of moguisteine and
codeine were demonstrated in preliminary studies not to
affect cough. The doses quoted for codeine refer to its phos-
phate salt.

Statistical analysis

Evaluation of the statistical significance of the results was
performed with Student's test for both paired data and
unpaired data (cough induced by capsaicin). ED30 values with
95% confidence limits were either determined according to
Snedecor & Cochran (1967) (cough induced by citric acid,
capsaicin, electrical stimulation) or by logit transformation
(Ashton, 1972) (mechanical stimulation).

Results

Antitussive effect

Cough induced by citric acid aerosol in the guinea-pig Mog-
uisteine dose-dependently inhibited the cough elicited by the
5 min 7.5% citric acid aerosol, with an ED3, (95% CL) of
25.2 (16.2-39.3) mg kg-', p.o. (Table 1). Codeine displayed a
similar activity with an ED50 (95% CL) of 29.2 (18.6-45.6)
mg kg-', p.o. (Table 1).

In further experiments, the effect of moguisteine (30mg
kg-') and codeine (40 mg kg-') over a repeated dosing
period (15 days) were compared with those observed after a
single treatment. Single and repeated moguisteine dosing
caused similar levels of cough inhibition (64% and 70%
respectively). The results for codeine under identical dosing
conditions were almost the same (64% and 71% reductions
respectively).

Cough induced by capsaicin aerosol in the guinea-pig Mog-
uisteine dose-dependently inhibited capsaicin (30 gtM) aerosol-
induced cough with an ED5o (95% CL) of 19.3 (12.1-26.5)
mg kg-', p.o. (Table 2). Similarly, codeine reduced cough
with an ED~v (95% CL) of 15.2 (6.2-35.8) mg kg-', p.o.
(Table 2).

Cough induced by mechanical stimulation of the trachea in
anaesthetized guinea-pigs The inhibition values for mechan-
ically induced cough by moguisteine were very similar to

Table 1 Inhibition by moguisteine and codeine of cough
induced by citric acid (7.5%) aerosol in conscious
guinea-pigs

Dose No. of coughs ED50
Treatment (mgkg-' p.o.) (mean±s.e.mean) (95% CL)

Basal values
Moguisteine

Basal values
Codeine

15
30
60

20
40
80

17.1 ± 0.8
10.7 ± 0.9*
7.7 ± 0.9*
4.8 ± 0.7*
17.3 ± 0.6
10.5 ± 0.9*
7.6 ± 0.5*
3.6 ± 0.9*

25.2
(16.2-39.3)

29.2
(18.6-45.6)

*P<0.001 compared to basal values; n =8 per group.
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those obtained with codeine (Table 3), with EDM (95% CL)
of 22.9 (12.3-33.6) and 26.4 (18.6-34.1) mgkg-', p.o.,
respectively.

Cough induced by electrical stimulation of the guinea-pig and
dog trachea Moguisteine effectively reduced cough in gui-
nea-pigs, with an ED50 (95% CL) of 12.5 (7.7-17.5) mg kg-',
p.o. (Table 4); codeine, at the same doses, displayed a very
similar effect, with an ED50 (95% CL) of 13.9 (11.2-17.2)
mg kg-', p.o. (Table 4).

In the dog experiments, the oral administration of mog-
uisteine produced a dose-related inhibition of cough, ED50
(95% CL) of 17 (8-37) mg kg-'. After multiple dosing (12
days), moguisteine (20 mg kg-' day-', p.o.) produced a
reduction in cough (53%) that was not significantly different
from that recorded after single treatment (50%). A com-
parative study with codeine was not feasible due to the
emetic effect induced by codeine at 10 and 20 mg kg-' p.o.;
lower dosages were better tolerated but proved to be inactive.

Table 2 Inhibition by moguisteine and codeine of cough
induced by capsaicin (30 jM) aerosol in conscious
guinea-pigs

Dose No. of coughs ED50
Treatment (mg kg- I p.o.) (mean ± s.e.mean) (95% CL)

Control
Moguisteine

Control
Codeine

7.5
15
30

10
20
40

8.7 ± 0.6
6.6 ± 0.7
4.4 ±.0.8*
2.2 ± 0.5*
9.1 ± 0.8
5.7 ± 0.4*
4.4 ± 0.7*
2.7 ± 0.5*

19.3
(12.1-26.5)

15.2
(6.2-35.8)

Mechanism of action

Effect of naloxone on the antitussive activity of moguisteine
and codeine in the guinea-pig Naloxone, 5 mg kg-, s.c.,
injected 10min before either citric acid aerosol or electrical
stimulation (as previously described) did not significantly
affect cough responses and did not antagonize the antitussive
properties of moguisteine in either experimental model,
whereas it did abolish the effectiveness of codeine (Figure 2a
and b).

[3H]-naloxone binding assay Moguisteine did not show any
affinity for opiate receptors, since it was unable to displace
[3H]-naloxone from its binding sites; in contrast, codeine,
morphine and naloxone were highly effective with IC50s of
0.02 mM, 15 nM and 2 nM respectively.

Antitussive effect after intracerebroventricular (i.c.v.) adminis-
tration in the guinea-pig When injected into the right cereb-
ral lateral ventricle, moguisteine failed to inhibit significantly
cough induced by electrical stimulation (Table 5) whereas
codeine and dextromethorphan reduced the cough in a dose-
related way (Table 5). The onset of the effect of codeine was
very rapid (1 min after administration), and after 5 min the
percentage reduction in cough was already significant at a

a
100 r

80 F
0

0

0
c
0
c.0

0-

*P <0.01 compared to control group, unpaired t test;
n = 10 per group.

60 F

40 F

20 ~
Table 3 Inhibition by moguisteine and codeine of cough
induced by trachea mechanical stimulation in anaesthetized
guinea-pigs

Dose
Treatment (mg kg-' p.o.)

Moguisteine

Codeine

7.5
15
30
60
15
30
60

No. of animals
without

cough/treated

2/10
4/10
6/10
9/10
2/10
5/10
10/10

n = 10 per dose.

0
N

*

1.

b
100 r

*

*

80 F

60 V

40 F

20 k

F.1
M M+N C C+N

0
F.L1

*
*

*

N M M+N C C+N

ED50 Figure 2 Effect of naloxone (N) on antitussive activity of mog-
(95% CL) uisteine (M) and codeine (C) on cough induced by citric acid (a) or

by electrical stimulation (b) of guinea-pig trachea. N: 5 mg kg-' s.c.
(a and b); M: 60 mg kg- ' p.o. (a) and 30 mg kg- ' p.o. (b): C:

22.9 80 mg kg- ' p.o. (a) and 30 mg kg-' p.o. (b). M and C were given I h
(12.3-33.6) and N Omin before the challenge. *P<0.05 vs control basal value.

26.4
(18.6-34.1)

Table 5 Intracerebroventricular (i.c.v.) antitussive effect of
moguisteine, codeine and dextromethorphan on cough
induced by electrical stimulation of the trachea in conscious
guinea-pigs

Table 4 Inhibition by moguisteine and codeine of cough
induced by trachea electrical stimulation in conscious
guinea-pigs

Dose No. of coughs ED5n
Treatment (mg kg-' p.o.) (mean ± s.e.mean) (95% CL)

Basal values
Moguisteine

Basal values
Codeine

7.5
15
30

7.5
15
30

9.1 ± 0.5
5.6 ± 0.4*
4.0 ± 0.3*
0.4 ± 0.2*
9.3 ± 0.5
7.0 ± 0.4*
4.6 ± 0.4*
1.5 ± 0.3*

12.5
(7.7-17.5)

13.9
(11.2-17.2)

Compound

Moguisteine

Codeine

Dextromethorphan

% Reduction in cough
Dose (mean ± s.e.mean)
4sg) at each time point (min)

1 3 5

10 19 ± 6
20 0

1 10±5
2.5 22±6
5 39± 15
10 63±8*
2.5 0
5 15±9

10 23±11
20 36± 10

3.5 ±4
0

25 ± 8
40± 9
65 ± 10*
75 ± 8*
22 ± 8
31 ± 9
51 ± 9*
61 ± 5*

17± 10
9 ± 7
17±9
41 ± 5*
45 ± 7*
70±4*
27 ± 7
48±6*
57 ± 14*
74 ± 7*

*P<0.05 compared to basal values; n = 8 per group.

H-

*P< 0.05 vs control basal value; n = 7 per dose.
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Table 6 Effect of moguisteine (60 mg kg-', p.o.) on respiratory function in spontaneously breathing anaesthetized guinea-pigs

0

Respiratory rate
(breath min-')
Tidal volume (ml)

Minute volume
(ml min-')
Total lung resistance
(cmH20 ml-' s ')
Dynamic compliance
(ml cmH20-')

Control
Moguisteine

Control
Moguisteine

Control
Moguisteine

Control
Moguisteine

Control
Moguisteine

100± 13
92± 12
2.2 ± 0.2
2.3 ± 0.1
196 ± 55
210 ± 20
0.22 ± 0.01
0.24 ± 0.02
0.51 ± 0.12
0.59 ± 0.12

10

92 ± 14
75 ± 22
2.2 ± 0.2
2.6 ± 0.2*
183 ± 39
192 ± 38
0.22 ± 0.02
0.23 ± 0.03
0.59 ± 0.16
0.62 ± 0.13

Time after treatment (min)
20 30

88 ± 6
76± 14
2.3 ± 0.1
2.6 ± 0.2*
182 ± 50
193 ± 20
0.22 ± 0.01
0.24 ± 0.02
0.58 ± 0.14
0.60 ± 0.10

88± 10
75± 16
2.3 ± 0.2
2.5 ± 0.3
184 ± 47
189 ± 22
0.21 ± 0.02
0.24 ± 0.01
0.58 ± 0.11
0.63 ± 0.13

Means ± s.e.mean for five guinea-pigs.
*P< 0.05 vs control group.

Table 7 Effect of codeine (60 mg kg-', p.o.) on respiratory function in spontaneously breathing anaesthetized guinea-pigs

0

Respiratory rate
(breath min-')
Tidal volume (ml)

Minute volume
(ml min -')
Total lung resistance
(cmH20 ml-' s ')
Dynamic compliance
(ml cmH20- ')

Control
Codeine
Control
Codeine
Control
Codeine
Control
Codeine
Control
Codeine

87 ± 8
93 ± 12
2.3 ± 0.2
2.4 ± 0.2
206 ± 11
225 ± 29
0.28 ± 0.03
0.29 ± 0.02
0.65 ± 0.12
0.60 ± 0.03

10

78 ± 7
59± 13*
2.4 ± 0.2
2.7 ± 0.3*
191 ± 15
163 ± 24*
0.29 ± 0.03
0.27 ± 0.05
0.66 ± 0.14
0.68 ± 0.08

Time after treatment (min)
20 30

75 ± 8
60± 15*
2.4 ± 0.2
2.7 ± 0.4*
185 ± 18
163 ± 26*
0.30 ± 0.05
0.26 ± 0.04
0.67 ± 0.15
0.71 ± 0.08

71 ± 8
57 ± 16*
2.5 ± 0.2
2.7 ± 0.3
180± 14
154 ± 31*
0.29 ± 0.03
0.28 ± 0.02
0.65 ± 0.16
0.70 ± 0.05

60

68 ± 8
54± 11*
2.5 ± 0.2
2.8 ± 0.3*
173 ± 17
156 ± 23*
0.27±0.04
0.26 ± 0.04
0.68 ± 0.17
0.69 ± 0.08

90

67 ± 8
52± 11*
2.5 ± 0.2
2.8 ± 0.3
172 ± 16
150 ± 27*
0.28 ± 0.06
0.27 ± 0.02
0.75 ± 0.17
0.70 ± 0.12

Means ± s.e.mean for five guinea-pigs.
*P<0.05 vs control group.

dose of 2.5 pg; the greatest effect was observed with 10 Lg
(75 ± 8% and 70 ± 4% reduction 3 and 5 min respectively
after treatment). A significant antitussive effect of dextro-
methorphan occurred after 3 min at the maximum tested
dose and was higher 5 min after treatment. The maximal
activity was observed with 20 ytg (74 ± 7% cough reduction);
the lowest tested dose, 2.5 pg, was scarcely effective.

Effect on pulmonary mechanics in spontaneously breathing
anaesthetized guinea-pigs Moguisteine (60 mg kg-', p.o.) did
not affect respiratory rate, minute volume, total lung resis-
tance and dynamic compliance; it produced only a transient
(10-20 min after treatment), although significant, increase in
tidal volume (Table 6). In contrast, codeine (60 mg kg ',

p.o.) produced a significant depressant effect on ventilation,
as shown by the significant reduction in minute volume
which lasted for all the recording period. The most notable
effect of codeine was on respiratory rate. A significant in-
crease in the tidal volume values was recorded at 10, 20 and
60 min (Table 7).

Discussion

Moguisteine is an effective antitussive agent in a number of
commonly used experimental cough models. It proved to be
as active as codeine in cough induced in guinea-pigs both by
chemical irritants, such as citric acid and capsaicin, and by
mechanical or electrical stimulation of the trachea.

Its antitussive efficacy is also clearly demonstrated by its
prevention of electrically induced cough in conscious dogs.
Moguisteine did not induce tolerance either in guinea-pigs or
in dogs after repeated (15 and 12 days respectively) dosing.
In addition, it did not depress ventilation, whereas an

opposite effect was observed after codeine administration.

Further studies proved the antitussive efficacy of moguis-
teine and its safety in controlled clinical trials in patients with
persistent cough (Morrone et al., 1993; Del Donno et al.,
1993).
To investigate the mechanism of action of moguisteine it

was important to define whether the drug interacts with
opiate receptors (Chan & Harris, 1984; Karlsson et al., 1990).
Naloxone, an opiate antagonist which does not affect the
cough reflex per se, abolished the antitussive effect of codeine
both in electrically stimulated and citric acid-induced cough
in guinea-pigs, but not that of moguisteine. Moreover, bin-
ding studies on rat brain homogenates with [3H]-naloxone as

the ligand showed that moguisteine (at up to 0.05 mM) had
no affinity for opiate binding sites. These in vivo and in vitro
results exclude the hypothesis of interaction with the opiate
receptors. As the evaluation of a drug's pharmacological
effect after direct intracerebral administration is a reliable
method to clarify whether a drug acts at the central level
(Kase, 1980), we checked the antitussive effect of moguisteine
following i.c.v. dosing in guinea-pig. This approach had
already been used to define the site of action of antitussive
drugs and it has been shown conclusively by this approach
that codeine has a clearcut central effect (Kase, 1980). Our
results show that moguisteine 10 and 20fig i.c.v. in guinea-
pigs proved to be completely inactive against electrically
induced cough, whereas codeine (1-10 tg i.c.v. guinea-pig)
and dextromethorphan (2.5-20 pg) were dose-dependently
effective in the same experimental conditions. That moguis-
teine lacks central activity is further demonstrated by its poor
penetration of the blood brain barrier (0.01% of the
administered dose), which we observed in the tissue distribu-
tion studies in guinea-pigs with the labelled compound
(unpublished observations). Altogether, these findings suggest
that the site of action of moguisteine is at a peripheral level.

It is well known that local anaesthetics can be used to

60

89± 13
80± 12
2.3 ± 0.2
2.5 ± 0.2
184 ±47
201 ± 17
0.23 ± 0.01
0.25 ± 0.02
0.53 ± 0.10
0.62 ± 0.11

90

85 ± 10
79 ± 11
2.4 ± 0.2
2.5 ± 0.2
180 ± 51
201 ± 18
0.24 ± 0.02
0.25 ± 0.02
0.56± 0.11
0.60 ± 0.09
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suppress cough (Karlsson, 1983; Howard et al., 1977) and
they have recently been shown to inhibit reflex cough pro-
voked in volunteers by capsaicin (Choudry et al., 1990). A
significant local anaesthetic effect, as well as a direct inhibi-
tion of the cough centre, is responsible for the effectiveness of
vadocaine, which is chemically related to such anaesthetics as
lignocaine and procainamide, and which has been shown to

be effective, though weaker than codeine, in several experi-
mental cough models (Mannisto et al., 1988). However, the
above mechanism cannot account for the antitussive proper-
ties of moguisteine, since this drug is devoid of a local
anaesthetic effect (unpublished observations).

Further experiments to elucidate more fully the mode of
action of moguisteine are currently in progress.
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A role for endogenous histamine in interleukin-8-induced
neutrophil infiltration into mouse air-pouch: investigation of
the modulatory action of systemic and local dexamethasone
'Mauro Perretti, Jeanette G. Harris & Roderick J. Flower

Department of Biochemical Pharmacology, The William Harvey Research Institute, The Medical College of Saint
Bartholomew's Hospital, Charterhouse Square, London ECIM 6BQ

1 When injected into a 6-day-old mouse air-pouch, human recombinant interleukin-8 (IL-8; 0.03-3 jig)
induced, in a dose-dependent fashion, an accumulation of neutrophils which could be reliably assessed
4 h after the injection. No protein extravasation was measured above the values obtained with the
vehicle alone (carboxymethylcellulose, CMC, 0.5% w/v in phosphate-buffered solution, PBS).
2 The IL-8 effect (routinely evaluated at 1 ltg dose) was inhibited neither by local administration of
actinomycin D (1 jig) nor by systemic treatment with indomethacin (1 mg kg-, i.v.), BWA4C
(5mgkg-', p.o.), methysergide (6mgkg', i.p.) and RP67580 (2mgkg', i.p.).
3 Treatment of mice with the HI antagonist, mepyramine (1-10mgkg-', i.p.) resulted in a dose-
dependent inhibition of the cell accumulation elicited by the chemokine, with a maximal reduction of
approximately 50-60%. The mepyramine effect was not due to a non specific reduction of neutrophil
function, since treatment with this drug (6 mg kg-', i.p.) did not modify the cell infiltration measured in
response to a challenge with interleukin-IP (20 ng) or with the vehicle CMC to any extent. Moreover,
treatment of mice with mepyramine did not modify cell counts in a peripheral blood film with respect to
controls. Two other HI antagonists, chemically unrelated to mepyramine, diphenhydramine (9 mg kg-',
i.p.) and triprolidine (0.5 mg kg', i.p.), inhibited IL-8-induced migration to a similar extent ( 50-
60%), whereas the H2 antagonist, ranitidine (5mgkg-', i.p.) was without effect.
4 The concept that endogenous histamine could be involved in the IL-8 effect was strengthened in two
ways: (i) addition of histamine (0.2-2 gg) to a small dose of IL-8 (0.3 fg) potentiated the cell elicitation
induced by the chemokine without having any effect on its own; (ii) IL-8-induced neutrophil accumula-
tion was greatly impaired in animals depleted of mast cell amines by sub-chronic (5 day) treatment with
compound 48/80 according to an established protocol.
5 The glucocorticoid dexamethasone (Dex; 1-50 ltg per mouse, i.v., corresponding approximately to
0.03-1.5 mg kg', given i.v. 2 h prior to challenge with IL-8) potently inhibited neutrophil infiltration
with an approximate ED50 of 5 jg per mouse (' 0.3 mg kg- , i.v.). Passive immunisation of mice with a
polyclonal sheep serum raised against the steroid-inducible anti-inflammatory protein lipocortin 1 (LCl)
abolished the inhibitory action of Dex whereas a control serum was without effect.
6 Local administration of Dex at a dose which was ineffective when given systemically (1 jig) also
reduced neutrophil migration induced by IL-8, either alone or in combination with histamine. This local
inhibition (t 50%), also seen with hydrocortisone (30 jg), was prevented by the concomitant adminis-
tration of the steroid antagonist RU38486 (10 lag) indicating the involvement of glucocorticoid receptor
in the response.

7 These findings characterize further the mechanisms underlying PMN recruitment induced by IL-8 in
vivo, and point to a role for histamine. The anti-inflammatory action of the glucocorticoids, as in some
other models, appears to be LCl-dependent when these drugs are given systemically and LCl-
independent when the steroids are given locally.
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Introduction

Interleukin-8 (IL-8) is the prototype of a new class of
chemotactic cytokines recently named chemokines (Miller &
Krangel, 1992). Since its discovery (Yoshimura et al., 1987) it
has always been clear that the polymorphonuclear leucocyte
(PMN) was the main target cell for this cytokine. Indeed,
IL-8 induces the classical pattern of phenomena typical of
PMN activation, i.e. enzyme release, superoxide and leuko-
triene generation, P2-integrin activation and in vitro chemo-
taxis (Carveth et al., 1989; Schroder, 1989; Baggiolini et al.,
1989). The administration of IL-8 into specific tissue sites in
vivo causes a potent and selective PMN accumulation which
is distinguishable from the migration induced by other pro-
inflammatory cytokines, such as interleukin-l (IL-1) and
tumour necrosis factor (TNF) as it does not require continu-

l Author for correspondence.

ing DNA-dependent RNA synthesis (Rampart & Williams,
1988; Colditz et al., 1989; Foster et al., 1989; Rampart et al.,
1989). In this respect, IL-8 is considered to be a direct
chemoattractant as are C5a and leukotriene B4. Moreover, it
is very likely that the endogenous release of IL-8 is involved
in the chemotactic action of IL-1 (Huber et al., 1991)
although this interrelationship has yet to be confirmed in
vivo.
We have recently characterized a murine air-pouch model

for the evaluation of PMN migration using IL-1 as a
stimulus (Perretti & Flower, 1993). In this study it was
possible to determine that IL-1 acted through a type I
receptor-mediated mechanism and in a manner dependent
upon de novo protein synthesis. Moreover, a role for
endogenous PAF, but not for arachidonic acid metabolites,
was proposed on the basis of the differential effects of selec-
tive drugs. IL-i-induced PMN migration was sensitive to the

'." Macmillan Press Ltd, 1994
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anti-inflammatory glucocorticoid hormone, dexamethasone
(Dex). The inhibition which followed systemic treatment with
Dex was mediated by the steroid-inducible anti-inflammatory
protein lipocortin 1 (LC1), whereas the inhibition observed
after local treatment with Dex was LC1-independent (Perretti
& Flower, 1993).

In the present study we have used the murine air-pouch
model to investigate the immunopharmacological modulation
of IL-8-induced PMN migration. We describe the kinetics of
the PMN accumulation into the air-pouch caused by this
cytokine and the effect of various anti-inflammatory drugs
which were evaluated to investigate potential endogenous
mediators of the action of IL-8.

Methods

Mouse air-pouch model

Male Swiss Albino mice (22-25g; Tuck, Essex) were used
for all the experiments. Air-pouches were formed by s.c.
injection of 2.5 ml of air on day 0 and day 3 (Perretti &
Flower, 1993). Six days after the initial injection of air, mice
(28-32g) received a local injection of human recombinant
IL-8 (72aa monocyte-derived form, generous gift of Dr I.
Lindley, Sandoz Forschunginstitut, Wien, Austria) in 0.5 ml
of carboxymethylcellulose (CMC; BDH, Dorset) 0.5% (w/v)
in sterile phosphate-buffered solution (PBS). Control mice
received CMC alone. This protocol was chosen on the basis
of preliminary experiments, confirming the findings observed
with IL-l (Perretti & Flower, 1993), that is a poor migration
in the absence of CMC. Using PBS + BSA 0.01% (w/v) as
vehicle only 0.07 ± 0.03 x 106 PMN and 0.21 ± 0.11 x 106
PMN per mouse were recovered in the absence and presence
of 1 pg IL-8, respectively (mean + s.e.mean, n =4 in both
cases, not significant).
At various times after IL-8 administration mice were killed

by CO2 exposure and the pouches washed thoroughly with
2 ml of PBS containing 1 mM ethylenediaminetetracetic acid
(EDTA) and 50 u ml- l heparin. Lavage fluids were cen-
trifuged at 220 g for 10 min at 40C and the pellet was
resuspended in 2 ml of PBS-EDTA-heparin. Leucocytes were
counted after staining (1:10) in Turk's solution (crystal violet
0.01% w/v in acetic acid 3%) in an improved Neubauer
hemocytometer. The number of PMN recovered from each
pouch was then calculated.

In further experiments the migration caused by local
administration of 20 ng human recombinant IL-1IP (generous
gift of Dr L. Parente, IRIS, Siena, Italy) was assessed, this
dose of the cytokine being chosen on the basis of a previous
study (Perretti & Flower, 1993). Pouches were washed at the
4-h time point, and PMN infiltration measured as described
above.

Protein concentration in cell-free lavage fluids was mea-
sured according to the methodology described by Bradford
(1976).

Drug treatment

The effect of putative inhibitors and/or antagonists was
assessed either by local administration or by systemic treat-
ment.
The role of de novo RNA synthesis was ascertained by

co-administration into the air-pouch of actinomycin D (1 ptg)
together with IL-8 (1 pg). The potential synergism between
IL-8 and histamine was evaluated in co-administration
experiments in which a mixture of the cytokine, at a dose of
0.3 -g, and histamine (0.2 to 4 ug) in 0.5 ml CMC was
injected in the air-pouches at time 0. The leucocyte accum-
ulation was measured 4 h later.
The potential role of inflammatory mediators was inves-

tigated by systemic administration of selective drugs. Indo-
methacin (Sigma, Poole, Dorset) was given i.v. into the tail

vein. Mepyramine (maleate, May and Baker Ltd., Essex),
diphenhydramine (hydrochloride, Research Biomedical Inter-
national, Natick, MA, U.S.A.), triprolidine (hydrochloride,
Research Biomedical International, Natick, MA, U.S.A.),
methysergide (maleate, Sandoz, U.K.), RP-67580 (3aR,7aR)-
7,7-diphenyl-2-[1-imino-2-(2-methoxyphenyl)--ethyl]perhydro-
isoindol-4-one; generous gift of Dr C. Garret, Rhone-Poulenc
Rorer, Vitry-sur-Seine, France) and ranitidine (Sigma, Poole,
Dorset) were administered i.p. whereas BWA4C (N-(3-phen-
oxycinnamyl)-acetohydroxamic acid; The Wellcome Research
Laboratories, Beckenham, Kent) was given by oral gavage; in
all cases drug treatment was performed 15-20min before
IL-8 challenge. PMN migration was always evaluated 4h
following cytokine administration.
The inhibitory action of the anti-inflammatory glucocor-

ticoid, Dex (sodium phosphate salt, David Ball Laboratories,
Warwick) was carefully investigated. Mice were treated with
Dex (1- 50 lag per mouse corresponding to 0.03 - 1.5 mg kg-')
i.v. 2 h before the local administration of IL-8. The role of
endogenous LCl in this action of the steroid was evaluated
by passive immunisation of the mice with a specific anti-LCl
(axLCl) sheep antiserum (50fil s.c., 24h before Dex) using
the time and dose protocol found to prevent Dex inhibition
of IL-l-induced migration (Perretti & Flower, 1993). Control
animals received an identical volume of normal sheep serum
(Sigma). To evaluate its effectiveness following local treat-
ment, Dex (at the dose of 1 jig shown to be effective against
IL-l-induced cell migration, see Perretti & Flower, 1993) was
given directly into the pouch either with IL-8 (1 jig) or with
the mixture of IL-8 plus histamine (0.3 pg and 2 fig, respec-
tively) as described above. The glucocorticoid nature of the
Dex effect observed following local treatment was confirmed
in two ways: first, the action of another glucocorticoid, hyd-
rocortisone (30 fig; sodium succinate salt, Upjohn Ltd, U.K.)
was assessed; second, the effect of the specific compound with
anti-glucocorticoid properties, RU38486 (10 jig; Roussel-
Uclaf, Paris, France) upon Dex-induced inhibition was
evaluated.
To deplete mast-cell amines an established protocol was

followed (Di Rosa et al., 1971). Mice received six doses of
compound 48/80 (Sigma) at 0.6 mg kg-' i.p. at 12 h intervals
followed by three doses of the same agent at 1.2 mg kg'
i.p., after which the experiment was started by local adminis-
tration of CMC alone or in combination with 1 jig IL-8.
Control mice received repeated doses of PBS (5 ml kg-', i.p.)
prior to challenge with the cytokine. Migration was assessed
4 h later.

In some experiments blood samples were obtained by car-
diac puncture from a number of mice 4.5 h after treatment
with mepyramine, or 2 h after treatment i.v. with Dex and
the total number of leucocytes measured with a Coulter
Counter (Coulter Electronics, Luton, Bedfordshire). The
percentage of PMN and mononuclear cells was then assessed
by staining in Turk's and the total number of each cell type
then calculated.

Data and statistics

Data, PMN (106) migrated per mouse, are reported either as
total migration or as net migration by subtracting the effect
of CMC alone: this is stated for each table and figure.
Statistical differences between treatments were assessed by
analysis of variance followed by the Bonferroni test. Values
of probability less than 0.05 were taken as significant.

Results

Characterization of IL-8-induced PMN migration into
the mouse air-pouch
The dose of 1 fig of human recombinant IL-8 caused a
time-dependent PMN infiltration into the pouch, with a max-
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imal rate of influx between 2 and 4 h (3.1 x 106 PMN per h).
The cell accumulation reached maximum by the 8-h time
point and was greatly reduced by 24 h (Figure la). At the 4-h
time point, the cumulative data for CMC and CMC + IL-8
1 fig were as follows (mean ± s.e.mean): 1.56 ± 0.18 x 106
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PMN (n = 47) and 5.84 ± 0.28 x 106 PMN per mouse
(n = 70), respectively (P<0.01). The IL-8 effect appeared to
be specific for PMN because no mononuclear cell infiltration
was observed at any time point. PMN infiltration was not
accompanied by any increase in plasma protein extravasation
above that caused by CMC alone (2.18 ± 0.14 and 1.88 +
0.12 mg protein in CMC and CMC plus 1 jig IL-8 groups,
respectively, n = 5). The 4-h time point was selected and used
in all subsequent experiments.
The IL-8 effect was dose-dependent. Figure lb shows that

the dose of 0.3 fig per pouch caused a consistent effect, with
an apparent peak observed at 3 Lg. The dose of 1 pg, which
caused a consistent infiltration and corresponded to t 80%
of maximal migration (Figure Ib), was selected and used in
experiments to evaluate the potential role of inflammatory
mediators. IL-8-induced PMN infiltration was not dependent
upon DNA-dependent RNA synthesis: co-administration of
actinomycin D (1 psg) was without effect on the response
elicited by 1 fig IL-8 (Figure lb).

Drug effect

The PMN accumulation which follows IL-8 administration
into the pouch does not appear to depend upon arachidonic
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Figure 1 Characterization of interleukin-8 (IL-8)-induced PMN
infiltration into the mouse air-pouch. (a) Time-course: 1 lsg of IL-8
in 0.5 ml CMC was injected at time 0 directly in the air-pouch. At
different times following treatment with the cytokine mice were
sacrificed and PMN infiltration measured. Values are mean ± s.e.
mean of 5-6 mice per time point. (b) Dose-response: different doses
of IL-8 were injected in 0.5 ml CMC at time 0 and PMN migration
evaluated 4 h later (0). Values are mean ± s.e.mean of 6-8 mice per
group. In one case, actinomycin D I pg was injected concomitantly
with IL-8 1 Fig and migration evaluated 4 h later (0). The dotted
line indicates the migration measured with CMC alone (1.6 ±
0.7 x 106 PMN, n = 5). **P<0.01 vs CMC.
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Figure 2 Systemic treatment with dexamethasone (Dex) inhibits
interleukin-8 (IL-8)-induced PMN migration. Mice received an in-
travenous treatment with Dex 2 h prior to challenge with 1 Fig of
IL-8 (in 0.5 ml CMC directly into the pouch). PMN infiltration was
measured 4 h later. Values are mean ± s.e.mean of 5-7 mice per
dose. The dotted line indicates CMC-induced migration (1.69 +
0.28 x 106 PMN, n = 1 1). **P< 0.01 and ***P< 0.001 vs controls
(dose 0 group).

Table 1 Drug effects on interleukin-8 (IL-8)-induced PMN migration

Treatment

CMC
IL-8 1 fig
+ Methysergide 6mg kg', i.p.
CMC
IL-8 1 pg
+ Indomethacin 1 mg kg-', i.v.
CMC
IL-8 1 jig
+BWA4C Smgkg-', p.o.
CMC
IL-8 I Fig
+ RP67580 2 mg kg-', i.p.

PMN (106 per mouse)

1.90 0.19 (4)
5.70 0.64 (8)
4.60 0.83 (7)
1.90 0.19 (4)
4.40 1.18 (4)
3.40 0.37 (4)
1.40 ± 0.72 (3)
4.75 ±0.54 (4)
3.50 0.50 (6)
1.40 0.50 (3)
5.65 ± 0.49 (4)
7.45 1.50 (4)

Either vehicle or selective drugs were administered 10-20 min before local challenge with IL-8 (0.5 ml in carboxymethylcellulose
(CMC) 0.5%). Control mice received CMC alone. In all cases migration was measured at the 4 h time-point. Results
(mean ± s.e.mean, n) of each single experiment are reported. No treatment was statistically different from its respective IL-8 group.

% inhibition

0
19

0
23

0
26

0
-31

1



804 M. PERRETTI et al.

acid metabolism, since both the cyclo-oxygenase inhibitor,
indomethacin, and the 5'-lipoxygenase inhibitor, BWA4C,
exerted no significant inhibition on this migration, when
tested at doses which have been demonstrated to inhibit the
appropriate enzyme (Table 1). The 5-hydroxytryptamine (5-
HT) antagonist, methysergide, and the tachykinin antagonist
to the NK1 receptor, RP-67580, were also without effect
(Table 1).

Systemic Dex was a powerful inhibitor of IL-8-induced
migration with an ED50 of approximately 5 fLg per mouse and
a maximal inhibition of 91% if assessed as net migration
(Figure 2). Passive immunisation of mice, according to a
pre-determined protocol (Perretti & Flower, 1993), with a
specific oLC1 sheep serum completely prevented the action of
Dex (Figure 3). By contrast, a control sheep serum was
without effect. In the absence of Dex treatment, the oLCI
antiserum did not modify IL-8-induced migration (Figure 3).
Dex 5 jig dose was also tested on the number of circulating
PMN finding no effect with respect to control mice at the 2 h
time point (mean ± s.e.mean): 0.69 ± 0.20 x 106 PMN ml-',
n = 4, and 0.80 ± 0.17 x 106 PMN ml-', n = 8, in PBS- and
Dex-treated mice, respectively.
Dex exerted a profound inhibition of IL-1-induced cell

migration also after local injection into the pouch at time 0,
an effect which is LC1-independent (Perretti & Flower, 1993).
At the same dose used in the previous study (1 fig), local Dex
significantly inhibited IL-8-induced PMN migration (Table
2). This inhibition was not due to a systemic absorption and
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action, inasmuch as 1 ttg Dex was ineffective when given i.v.
at time 0 (mean ± s.e.mean): 4.08 ± 0.79 x 106 PMN (n = 5)
and 3.48 ± 0.43 x 106 PMN per mouse (n = 5), not signi-
ficant, in PBS- and Dex-pretreated mice, respectively, in res-
ponse to IL-8 1 jig at 4-h time point. Moreover, the effect of
local Dex was mimicked by hydrocortisone, although a
higher dose was necessary to inhibit PMN migration to a
similar extent (Table 2). Dex-induced inhibition was preven-
ted by co-injection of the antagonist RU38486, which alone
had no action on the IL-8 response (Table 2).

The role of endogenous histamine on IL-8-induced PMN
migration

A dose-dependent inhibition of IL-8-induced PMN migration
was consistently observed with the selective HI antagonist,
mepyramine (Figure 4) with a maximal inhibition of 50-
60%. The action of mepyramine was not the result of a
non-specific depression of PMN function because at a dose
(6 mg kg-', i.p.) which greatly affected PMN infiltration
caused by IL-8, this drug did not modify the cell influx
measured in response to IL-1l3 (Table 3). Similarly,
mepyramine treatment did not alter the 4h-migration ob-
served with CMC alone (mean ± s.e.mean): 1.56 ± 0.48 x 106
PMN (n = 5) and 2.33 ± 0.42 x 106 PMN per mouse (n = 6)
in PBS- and mepyramine-treated mice, respectively. To ex-
clude the possibility that mepyramine lowered peripheral
PMN, the number of circulating mononuclear leucocytes and
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Figure 3 Anti-lipocortin I (aLC1) polyclonal serum prevents the
inhibition exerted by systemic dexamethasone (Dex) upon inter-
leukin-8 (IL-8)-induced PMN infiltration into the mouse air-pouch.
Mice received either PBS (0.2 ml s.c.), non-immune (NI) or aLCI
sheep serum (50 fil s.c. in both cases) 24 h prior to the iv. adminis-
tration of Dex (5 jg per mouse). IL-8 (1 pg in 0.5 ml CMC) was
injected 2 h after the steroid, and the PMN migration assessed at
4 h-time point. Values are mean ± s.e.mean for 9-12 mice per group.
The dotted line indicates the migration measured with CMC alone
(1.36 ± 0.13 x 106 PMN, n = 6). **P<0.01 vs PBS/PBS group.
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Figure 4 Mepyramine inhibits interleukin-8 (IL-8)-induced PMN
influx into the mouse air-pouch. Mice received either PBS (10ml
kg-', i.p.) or mepyramine (i.p.) 10-20min before local administra-
tion of IL-8 (1 ptg in 0.5 ml CMC). PMN migration was measured
4 h later. Values are mean ± s.e.mean for 5-12 mice per dose. The
dotted line indicates CMC-induced migration (0.69 ± 0.12 x 106
PMN, n = 11). **P<O.OI vs PBS-treated group (dose 0 group).

Table 2 Local effect of dexamethasone (Dex) and hydrocortisone on interleukin-8 (IL-8)-induced PMN migration into mouse
air-pouch

Pretreatment

PBS
Dex
RU38486
Dex + RU38486
Hydrocortisone

PMN (106 per mouse)

5.00 ± 0.42 (18)
3.00 ± 0.36** (20)
4.67 ± 0.66 (6)
4.12 ± 0.66 (6)
2.43 ± 0.62** (6)

All treatments were done by co-administration with IL-8 (I gg/0.5 ml carboxymethylcellulose (CMC)). Doses used: Dex 1 gig; RU38486
10 gig; hydrocortisone 30 fig. PMN influx was measured at 4 h-time point. Values are mean ± s.e.mean (n) and are reported as total
migration since the effect of CMC (1.17 ± 0.38 x 106 PMN, n = 7) has not been subtracted. % inhibition was calculated vs
IL-8-induced migration in control group (PBS-pretreated group).
**P<O.O1 vs PBS-treated group.
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PMN after i.p. treatment with either PBS (10mlkg-') or
mepyramine (6 mg kg-') was counted. The values found
were: 4.29 ± 0.6 x 106 ml' mononuclear cells and 0.74 ±
0.06 x 106 ml-' PMN in control animals (n = 4), and
4.33 ± 0.36 x 106 ml-' mononuclear leucocytes and 0.80 +
0.19 x 106 ml- PMN in mepyramine-treated mice (n = 4, not
significant). The mepyramine effect was mimicked by two
other HI antagonists, diphenhydramine and triprolidine,
whereas the H2 antagonist, ranitidine, was inactive
(Figure 5).

Histamine co-injection with IL-8 into the air-pouch poten-
tiated PMN infiltration. A significant and consistent migra-
tion was measured with IL-8 0.3 pg in the presence of 2 lig
(10 nmol) histamine, a dose which did not potentiate the
mild infiltration caused by CMC alone (Table 4). The his-
tamine effect followed a bell-shaped curve, with an optimal
dose of 2 ig (Figure 6). To further clarify the mechanism
underlying the effectiveness of the local treatment with Dex,
the effect of the steroid upon the IL-8/histamine mixture was

61

0
CD

0.E
80

0

z

0.

4-

2-

0
EL-8

7
T

Diph Trip

A
ss f

votvvR^s
sS 1sss.s

I Ifv

In

Ranit

Figure 5 Effect of diphenhydramine (Diph), triprolidine (Trip) and
ranitidine (Ranit) on interleukin-8 (IL-8)-induced PMN influx into
the mouse air-pouch. Mice received either PBS (10mlkg-', i.p.),
Diph (9mgkg-', i.p.), Trip (0.5 mg kg-', i.p.) or Ranit (5mgkg',
i.p.) 10-20 min before local administration of IL-8 (1 jig in 0.5 ml
CMC). PMN migration was measured 4 h later. Values are
mean ±s.e.mean for six mice. The dotted line indicates CMC-
induced migration (0.89 ± 0.15 x 106 PMN, n = 6). *P< 0.05 vs
PBS-treated group.

evaluated. At a dose of 1 jig, Dex greatly affected (60%
inhibition) the PMN accumulation measured under these
conditions (Figure 7).

IL-8-induced PMN migration was impaired in mice
depleted of mast cell amines by sub-chronic treatment with
compound 48/80 (Figure 8). Cell accumulation in response to
IL-8 was reduced by - 50% in depleted animals, with no
effect on the aspecific stimulus CMC (Figure 8).

Discussion

In this study we have observed a selective and consistent
PMN infiltration following IL-8 administration into a 6-day-
old subcutaneous air-pouch in the mouse. The kinetics of
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Figure 6 Dose-dependent histamine potentiation of interleukin-8
(IL-8)-induced PMN migration. Local treatment with IL-8 0.3pjg
alone or with different doses of histamine was made at time 0, and
PMN migration evaluated 4 h later. Values are mean ± s.e.mean for
15 mice (doses 0 and 2 pg) or for five mice (all other doses). The
4 h-migration induced by CMC alone has been subtracted and it was
as in Table 4. *P<0.05 vs IL-8 0.3 jig alone (histamine dose 0).

Table 3 Effect of mepyramine on cytokine-induced PMN migration into mouse air-pouch

PMN

5.55 ± 0.36 (8)
2.32 ± 0.33 (12)**

PMN

5.33 ± 0.33 (6)
6.52 ± 0.75 (6)

Mepyramine (6 mg kg-') or PBS (10 ml kg-') were injected i.p. 10 min before treatment with IL-8 (I jig) or with IL-1p (20 ng) and
PMN migration measured 4 h later. Values (106 per mouse) are mean ± s.e.mean (n) and express net migration having been corrected
for the carboxymethylcellulose (CMC)-induced migration (0.86 ± 0.12, n = 7).
**P<0.01 vs appropriate PBS-treated group.

Table 4 Histamine potentiates interleukin-8 (IL-8)-induced PMN migration into mouse air-pouch
PMN migration

(106 per mouse)

1.74±0.26 (13)
1.54 ± 0.30 (5)
3.28 ± 0.27 (15)**
4.34 ± 0.30 (14)**l

Net migration

0
0

1.54
2.60

Protein
(mg per mouse)

2.50 ± 0.27
2.23 ± 0.52
2.77 ± 0.10
3.18 ± 0.39

Histamine and IL-8 were injected concomitantly in 0.5 ml carboxymethylcellulose (CMC) and PMN migration was evaluated 4 h later.
Values are mean ± s.e.mean (n).
**P<0.01 vs CMC alone.
TP <0.05 vs. IL-8 alone.

Treatment
(i.p.)

PBS
Mepyramine

IL-8
% inhibition

0
58

IL-Ip
% inhibition

0
- 22

Treatment

CMC
Histamine 2 pg
IL-8 0.3 jig
IL-8 0.3 jig+
Histamine 2 jig
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Figure 7 Effect of dexamethasone (Dex) on PMN migration
induced by interleukin-8 (IL-8) in combination with histamine. Mice
were given 0.5 ml of CMC containing histamine (2 ltg) and IL-8
(0.3 jig), with or without I lag Dex, directly into the air-pouch. PMN
influx was measured 4 h later. Values are mean ± s.e.mean for 6 mice
per group. The dotted line indicates the migration observed with
CMC alone (0.8 + 0.3 x 106 PMN, n = 6). **P<0.01 vs PBS-treated
group.
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Figure 8 Effect of mast cell amine depletion on interleukin-8 (IL-8)-
induced PMN migration. Mice received either PBS 5 ml kg-', i.p.
(open columns) or compound 48/80 (hatched columns) as described
in the Methods section for 5 days. IL-8 1 ptg was then injected locally
in 0.5 ml CMC, controls receiving CMC alone, and PMN migration
measured 4 h later. Values are mean ± s.e.mean (n =4 for CMC
group and n = 7 for IL-8 group). **P<0.01 vs IL-8 group in
PBS-treated mice.

the cell accumulation displayed the typical profile of an acute
inflammatory process, with a maximal rate of influx between
2 and 4 h after injection of the cytokine. The IL-8 chemotactic
response was not blocked by actinomycin D suggesting that
continuing DNA-Zdependent RNA synthesis was not impor-
tant for its action. Furthermore, the intense PMN accumula-
tion was not paralleled by plasma protein extravasation.
These characteristics, already observed after IL-8 intradermal
injection in the rabbit skin (Colditz et al., 1989; Foster et al.,
1989; Rampart et al., 1989; Forrest et al., 1992), confirmed
that the murine air-pouch model was suitable for studying
IL-8 chemotactic response and for assessing the effect of
putative inhibitors.

Several conclusions can be drawn from the experiments
performed with selective inhibitors of lipid mediator genera-
tion or action. Neither the cyclo-oxygenase inhibitor indo-
methacin (Higgs et al., 1980) nor the selective 5'-lipoxygenase
inhibitor BWA4C (Tateson et al., 1988) had any effect upon
the PMN migration into the pouch suggesting that eico-
sanoid formation is not a requisite for this response to occur.
In contrast to IL-l-induced migration (Perretti et al., 1993a),
the IL-8 elicited response was insensitive to the selective NKI
antagonist, RP-67580 (Garret et al., 1991), which confirms
the lack of effect of sensory neurone depletion obtained by
pretreatment with capsaicin (J.G.H. and M.P., unpublished
observation).
An interesting observation of this study is that the H1

antagonist, mepyramine, inhibited IL-8-induced PMN migra-
tion into the air-pouch in a dose-dependent way. Its effect
was not the consequence of a non-specific depression of cell
function since this drug did not modify either CMC- or
IL-1p-induced cell infiltration. The effect of two chemically
distinct HI antagonists was also tested; we found that both
diphenhydramine and triprolidine mimicked mepyramine,
causing a similar reduction of cell accumulation in response
to IL-8 (t 50-60%). The H2 antagonist, ranitidine, was
ineffective though tested at a dose reported to be active and
specific (Del Soldato et al., 1982). These data suggest a
specific role for endogenous histamine and HI receptors in
the response to IL-8. The specificity of its role is also high-
lighted by the ineffectiveness of methysergide treatment,
which excludes the involvement of another endogenous
amine, 5-HT.

It has been proposed that IL-8 may induce PMN
infiltration in vivo through a haptotactic (i.e. migration
induced by substrate bound chemoattractants) rather than a
chemotactic (i.e. migration in response to soluble gradients of
chemoattractants) action (Rot, 1993), and, that endothelial
cells have specific binding sites for this cytokine (Rot, 1992;
Tanaka et al., 1993). According to this recently proposed
model, the involvement of a co-factor(s) which facilitates
leucocyte rolling on the endothelial wall (Rot, 1992), is a
fundamental requisite for a subsequent firm adhesion via
P2-integrins (Lawrence & Springer, 1991; Von Andrian et al.,
1992). Previous studies have suggested that IL-8-induced
PMN infiltration in the rat peritoneal cavity may require the
presence of resident mast cells (Ribeiro et al., 1991), and that
a genetic strain of mice deficient of this cell type have an
impaired response to IL-8 (reported in Rot, 1993). We have
mimicked this situation by a subchronic treatment with com-
pound 48/80, according to an accepted protocol (Di Rosa et
al., 1971), finding a marked reduction in the number of PMN
migrated in response to IL-8 challenge. Migration due to
CMC alone was not altered. The role of histamine was finally
investigated in co-administration experiments. Exogenously
added histamine, ineffective when given alone, dose-depen-
dently potentiated PMN accumulation into the air-pouches
in response to IL-8, with an optimal effect at the dose of
2 pg. Histamine potentiation of IL-8-induced migration was
not accompanied by significant changes in protein extravasa-
tion. Histamine is well known to cause vascular leakage
(Majno & Palade, 1961), however, the lack of effect on
protein extravasation observed when administered into the
pouch is unlikely to be due to the timing of the experiments,
in that a single histamine injection causes significant plasma
protein extravasation at the 4h-time point (Collins et al.,
1993). Rather, the lack of effect is probably more related to
the dose of histamine and/or the experimental model used.
All these observations, together with the effect of the selective
drug mepyramine and of compound 48/80 depletion experi-
ments, suggest strongly that histamine, a mast cell product, is
the co-factor required for manifestation of this important
property of IL-8 in vivo. As stated above, PMN must roll on
the endothelial wall before firmly adhering to these cells
(Lawrence & Springer, 1991; Tanaka et al., 1993), and the
rolling process is brought about by selectins (Lasky, 1992),
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one of which, P-selectin, is induced by histamine on
endothelial cell membranes within minutes of the application
(Lorant et al., 1991; Lasky, 1992).
The anti-inflammatory glucocorticoid hormone, Dex,

potently inhibited IL-8-induced PMN infiltration into the
murine air-pouch, with an EDsO of approximately 5 pg per
mouse (A 150 ltg kg- , i.v.). This inhibitory effect is likely to
be brought about by endogenous LC1, since it was abrogated
by passive immunisation of mice with a specific aLCI poly-
clonal antibody. In this respect, this study confirms the
observations obtained in IL-l-induced PMN migration (Per-
retti & Flower, 1993), and indicates that induction of LCl
can be a general mechanism by which systemic anti-inflam-
matory steroids can affect cytokine induced cell migration,
and, more generally, the cellular response characteristic of
the inflammatory process. Moreover, treatment with either
the full length LCl molecule, as well as with a N-terminal
peptide of this protein, amino acids 2-26, resulted in a
significant reduction of both IL-1- and IL-8-induced PMN
accumulation (Cirino et al., 1993; Perretti & Flower, 1993;
Perretti et al., 1993b), again strengthening the concept of
LCl as the mediator of the effect observed with systemic
steroid treatment.

Local injection of Dex together with IL-8 resulted in a
significant and consistent inhibitory effect of the action of
this cytokine. The steroid had a similar action on IL-i-
induced migration, with a mechanism which was LCl-
independent (Perretti & Flower, 1993). The efficacy of Dex
against IL-8 is, at a first glance, surprising because local
administration of anti-inflammatory glucocorticoid hormones
is well known to inhibit cell recruitment elicited by indirect
agents, like IL-1, TNF and endotoxin, but not those induced
by direct-acting agents, like C5a and formyl-Met-Leu-Phe
(Ribeiro et al., 1991; Perretti & Flower, 1993; Yarwood et
al., 1993). However, the Dex effect was specific and brought
about by an interaction with the endogenous corticoid recep-

tors, as evidenced by the antagonism exerted by RU38486
(Peers et al., 1988). Moreover, another glucocorticoid, hyd-
rocortisone, was similarly a potent inhibitor of cell infiltra-
tion. As discussed above, IL-8 should no longer be consid-
ered a classical direct-acting chemoattractant as we have
reported here a role for endogenous histamine in its action.
Dexamethasone inhibited the PMN influx induced by IL-8
plus histamine to a similar extent as the cell accumulation
observed in response to IL-8 alone. It is likely that under
these experimental conditions Dex and hydrocortisone are
interfering with the action of histamine, rather than with its
endogenous release. It is noteworthy that a recent study has
shown Dex to be a potent inhibitor of histamine-induced
PMN adherence to endothelial cells (Watanabe et al., 1991).
The exact molecular mechanism of the Dex effect, i.e. inhibi-
tion of histamine-induced P-selectin expression and/or of the
biological effect of this adhesion molecule is at the moment a
matter of speculation and requires further studies to be
clarified.

In conclusion, this study identifies the mouse air-pouch
model as a useful experimental system for the study of
IL-8-induced PMN accumulation and suggests that this
phenomenon may require endogenous histamine. The invol-
vement of this biogenic amine may provide an explanation
for the inhibitory action of locally injected Dex upon the cell
response to the cytokine. As in other studies, the inhibition
of PMN migration exerted by systemic Dex appears to be
brought about by endogenous LCL.
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Actions of two new antagonists showing selectivity for different
sub-types of metabotropic glutamate receptor in the neonatal
rat spinal cord
D.E. Jane, P.L.St.J. Jones, P.C-K. Pook, H-W. Tse & 'J.C. Watkins

Department of Pharmacology, School of Medical Sciences, Bristol BS8 lTD

1 The presynaptic depressant action of L-2-amino-4-phosphonobutyrate (L-AP4) on the monosynaptic
excitation of neonatal rat motoneurones has been differentiated from the similar effects produced by
(1S,3R)-1-aminocyclopentane-1,3-dicarboxylate ((1S,3R)-ACPD), (1S,3S)-ACPD and (2S,3S,4S)-u-(car-
boxycyclopropyl)glycine (L-CCG-I), and from the postsynaptic motoneuronal depolarization produced
by (lS,3R)-ACPD, by the actions of two new antagonists, a-methyl-L-AP4 (MAP4) and a-methyl-L-
CCG-I (MCCG). Such selectivity was not seen with a previously reported antagonist, (+ )-m-methyl-4-
carboxyphenylglycine (MCPG).
2 MAP4 selectively and competitively antagonized the depression of monosynaptic excitation produced
by L-AP4 (KD 22 JAM). At ten fold higher concentrations, MAP4 also antagonized synaptic depression
produced by L-CCG-I but in an apparently non-competitive manner. MAP4 was virtually without effect
on depression produced by (1S,3R)- or (1S,3S)-ACPD.
3 MCCG differentially antagonized the presynaptic depression produced by the range of agonists used.
This antagonist had minimal effect on L-AP4-induced depression. The antagonism of the synaptic
depression effected by (lS,3S)-ACPD and L-CCG-I was apparently competitive in each case but of
varying effectiveness, with apparent KD values for the interaction between MCCG and the receptors
activated by the two depressants calculated as 103 and 259 JAM, respectively. MCCG also antagonized
the presynaptic depression produced by (1S,3R)-ACPD.
4 Neither MAP4 nor MCCG (200- 500 JAM) significantly affected motoneuronal depolarizations pro-
duced by (1S,3R)-ACPD. At the same concentrations the two antagonists produced only very weak and
variable effects (slight antagonism or potentiation) on depolarizations produced by (S)-a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and N-methyl-D-aspartate (NMDA).
5 It is concluded that MAP4 is a potent and selective antagonist for those excitatory amino acid
(EAA) receptors on neonatal rat primary afferent terminals that are preferentially activated by L-AP4,
and that MCCG is a relatively selective antagonist for different presynaptic EAA receptors that are
preferentially activated by (1S,3S)-ACPD and (perhaps less selectively) by L-CCG-I. These receptors
probably comprise two sub-types of metabotropic glutamate receptors negatively linked to adenylyl
cyclase activity.

Keywords: Excitatory amino acids; metabotropic glutamate receptors; antagonism; neonatal rat; spinal cord; a-methyl amino
acids; L-AP4; (lS,3R)-ACPD; (lS,3S)-ACPD; L-CCG-I; MAP4; MCCG

Introduction

Investigation of the role of metabotropic glutamate receptors
(mGluRs) in central nervous function requires the develop-
ment of selective agonists and antagonists for the various
sub-types of these receptors now known to exist (Tanabe et
al., 1992; 1993; Nakajima et al., 1993; Okamoto et al., 1994;
for reviews, see Nakanishi, 1992; Schoepp & Conn, 1993).
Such receptors appear to comprise two main families, those
coupled to phosphoinositide (PI) hydrolysis (mGluRl and 5)
and those negatively coupled to adenylyl cyclase activity
(mGluR2,3,4,6 and 7). Recently, members of a series of
phenylglycine derivatives were shown to possess a range of
neurochemical and electrophysiological properties compatible
with differential activity at mGluR sub-types (Birse et al.,
1993; Eaton et al., 1993b; Kemp et al., 1994). Thus, certain
phenolic glycines have agonist activity. For example, (S)-3-
hydroxyphenylglycine (3HPG) stimulates PI hydrolysis in rat
pup cerebrocortical slices (Birse et al., 1993) and in mGluRl-
expressing Chinese hamster ovary (CHO) cells (Hayashi et
al., 1994) while (RS)-3,5-dihydroxyphenylglycine (DHPG)
has a similar (and more potent) action in mGluRl-expressing
Xenopus oocytes (Ito et al., 1992). In contrast, (S)4-car-
boxyphenylglycine (4CPG) antagonizes (IS,3R)-l-amino-1,3-

' Author for correspondence.

cyclopentane dicarboxylate (ACPD)-stimulated PI hydrolysis
in rat pup cerebrocortical slices (Birse et al., 1993) while both
(S)-4CPG and (S)-4-carboxy-3-hydroxyphenylglycine (4C3-
HPG) were found to be antagonists of L-glutamate-stimu-
lated PI hydrolysis in CHO cells expressing mGluRl
(Hayashi et at., 1994). In addition, (S)-4C3HPG and (S)-
4CPG (less effectively) are agonists at mGluR2 receptors
expressed in CHO cells, while a related substance, (+)-a-
methyl-4-carboxyphenylglycine (MCPG), is an antagonist at
both mGluRl and mGluR2 receptor sub-types expressed in
these cells (Hayashi et al., 1994). MCPG is also an antagonist
at guinea-pig cerebrocortical receptors activated by the
agonist (S)-2-amino-4-phosphonobutyrate (L-AP4) and nega-
tively linked to the cyclic AMP cascade (Kemp et al., 1994).
These L-AP-activated receptors are currently unidentified
but are not of the mGluR4 sub-type, which is one of three
cloned metabotropic glutamate receptors that have been
shown to be highly sensitive to this agonist (Nakanishi, 1992;
Nakajima et al., 1993; Okamoto et al., 1994), since MCPG
has no action at mGluR4 (Hayashi et al., 1994).

In electrophysiological experiments (S)-4C3HPG, (S)-
4CPG and (+ )-MCPG antagonize a number of effects pro-
duced by the mGluR-selective agonist (lS,3R)-ACPD. Thus,
each of these phenylglycine compounds blocks the (1S,3R)-
ACPD-induced depolarization of neonatal rat motoneurones

19" Macmillan Press Ltd, 1994
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in vitro (Birse et al., 1993; Eaton et al., 1993b; Jane et al.,
1993) and the excitation of rat thalamic neurones in vivo
(Eaton et al., 1993a). Also, in neurones of the nucleus tractus
solitarius (NTS) in the rat brain stem in vitro, these same
three phenylglycines antagonize the depression of excitatory
postsynaptic currents (e.p.s.cs), the depression of inhibitory
postsynaptic currents (i.p.s.cs), the depression of muscimol-
induced currents and the potentiation of (RS)-a-amino-3-hy-
droxy-5-methylisoxazole-4-propionic acid (AMPA)-induced
currents that is effected in each case by (IS,3R)-ACPD
(Glaum et al., 1993). These three phenylglycines selectively
block nociceptive responses in rat thalamic neurones in vivo,
relative to non-nociceptive sensory responses (Eaton et al.,
1993a; Salt et al., 1993), and MCPG has been reported to
block the induction of both NMDA-receptor dependent and
NMDA receptor-independent long-term potentiation (LTP)
in rat hippocampal slices (Bashir et al., 1993).

While highly promising as lead compounds for the de-
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Figure 1 Structures of MAP4 (I) and MCCG (II). For abbrevia-
tions, see text.
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velopment of more specific antagonists, (S)-4C3HPG, (S)-
4CPG and (+ )-MCPG, which all show little or no activity
at NMDA and non-NMDA ionotropic glutamate receptors
(Birse et al., 1993; Eaton et al., 1993a,b; Jane et al., 1993;
Bashir et al., 1993), present a spectrum of activity that may
make it difficult in some cases to identify the precise mGluR
sub-type(s) involved in particular synaptic phenomena. Thus
(S)-4C3HPG and (S)-4CPG are agonists (Birse et al., 1992;
Pook et al., 1993), and MCPG an antagonist (Pook et al.,
1993; Kemp et al., 1994), at presynaptic receptors activated
by (lS,3R)-ACPD to effect depression of monosynaptic ex-
citation of neonatal rat motoneurones. Together with the
neurochemical effects of these three phenylglycines at specific
mGluR sub-types (Hayashi et al., 1994) such results would
point to mGluR2 being the presynaptic receptor on the
terminals of neonatal rat primary afferent fibres. However,
MCPG also antagonizes L-AP4-induced depression of mono-
synaptic excitation in neonatal rat motoneurones (Kemp et
al., 1994) but L-AP4 is not an agonist at mGluR2 receptors
(Tanabe et al., 1992) while none of the phenylglycines affect
mGluR4 receptors (Hayashi et al., 1994), which are potently
activated by L-AP4 (Tanabe et al., 1992; Nakanishi, 1992).
The range of potencies observed for (+ )-MCPG as an an-
tagonist of the depression of monosynaptic excitation of
neonatal rat motoneurones depending on the agonist used to
produce the depression (Kemp et al., 1994) suggested to us
the possibility that more than a single mGluR sub-type was
involved in such presynaptically-mediated effects. These and
other considerations have led us to seek more sub-type-
specific mGluR agonists and antagonists which would help
us to identify receptor sub-types more definitively. To aid this
search, we included the mGluR agonist (2S,3S,4S)-o-(car-

Re6overy

Figure 2 Non-selective antagonism of (IS,3R)-ACPD- and L-AP4-induced responses in neonatal rat motoneurones by (+ )-c-
methyl-4-carboxyphenylglycine (MCPG). (a) Shows chart recordings, in Mg2+/D-AP5-containing medium, of slow components of
the DR-VRP and depolarizing base line shift produced by 5 gM (IS,3R)-ACPD. L-AP4 (5 LM) produced no base-line shift (not
shown; see Figure 2). Left, control response; centre, recorded during superfusion with medium containing 500 gM ( + )-MCPG,
showing abolition of the (lS,3R)-ACPD-induced depolarization; right, recovery, recorded 20 min after washout of antagonist. (b)
In the same preparation as (a), both (1S,3R)-ACPD (5 JM) and L-AP4 (5 gM) produced a similar depression of the monosynaptic
component of the DR-VRP. C denotes control responses recorded immediately prior to the addition of synaptic-depressant
agonists; R denotes recovery responses, recorded Omin after return to agonist-free medium; R/C, recovered response used as
control for next agonist-induced depression. The centre panel of responses were recorded 30 min after the addition of ( + )-MCPG
(500 .M) to the superfusion medium; the depressant effects of both (IS,3R)-ACPD and L-AP4 were antagonized. The final sequence
of responses, showing recovery from antagonism, was recorded 20 min after return to antagonist-free medium. For abbreviations,
see text.
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boxycyclopropyl)glycine (L-CCG-I) (Ishida et al., 1993)
among the substances we used to produce depression of
monosynaptic excitation of neonatal rat motoneurones.
Monosynaptic depression effected by L-CCG-I was less
susceptible to antagonism by (+ )-MCPG than that pro-
duced by L-AP4 (Kemp et al., 1994) and may have involved
a different receptor sub-type. We have also included (IS,3S)-
ACPD which, like L-CCG-I and L-AP4, and unlike (1S,3R)-
ACPD, causes presynaptic depression without causing post-
synaptic depolarization (Pook et al., 1992). We report here
that two new mGluR antagonists, a-methyl-L-AP4 (MAP4)
and a-methyl-L-CCG-I (MCCG) have selective actions at
L-AP4-sensitive and (lS,3S)-ACPD/L-CCG-I-sensitive pre-
synaptic receptors, respectively, on primary afferents to
neonatal rat motoneurones. The structures of these com-
pounds are shown in Figure 1.

Methods

MAP4 and MCCG were synthesized in our laboratory by
methods that will be described in a subsequent publication.
Hemisected isolated spinal cords from 1- to 5-day old rats
were used (Evans et al., 1982). Recordings were made from a
ventral root of monosynaptic responses of motoneurones
evoked by stimulation of the corresponding dorsal root
(30 V, 2 pulses min- ). The standard medium contained:
(mM) NaCl 118, NaHCO3 25, KCl 3, CaCl2 2.5, D-glucose 12,
gassed with 5% C02/95% 02. In addition, for most
experiments, 2 mM MgSO4 and 50 fM D-2-amino-5-phospho-
nopentanoate (D-AP5) were included in the standard medium
to eliminate slow synaptic responses mediated by N-methyl-
D-aspartate (NMDA) receptors and to isolate the main com-
ponent of the monosynaptic response which is mediated by
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Figure 3 Selective antagonist effects of MCCG and MAP4 on (lS,3R)-ACPD and L-AP4-induced responses in neonatal rat
motoneurones. All responses recorded in the same spinal cord preparation; Mg2+/D-AP5-containing medium. (a-e) Each two-part
section shows slow (left hand sequences, direct chart recordings) and fast (right hand sequences, oscilloscope traces) DR-VRPs. (a)
Control responses showing the depolarizing base line shift produced by (lS,3R)-ACPD (5JM), and small depressant effects of
L-AP4 (5 1AM) on the slow DR-VRP and the depressant effects of both (lS,3R)-ACPD and L-AP4 on the fast component of the
DR-VRP. (b) Recorded 15 min after addition of 200 gAM MCCG to the medium. This antagonist, which itself had no overt action
on the slow or fast components of the synaptic response, selectively reduced the depression of the fast component of the DR-VRP
produced by (lS,3R)-ACPD without altering the effects of L-AP4 on slow and fast components of the DR-VRP or the depolarizing
effect of (lS,3R)-ACPD. (c) Responses recorded 35 min after return to normal (antagonist-free) medium. (d) Recorded 15 min after
changing to medium containing 200 JM MAP4, which had no effect on the amplitude of the evoked synaptic responses. The
depressant effects of L-AP4 on both the slow and fast components of the DR-VRP were antagonized by MAP4, without
antagonism of either the deloparizing effect of (lS,3R)-ACPD or the depression of the fast component of the DR-VRP produced
by (lS,3R)-ACPD. (e) Recorded 25 min after returning to normal medium, showing near-complete recovery of the L-AP4-induced
depression. C, control; R/C, recovery responses for fast component of DR-VRP following removal of depressant agonists and
representing control responses preceding the next addition of depressant; R, recovery at end of sequence of medium changes. Left
hand calibration (0.5 mV, 10 min) applies to slow, chart recorded components of DR-VRP; right hand calibration (2 mV, 25 ms)
refers to oscilloscope traces of fast components of DR-VRP. For abbreviations, see text.
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receptors of the o-amino-3-hydroxy-5-methylisoxazole-4-pro-
pionic acid (AMPA) and/or kainate types (Long et al., 1990).
The rate of superfusion of the medium over the cord was
1 ml min-'. After control responses to dorsal root stimula-
tion were obtained, flow of standard medium was changed to
agonist-containing medium (5 ml) at various concentrations,
in order to cause depression of the monosynaptic response
within the range of approximately 5-95% (usually 25-75%).
Following the determination of control levels of depression
by L-AP4, (lS,3S)-ACPD, (lS,3R)-ACPD or L-CCG-I the
depression of the response was then measured in each case in
a medium containing MAP4 or MCCG (both 200-500pM).
Some experiments were also conducted with standard
medium (excluding MgSO4 and D-AP5) that contained tet-
rodotoxin (TTX; 10-5 M for 2 min, then 10-7 M con-
tinuously) in order to investigate the effects of the anta-
gonists on depolarization directly generated in motoneurones
by (lS,3R)-ACPD, or by the inotropic receptor agonists
NMDA and AMPA.

Results

As recorded from ventral roots (lS,3R)-ACPD produces two
different effects in neonatal rat motoneurones - a depolariza-
tion, presumably postsynaptically mediated, since it is also
present in TTX-containing medium (Birse et al., 1993) - and
a presynaptically-mediated depression of dorsal root-evoked
monosynaptic excitation of motoneurones (Pook et al., 1992).
The latter effect is simulated by (lS,3S)-ACPD (Pook et al.,
1992), by L-CCG-I (Ishida et al., 1993) and by L-AP4 (Evans
et al., 1982). A previously reported mGluR antagonist, ( + )-
MCPG, antagonizes all these effects (Jane et al., 1993; Kemp
et al., 1994). Figure 2 shows the relatively non-selective
antagonist effects of ( + )-MCPG on the depolarization pro-
duced by (lS,3R)-ACPD in neonatal rat motoneurones

a

(Figure 2a) and on the (IS,3R)-ACPD- and L-AP4-induced
depression of monosynaptic excitation of these motoneurones
(Figure 2b).

In contrast, MCCG and MAP4 both showed differential
antagonism of these three responses, each antagonist produc-
ing a characteristic pattern of activity. Figure 3a and b shows
that neither the postsynaptic motoneurone depolarization
produced by (lS,3R)-ACPD, nor the presynaptic depression
of monosynaptic excitation produced by L-AP4, was affected
by 200 M MCCG; however, this antagonist attenuated the
presynaptic depression produced by (lS,3R)-ACPD. On the
other hand, MAP4 (Figure 3c and d) greatly attenuated the
presynaptic depression produced by L-AP4 without affecting
the depolarization of presynaptic depression produced by
(lS,3R)-ACPD. Neither MCCG nor MAP4 affected either
the slow or fast components of the DR-VRP when added
alone to the superfusion medium (Figure 3b and d). Rapid
recovery was obtained after each antagonist was washed out
(Figure 3c and e).

In addition to its effect as an antagonist of (1S,3R)-ACPD-
induced depression of the monosynaptic DR-VRP, MCCG
(200 !M) also antagonized the depression of monosynaptic
excitation produced by (lS,3S)-ACPD (Figure 4a) and L-
CCG-I (Figure 4b). In contrast, MAP4 (200 tiM) had little or
no effect on the depression produced by either (lS,3S)-
ACPD (Figure 5a) or L-CCG-I (Figure Sb). At higher
concentrations (1 mM), however, MAP4 did show some
antagonism of the synaptic depression affected by L-CCG-I
(Figure 5c).

Dose-response curves were constructed for the depression
of monosynaptic excitation produced by L-AP4, L-CCG-I
and (lS,3S)-ACPD in the presence and absence of MAP4
(300 pM) or MCCG (300 14M). MAP4 produced a consistently
parallel shift to the right in the curve for L-AP4 (Figure 6a),
a lesser and non-parallel shift to the right in the curve for
L-CCG-I (Figure 6b) and no significant shift in the curve for

MCCG 200 pM

(1 S,3S)-ACPD L-AP4

C 3f R _ _ R/C - R/C | R

K - - -ciT -

b E

25 msMCCG 200 pM

C L-AP4 R/C
CCG R C R/C C R/C RC 7.5M R/C2'Mp_ -

Figure 4 Selective antagonism by MCCG of (lS,3S)-ACPD and L-CCG-I-induced depression of monosynaptic DR-VRP in
neonatal rat motoneurones. (a) Shows depression of synaptic response by (IS,3S)-ACPD (5pLM) and L-AP4 (3pM). MCCG
(200 iM) almost completely abolished the depression produced by (lS,3S)-ACPD and was less effective versus L-AP4. (b) Shows
selective antagonism by MCCG (200 tM) of L-CCG-I (2 jAM)-induced depression of the monosynaptic DR-VRP relative to L-AP4
(7.5 fLM)-induced depression. (a) and (b) are from different preparations; Mg2/D-AP5-containing medium. The centre sequences of
responses were recorded 20 min after beginning superfusion with antagonist-containing medium. The two sequences of responses
showing recovery from the antagonists were recorded 30-35 min after return to antagonist-free medium. C, control responses
recorded before each addition of depressant agonist. R/C, recovered response acting as control for subsequent agonist-induced
depression. R, recovery, recorded at end of each sequence of medium changes. For abbreviations, see text.
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Figure 5 Three separate preparations showing selective antagonism by MAP4 of L-AP4-induced synaptic depression relative to
(IS,3S)-ACPD- and L-CCG-I-induced depression. (a) MAP4 (200 IAM) antagonized the depression produced by 5 JIM L-AP4 with
little or no effect on the depression produced by 5 IAM (IS,3S)-ACPD. (b) MAP4 (200 gtM) selectively antagonized the depression
produced by 5 IAM L-AP4 with little or no effect on the depression produced by 1 JAM L-CCG-I. (c) MAP4 (1 mM), almost abolished
the depression produced by 10 AM L-AP4 and also antagonized the lesser depression produced by 1.5 JAM L-CCG-I. Other details as

Figure 4. For abbreviations, see text.

(1S,3S)-ACPD (Figure 6c). MCCG produced a parallel right-
ward shift in the curve for L-CCG-I (Figure 6e), a similar
parallel shift in the case of (1S,3S)-ACPD (Figure 6f) and
either no effect or a slight potentiation (Figure 6d) in the case
of L-AP4. A feature of such experiments was the tendency of
the preparation to become more sensitive to the agonists
after prolonged treatment with an antagonist. This is
reflected in the recovery dose-response curves shown in
Figure 6b,e and f.

Table 1 gives apparent KD values calculated for the interac-
tions between MAP4 or MCCG and the receptors activated
by L-AP4, L-CCG-I and (lS,3S)-ACPD. The most potent
action was the antagonism by MAP4 of L-AP4-induced
synaptic depression; the apparently non-competitive action of
MAP4 versus L-CCG-I was more than ten fold weaker. The
apparent KD values calculated for the antagonism by MCCG
of the depressant responses produced by (lS,3S)-ACPD and
L-CCG-I were relatively close to one another, but the
difference between them did reach statistical significance.

It was important to establish the selectivity of MAP4 and
MCCG as antagonists of presynaptic excitatory amino acid
(EAA) receptors mediating synaptic depression, relative to
postsynaptic metabotropic and ionotropic excitatory recep-
tors causing depolarization. Table 2 indicates that, in a TTX-
containing medium, and at a concentration (250 JM) which
antagonized presynaptic depressant responses, neither of the
two antagonists significantly affected similar magnitude
depolarizations produced by (lS,3R)-ACPD (25 gM) or N-
methyl-D-aspartate (NMDA, 7 AM). Each of the antagonists

produced a small depression of the depolarizations induced
by (S)-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA, 1.2-1.5 jAM). However, this was significant only in
the case of MAP4 versus AMPA-induced depolarizations,
and the failure to achieve complete recovery of the AMPA
depolarizations after washout in these cases may have
reflected a slight change in the responsiveness of the prepara-
tions during the course of these experiments. At higher con-
centrations, slight potentiation of depolarizations produced
by AMPA (in the case of MCCG) or NMDA (in the case of
MAP4) were sometimes observed (Figure 7).

Discussion

These results indicate that MAP4 and MCCG, which had
relatively little effect on responses mediated by ionotropic
EAA receptors (Table 2; Figure 7), discriminate effectively
between three types of responses produced in neonatal rat
motoneurones by specific metabotropic glutamate receptor
agonists.as recorded electrophysiologically: (a) the depolar-
ization produced by (lS,3R)-ACPD; (b) the depression of
monosynaptic excitation effected by L-CCG-I, (lS,3S)-ACPD
and (IS,3R)-ACPD, and (c) the depression of monosynaptic
excitation mediated by L-AP4. MAP4 was selective for L-
AP4-induced depression, and MCCG preferentially anta-
gonized (lS,3R)-ACPD-induced depression. At the same con-
centrations of MAP4 and MCCG used to show their selective
presynaptic antagonist effects, neither of these two substances
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AD A fft%
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Figure 6 Dose-response curves for depression of monosynaptic DR-VRP by L-AP4, (lS,3S)-ACPD and L-CCG-I in presence and
absence of MAP4 or MCCG. (a,d) Depression by L-AP4; (b,e) depression by L-CCG-I; (c,f) depression by (lS,3S)-ACPD. (a-c)
Antagonist MAP4 (300 rM); (d-f) antagonist MCCG (300 ILM). (0) Control responses; (0) responses recorded in presence of
antagonist; (A) responses recorded after removal of antagonist. Parallel shifts to the right, showing competitive antagonism,
observed for MAP4/L-AP4 (a), MCCG/L-CCG-I (e) and MCCG/(lS,3S)-ACPD (f); non-parallel shift to the right, showing
non-competitive antagonism for MAP4/LCCG-I (b). A slight potentiation (shift to the left) seen for MCCG/L-AP4 (d). Note that
after washout of the antagonists the preparation became more sensitive to the depressant agonists than before exposure to the
antagonists. Ordinates: % depression of the monosynaptic response; abcissae, log concentration of depressant agonist. For
abbreviations, see text.

antagonized the depolarizations produced in neonatal rat
motoneurones by (IS,3R)-ACPD, which were previously
shown to be blocked by (S)-4C3H-PG, (S)-4CPG and (+ )-
MCPG (Birse et al., 1993; Eaton et al., 1993b; Jane et al.,
1993; Kemp et al., 1994). Such depolarizations are probably
mediated postsynaptically by mGluRl receptors since the
three phenylglycine derivatives that antagonize these re-

sponses are also antagonists at mGluRl receptors expressed
in CHO cells (Hayashi et al., 1994). However, the same three
mGluRl receptor antagonists also have actions at presynap-
tic EAA receptors, activation of which effects depression of
monosynaptic excitation of neonatal rat motoneurones. (S)-
4C3HPG is a moderately potent agonist and (S)-4CPG a

relatively weak agonist at presynaptic EAA receptors (Pook
et al., 1993), while (+ )-MCPG is an antagonist at these
receptors, reducing depression of excitation mediated by
(lS,3R)-ACPD, (IS,3S)-ACPD, L-AP4, (S)4C3HPG (and the
positional isomer (S)-3C4HPG) and L-CCG-I (Kemp et al.,
1994 and Figure 1). Except in the case of L-AP4, such
depression is likely to be mediated by mGluR2 receptors
since the depressant effects of L-CCG-I, (lS,3R)-ACPD, (S)-
4C3HPG, (S)-3C4HPG and (S)-4CPG on monosynaptic

Table 1 Apparent KD values calculated for the interaction
between MAP4 or MCCG and metabotropic glutamate
receptors mediating the presynaptic depressant effects of
L-AP4, (lS,3S)-ACPD and L-CCG-I

Antagonist (App KD, pM) versus

Antagonist
MAP4
MCCG

L-AP4
22 ± 5(5)
n.e.(3)'

(lS,3S)-ACPD
n.e.(4)1

103 ± 28(5)*

L-CCG-I
> 200(6)2

259 ± 34(5)*

Values are IsM ± s.e.mean (no. of experiments).
'n.e. = no effect (no consistent antagonism at 300;LM).
'Non-parallel dose-response curves in presence and absence
of antagonist.
*Difference statistically significant (P< 0.02, Student's t
test).
For abbreviations, see text.

excitation and the antagonism of these effects by (+ )-

MCPG parallel their effects on mGluR2 expressed in CHO
cells (Hayashi et al., 1994). However, L-AP4 is not an agonist
at mGluR2 receptors (Tanabe et al., 1992; Nakanishi et al.,
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Table 2 Effects of MCCG and MAP4 on neonatal rat motoneuronal depolarizations induced by (IS,3R)-ACPD, NMDA or AMPA

% control depolarization
Agonist Conc. (AtM) MCCG (250 JtM) MAP4 (250 #AM)
(lS,3R)-ACPD 25 103 + 6(6)1 2 95 ± 8(5)*3
NMDA 7 87 ± 6(4)' 100 ± 6(3)3
AMPA 1.2-1.5 79 ± 7(4)2 73 ± 2(3)*

All agonists tested in the same preparations; TTX-containing medium.
*Difference statistically significant (P<0.05); pairs 1,2,3 not significantly different (Mann-Whitney U-Test).

a
MCCG 500 pM D-AP5 10 pM

N A N A N A N A E
5 gM 0.3 M L

b MAP4 500 PM CNQX 10 PM 1 mn

N A N A N A A N

Figure 7 Effects of MCCG and MAP4 on depolarizing responses
mediated by NMDA or AMPA receptors. (a) Shows lack of depres-
sant effect of MCCG (500 LM) on either NMDA (5 LM, N)- or
AMPA (0.3 IgM, A)-induced depolarizations, and subsequent selective
depression of NMDA-induced responses by 10 xM D-AP5. (b)
Recorded in same spinal cord preparation following recovery from
D-AP5-containing medium (approx 1 h), shows lack of effect of
MAP4 (500 gM) on AMPA-induced responses and slight potentiation
of NMDA-induced responses, with subsequent selective depression
of AMPA-induced responses by CNQX (10 PM). Left to right: con-
trol responses, responses recorded 20 min after beginning MCCG- or
MAP4-containing medium, responses recorded 20 min after washout
or MCCG or MAP4, responses recorded 20 min after perfusion with
D-AP5 or CNQX-containing medium. For abbreviations, see text.

1992). Therefore the presynaptic depressant effect of L-AP4
and its antagonism by (+ )-MCPG must be mediated at
receptors other than mGluR2. The present work shows that
depression produced by L-AP4 is selectively blocked by
MAP4 while the depressions produced by L-CCG-I, (1S,3R)-
ACPD and (IS,3S)-ACPD are selectively blocked by MCCG.
These results thus confirm the participation of at least two
types of presynaptic receptor in the mediation of such depres-
sant effects, and implicate mGluR2 as one of the mGluR
sub-types involved.
The nature of the receptor type mediating the depression

produced by L-AP4 is currently unknown, but is probably
neither mGluR4 nor mGluR6, which, with mGluR7, com-
prise the range of L-AP4-sensitive mGluR receptors currently
identified (Tanabe et al., 1992; Nakajima et al., 1993;

Okamoto et al., 1994). Sub-type mGluR4 is not sensitive to
(+ )-MCPG (Hayashi et al., 1994), which is a less-specific
L-AP4 antagonist than MAP4 (Kemp et al., 1994 and Figure
1), and mGluR6 appears to be highly localized to retina
(Nakajima et al., 1993). This question of the identity of the
L-AP4/MAP4-sensitive receptors remains to be answered.
Of the two sub-type-selective mGluR antagonists described

in this work, MAP4 is the more potent. The KD value found
for the interaction of this antagonist with L-AP4-sensitive
presynaptic receptors was 22 gM whereas that for MCCG
versus (lS,3S)-ACPD- or L-CCG-I-sensitive receptors was in
excess of 100 jLM and dependent on the agonist. This agonist-
dependency raises the question of the selectivity not only of
the two antagonists but also of the agonists used. While
MAP4 had little or no action at receptors sensitive to
(lS,3S)-ACPD, this antagonist did show significant antag-
onist activity against L-CCG-I-induced depression of synaptic
excitation. Such antagonism, however, was at least ten fold
weaker than the antagonism shown at L-AP4-sensitive recep-
tors and was probably non-competitive. MCCG had only
minimal effect on L-AP4-induced synaptic depression and
was more potent as an antagonist of (lS,3S)-ACPD-induced
synaptic depression (apparent KD 103 pM) than as an
antagonist of L-CCG-I-induced synaptic depression (apparent
KD 259 fiM). These results can be explained on the hypothesis
that (lS,3S)-ACPD is a more specific agonist at non-L-AP4
presynaptic receptors on primary afferent terminals in neo-
natal rat spinal cord than is L-CCG-I, and that the depres-
sant responses produced by L-CCG-I in this preparation were
predominantly mediated by (lS,3S)-ACPD-sensitive recep-
tors, but partly also by L-AP4-sensitive receptors. In this case
since MAP4 had no action on (lS,3S)-ACPD-sensitive recep-
tors, and MCCG had no action at L-AP4-sensitive receptors,
the two antagonists are possibly both highly selective for the
two different types of metabotropic receptor on presynaptic
terminals at which they act. On this basis L-AP4 and (lS,3S)-
ACPD would be regarded as the agonists of choice for the
selective activation of these two receptors.

This work was supported by the Medical Research Council and US
PHS Grant No. 26540.
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Comparison of antinociception induced by supraspinally
administered L-arginine and kyotorphin
Atsufumi Kawabata, Sachiko Manabe & 'Hiroshi Takagi

Department of Pharmacology, Faculty of Pharmaceutical Sciences, Kinki University, 3-4-1 Kowakae, Higashi-Osaka 577,
Japan

1 Intracerebroventricular (i.c.v.) or intracisternal (i.cist.) administration of kyotorphin (KTP), an
endogenous Met-enkephalin releaser, at 5 fLg per mouse, and L-arginine (L-Arg), a possible KTP
precursor, at 30 .g per mouse, elicited antinociception in mice to a similar extent, as assessed by the
tail-flick test.
2 Intracisternal preadministration of anti-KTP serum abolished the effects of i.cist. KTP and i.c.v. or
i.cist. L-Arg, but not of i.c.v. KTP.
3 The antinociceptive effects of i.cist. KTP and of i.c.v. or i.cist. L-Arg disappeared in reserpinized
mice, whereas the effect of i.c.v. KTP was unaffected by treatment of mice with reserpine.
4 Intrathecal (i.t.) phentolamine markedly reduced the antinocieption induced by i.cist. KTP and by
i.c.v. or i.cist. L-Arg, but not by i.c.v. KTP.
5 Intrathecal methysergide attenuated the antinociceptive effects of i.cist. KTP, but not of i.c.v. KTP
and i.c.v. or i.cist. L-Arg.
6 These results suggest that the antinociception produced by i.cist. KTP, but not by i.c.v. KTP, is
mediated by the brainstem-spinal noradrenergic and 5-hydroxytryptaminergic systems, and that L-Arg
given i.c.v. or i.cist. increases KTP formation in the lower brain, possibly the brainstem, resulting in
antinociception mediated by the descending noradrenergic system. Therefore, the regional distribution of
KTP receptors and KTP synthetase in the brain does not appear to be common.

Keywords: L-Arginine; kyotorphin; enkephalin; antinociception; antiserum; phentolamine; methysergide; brainstem-spinal
noradrenergic system; brainstem-spinal 5-hydroxytryptaminergic system

Introduction

Kyotorphin (KTP), an endogenous antinociceptive dipeptide
(L-tyrosyl-L-arginine), enhances the release of [Met5]enke-
phalin (Met-Enk) in the brain and in the spinal cord (Takagi
et al., 1979a,b) and functions as a neurotransmitter or
neuromodulator in nociceptive processing in the CNS (Tak-
agi & Ueda, 1988). KTP, when administered intracerebroven-
tricularly (i.c.v.) or intracisternally (i.cist.), produces nalox-
one-reversible antinociception in the mouse, and this effect is
inhibited by the selective b-opioid receptor antagonist, nal-
trindole and by the KTP receptor antagonist, L-leucyl-L-
arginine (Leu-Arg) (Takagi et al., 1979a; Kawabata et al.,
1992b).
KTP is formed by a specific enzyme, KTP synthetase, from

L-tyrosine and L-arginine (L-Arg) in the presence of ATP and
Mg2" (Ueda et al., 1987b), and is also formed by a Ca2`-
activated processing enzyme from a precursor protein in the
brain (Yoshihara et al., 1988; 1990). In the former pathway,
exogenously applied L-Arg acts as an effective KTP precur-
sor, since the Km value for L-Arg of KTP synthetase is much
higher than its concentration in the mammalian brain (Ueda
et al., 1987b). In fact, i.c.v. or s.c. administration of L-Arg
exhibits potent antinociceptive activity that is blocked by
naloxone, naltrindole or Leu-Arg in mice and rats (Kawa-
bata et al., 1992a,b; 1993). Clinical studies have also demon-
strated naloxone-reversible analgesic effects of L-arginine in
chronic pain patients (Takagi et al., 1990; Harima et al.,
1991). On the other hand, L-Arg is also a source of nitric
oxide (NO) that is now considered a novel type of neuronal
messenger involved in various biological events (for review,
see Garthwaite, 1991; Bredt & Snyder, 1992; Vincent &
Hope, 1992). However, constitutive NO synthase in the brain
is probably saturated by L-Arg under physiological condi-

I Author for correspondence.

tions, since the Km value for L-Arg of this enzyme is much
lower than its brain levels (Bredt & Snyder, 1990; Knowles et
al., 1990), suggesting that exogenously applied L-Arg does
not increase NO production (Garthwaite, 1991). In addition,
NO synthase inhibitors, administered i.c.v., exhibit antinoci-
ceptive activity in the mouse, suggesting a nociceptive role of
NO in the brain (Moore et al., 1991; Babbedge et al., 1993;
Kawabata et al., 1993). It is unlikely that brain NO is
involved in the production of the antinociceptive effect of
L-Arg. In this paper, we show that i.cist. preadministration of
anti-KTP serum abolishes the antinociception elicited by
i.c.v. or i.cist. L-Arg, further suggesting that L-Arg-induced
antinociception is mediated by KTP formation in the brain.
The brainstem-spinal monoaminergic systems contribute to

the antinociception exerted by systemic and supraspinal
administration of opioids (Takagi, 1980; 1982; Bashaum &
Fields, 1984; Besson & Chaouch, 1987; Kuraishi et al., 1987;
Wigder & Wilcox, 1987). The antinociceptive effects of i.cist.
KTP are also inhibited by intrathecal (i.t.) injection of phen-
tolamine, an a-adrenoceptor antagonist (Ueda et al., 1987a),
suggesting involvement of the brainstem-spinal descending
noradrenergic system. To clarify the antinociceptive mechan-
isms of L-Arg, we also examined the contribution of the
brainstem-spinal noradrenergic and 5-hydroxytryptaminergic
systems to antinociception induced by i.c.v. or i.cist. L-
arginine, compared with that induced by i.c.v. or i.cist. KTP.

Methods

Animals

Male ddy mice weighing 15-25 g (Japan SLC, Inc.) were
given food and water ad libitum except on the experimental
day.

Q'I Macmillan Press Ltd, 1994
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Tail-flick test

To determine thermal nociception, mice were tested for res-
ponsiveness to radiant heat by use of a tail-flick analgesia
meter (MK-330, Muromachi Kikai Co. Ltd., Japan). The tail
of each mouse was placed in the path of a light beam
connected via a photoelectric cell to a digital monitor and
recorder. The latency to remove the tail was monitored and
recorded automatically via the photoelectric cell. The stim-
ulus intensity was adjusted to obtain base-line latencies of
2-2.5 s, and a cut-off latency of 8 s was used to avoid
damage to the tail. The tail-flick latency of each mouse was
measured 4-5 times at 20 min intervals and the basal latency
was defined as the mean of the last 3 stable latencies. Fluc-
tuation in base-line latencies for each mouse employed in the
experiments was within 0.4s. Results are expressed as the
changes in latencies, which were obtained by subtracting the
basal latency from the test latency.

Experimental protocol

Effects of anti-kyotorphin serum on antinociception induced by
kyotorphin and by L-arginine After measurement of the
baseline latencies, 10yl of anti-kyotorphin serum without
dilution or of control serum was administered i.cist. (Ueda et
al., 1979) to mice, and KTP at 5 gg per mouse or L-Arg at
30 fg per mouse in a volume of 5 lil was administered intra-
cerebroventricularly (i.c.v.) (Haley & McCormick, 1957) or
i.cist. 60 min later. The tail-flick latency was repeatedly
assessed at 5, 10, 20, 40 and 60 min after KTP or L-Arg
administration.

Antinociceptive effects of kyotorphin and L-arginine in reser-
pinizied mice Reserpine, a monoamine depletor, at 5 mg
kg-l was administered intraperitoneally (i.p.) to mice 24 h
before i.c.v. or i.cist. administration of KTP (5 ;g per mouse)
or L-Arg (30 jg per mouse).

Effects of intrathecal administration of phentolamine and
methysergide on the antinociceptive activity of kyotorphin or
L-arginine Phentolamine, an x-adrenoceptor antagonist, at
1-10 jg per mouse, or methysergide, a 5-hydroxytryptamine
(5-HT) receptor antagonist, at 1- 5 jig per mouse, was
administered intrathecally (i.t.) (Hylden & Wilcox, 1980) to
mice 5 min before i.c.v. or i.cist. injections with KTP (5 jig
per mouse) or L-Arg (30 ;tg per mouse).

Anti-kyotorphin serum

Anti-KTP serum was a gift from Dr Shiomi et al. (Fuku-
yama Univ., Japan). They produced this antiserum from the
rabbit immunized with KTP conjugated with bovine serum
albumin, according to the method of Ueda et al. (1987b).
The binding activity and specificity of the antiserum were
also tested by radioimmunoassay (Ueda et al., 1987b) in our
laboratory. The relative cross-reactivity (%) of the antiserum
to endogenous and synthetic substances was as follows: KTP,
100; L-Tyr, <0.001; L- and D-Arg, <0.001; L-ornithine (L-
Orn), <0.001; L-citrulline, <0.001; Met- and Leu-enkepha-
lin, <0.001; L-Tyr-D-Arg, 0.15; L-Leu-L-Arg, 0.22; L-Tyr-L-
N0-nitroarginine methyl ester, 0.39; L-Tyr-L-Orn, 3.02. Con-
trol serum was prepared from a non-immunized rabbit.

Drugs

Drugs used were L-arginine hydrochloride (L-Arg) (Nacalai
Tesque, Japan), kyotorphin acetate (KTP), reserpine (Sigma,
U.S.A.), phentolamine mesylate (Regitin, Inj.; Ciba-Geigy),
and methysergide hydrogen maleate (a gift from Dr Kur-
aishi). Reserpine was suspended in 0.2% Tween 80 solution,
and all other drugs were dissolved in physiological saline.
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Figure 1 Effects of i.cist. preadministratin of anti-kyotorphin serum
on the antinociception produced by i.c.v. or i.cist. kyotorphin (KTP)
and by i.c.v. or i.cist. L-arginine (L-Arg) in the tail-flick test in mice.
KTP at 5 ptg per mouse and L-Arg at 30 pg per mouse were
administered i.c.v. or i.cist. 1 h after i.cist. injection of 10 pl of
anti-KTP serum (AS) without dilution or control serum (CS). Data
indicate latencies 10 min after KTP or L-Arg; values are mean with
s.e.mean. V, vehicles; NS, not significant.
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Figure 2 Antinociceptive activity of i.c.v. or icist. kyotorphin
(KTP) and of i.c.v. or i.cist. L-arginine (L-Arg) in reserpinized mice
as assessed by the tail-flick test. KTP at 5 jug per mouse and L-Arg at
30 pg per mouse were administered i.c.v. or i.cist. 24 h after i.p.
injection of reserpine (RSP) at 5 mg kg-'. Data indicate A latencies
10 min after KTP or L-Arg; values are mean with s.e.mean. V,
vehicle; NS, not significant.
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Figure 3 Effects of i.t. phentolamine on the antinociception elicited
by i.c.v. or i.cist. kyotorphin (KTP) and by i.c.v. or i.cist. L-arginine
(L-Arg) in the tail-flick test in mice. KTP at 5 fig per mouse and
L-Arg at 30 fg per mouse were administered i.c.v. or i.cist. 5 min
after i.t. injection of phentolamine (PHT) at 10 gg per mouse (a) or
at I gtg per mouse (b, c and d). Data indicate A latencies 10 min after
KTP or L-Arg; values are mean with s.e.mean. V, vehicle; NS, not
significant.

Statistics

The results are expressed as means with s.e.mean. Statistical
significance between groups was analyzed by Newman-Keuls'
multiple comparison test and was set at P<0.05.

Results

Effects of i.cist. preadministration of anti-kyotorphin
serum on the antinociception exerted by i.c.v. and by
i.cist injections of kyotorphin or L-arginine
KTP, given i.c.v. or i.cist. at 5 fg per mouse, and L-Arg,
given i.c.v. or i.cist. at 30 Itg per mouse, significantly pro-
longed the tail-ffick latency, to a similar extent, 10 min after
administration (Figure 1), the effects disappearing at 40 min.
Anti-KTP serum, administered i.cist. 1 h before KTP, abol-
ished the antinociceptive effects of i.cist. KTP, although the
antiserum itself did not affect the latency (Figure lb). How-
ever, i.c.v. KTP-induced antinociception was resistant to i.cist
pretreatment with the antiserum (Figure la). In contrast, the
antinociception produced by either i.c.v. or i.cist. L-Arg was
significantly inhibited by i.cist. preadministration of anti-
KTP serum (Figure lc,d).

Antinociceptive activity of kyotorphin and L-arginine
(i.c.v. or i.cist.) in reserpinized mice

Preadministration (i.p.) of reserpine at 5 mg kg-' markedly
reduced the antinociceptive activity exerted by i.cist. KTP at
5 pg. per mouse, without having a significant effect by itself

Figure 4 Effects of it. methysergide on the antinociception induced
by i.c.v. or i.cist. kyotorphin (KTP) and by i.c.v. or i.cist. L-arginine
(L-Arg) in the tail-flick test in mice. KTP at 5 pg per mouse and
L-Arg at 30 fig per mouse were administered i.c.v. or i.cist. 5 min
after i.t. injection of methysergide (MSG) at 5 fig per mouse (a, c
and d) or at 1 fig per mouse (b). Data indicate A latencies 10min
after KTP or L-Arg; values are mean with s.e.mean. V, vehicle; NS,
not significant.

(Figure 2b). However, the same dose of reserpine did not
inhibit the antinociception induced by i.c.v. KTP at the same

dose (Figure 2a). By contrast, the antinociceptive effects of
either i.c.v. or i.cist. L-Arg at 30 fig per mouse were abolished
by preadministered reserpine (5 mg kg-') (Figure 2c,d).

Effects of intrathecal phentolamine on the
antinociception produced by i.c.v. or i.cist.
administration of kyotorphin or L-arginine
Intrathecal preadministration of phentolamine at 1 fig per
mouse, which had no significant effect when administered
alone, considerably suppressed i.cist. KTP-induced antinoci-
ception (Figure 3b), in agreement with the report of Ueda et
al. (1987a). However, i.c.v. KTP-induced antinociception was
not significantly altered by i.t. phentolamine even at 10Jlg
per mouse (Figure 3a). On the other hand, the antinocicep-
tion elicited by i.c.v. and i.cist. L-Arg at 30 ptg per mouse was
significantly attenuated by #g per mouse of phentolamine
(i.t.) (Figure 3c,d).

Effects of intrathecal methysergide on supraspinally
applied kyotorphin- or L-arginine-induced antinociception

Methysergide, preadministered i.t. at 1 jg per mouse, mark-
edly blocked the antinociceptive effect of i.cist. KTP at 5 jLg
per mouse, although it alone had no effect (Figure 4b).
However, methysergide even at 5 jtg per mouse failed to
inhibit the antinociception induced by i.c.v. KTP at 5 pg per
mouse and by i.c.v. or i.cist. L-Arg at 30 fg per mouse
(Figure 4a,c,d).
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Figure 5 A working hypothesis concerning the antinociceptive mechanisms of kyotorphin (KTP) and L-arginine (L-Arg). PHT,
phentolamine; MSG, methysergide; KTP-S, kyotorphin synthetase-containing neurone; Met-Enk, Met-enkephalin neurone; NA,
noradrenergic neurone; 5-HT, 5-hydroxytryptaminergic neurone; PE, the processing enzyme of kyotorphin; PP, the precursor
protein of kyotorphin. The hatched areas indicate kyotorphin receptors.

Discussion

The present findings suggest that i.cist. KTP produces
antinociception via the brainstem-spinal noradrenergic and
5-hydroxytryptaminergic pathways, and that i.c.v. or i.cist.
administration of L-Arg increases KTP formation in the
lower brain, especially the brainstem, and subsequently
activates the descending noradrenergic but not 5-hydroxy-
tryptaminergic systems, resulting in antinociception. In addi-
tion, our results imply that the antinociceptive mechanism of
i.c.v. KTP is independent of the brainstem-spinal
monoaminergic systems, differing from that of i.cist. KTP.
Although dye distribution following i.c.v. and i.cist. injec-

tion using the techniques employed in the present study have
been described previously by Haley & McCormick (1957)
and Ueda et al. (1979), we have also examined distribution of
dye after i.c.v. or i.cist. injections of 0.5% Evans blue in a
volume of 5 or 10 1 in order to check the success of these
injection techniques. The dye was always seen throughout the
ventricular system 10 min after i.c.v. injection, suggesting
that drugs, administered by this route, could be expected to
exert effects in both the higher and lower brain. At 10 and
60 min after i.cist. injection, a high concentration of the dye
was found in the area surrounding the cisterna magna and
the ventral surface of the brainstem, while a very low concen-
tration of the dye was found in the fourth, third and lateral
ventricles. Therefore, drugs, administered by this route,

would be expected to reach brainstem regions such as the
nucleus reticularis paragigantocellularis (NRPG) and nucleus
reticularis gigantocellularis (NRGC) that are highly sensitive
to Met-Enk and KTP (Takagi, 1980; 1982; Satoh et al.,
1985). In our preliminary experiments, anti-KTP serum,
when administered i.cist. 60 min, but not 30, 20 and 10 min,
before i.cist. injection of L-Arg, abolished L-Arg (i.cist.)-
induced antinociception. Thus, it appears to take about
60 min for the antibody to reach the effective site of L-Arg in
the lower brain. Therefore, anti-KTP serum was administered
i.cist. 60 min before i.c.v. or i.cist. injections of drugs in the
present study.
We previously demonstrated that the antinociception in-

duced by i.c.v. KTP is reversed by s.c. naltrindole, a 6-
receptor antagonist, and by i.c.v. Leu-Arg, a KTP receptor
antagonist (Kawabata et al., 1992b). In this study, however,
i.cist. preadministration of anti-KTP serum abolished the
antinociceptive effects of i.cist. but not i.c.v. KTP, suggesting
that KTP receptors existing in the higher brain predom-
inantly contribute to the production of the effect of i.c.v.
KTP. I.c.v. administration of KTP, at a dose of 5 pg per
mouse, may not be adequate to increase its concentration in
the lower brain to a level sufficient to activate KTP receptors,
since KTP is easily degraded by aminopeptidase and kyotor-
phinase in the brain (Ueda et al., 1985; Akasaki et al., 1991;
Orawski et al., 1992). By contrast, the antinociceptive effects
of either i.c.v. or i.cist. L-Arg were inhibited by i.cist. pread-
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ministration of anti-KTP serum, thereby suggesting the
involvement of KTP formation in the lower brain. In support
of this finding, the activity of KTP synthetase in the lower
brain regions such as the midbrain and medulla oblongata is
much higher than that in the higher brain regions (Ueda et
al., 1987b). Taken together with the antagonism of L-Arg-
induced antinociception by naloxone, naltrindole or Leu-Arg
(Kawabata et al., 1992a,b; 1993), we propose the antinocicep-
tive mechanism of L-Arg is as follows: exogenously (i.c.v. and
i.cist) applied L-Arg is effectively utilized for KTP synthesis
by KTP synthetase in the lower brain, especially the brain-
stem, and subsequently KTP released in response to nocicep-
tive stimuli enhances Met-Enk release via KTP receptors,
resulting in antinociception through the activation of 6-
opioid receptors. Furthermore, the above results imply a
specific distribution of KTP receptors and KTP synthetase in
the brain. In addition to KTP synthetase, KTP can also be
formed by a Ca2'-activated processing enzyme from a
precursor protein (Yoshihara et al., 1988; 1990). In the
higher brain, therefore, this processing enzyme rather than
KTP synthetase may be primarily responsible for KTP for-
mation.
The findings that i.cist. KTP-induced antinociception

disappeared in reserpinized mice and was abolished by i.t.
phentolamine and by i.t. methysergide, suggest involvement
of the brainstem-spinal noradrenergic and 5-hydroxytrypta-
minergic pathways in the induction of this effect. However,
the antinociception produced by i.c.v. and by i.cist. L-Arg
was inhibited by i.p. reserpine or i.t. phentolamine but not by
i.t. methysergide, suggesting involvement of the brainstem-
spinal noradrenergic but not 5-hydroxytryptaminergic path-
ways. The spinally projecting noradrenaline neurones origi-
nate primarily from pontine Al or A7 cell groups. The
NRPG and NRGC, which may be innervated by the peria-
queductal gray matter (PAG) neurones, provide the major
innervation of the descending noradrenergic system (Takagi,
1980; 1982; Kuraishi et al., 1987; Clark & Proudfit, 1991;
Yeomans et al., 1992). In contrast, the spinally projecting
5-HT neurones originate in the nucleus raphe magnus

(NRM) which are also innervated by PAG neurones (Takagi,
1982; Besson & Chaouch, 1987). Therefore, KTP synthetase-
containing neurones appear to be localized mainly in the
brainstem regions such as NRPG and NRGC that innervate
the descending noradrenergic system. In the regions inner-
vated by the descending 5-hydroxytryptaminergic neurones,
KTP may be formed predominantly by the processing
enzyme from a precursor protein but not by the synthetase.
We found that i.c.v. KTP-induced antinociception was

resistant to i.p. reserpine, i.t. phentolamine or i.t. methyser-
gide; this is compatible with the finding that i.cist. anti-KTP
serum failed to antagonize the effect of i.c.v. KTP. These
results suggest the presence of an antinociceptive mechanism
independent of the brainstem-spinal monoaminergic systems.
The antinociceptive effect of i.c.v. KTP is mediated by KTP
receptors and by 6-opioid receptors, as indicated previously
(Kawabata et al., 1992b). It is unlikely that the opioid
neurones, activated by i.c.v. KTP, directly innervate the
spinal dorsal horn, contributing to antinociception, since i.t.
administration of naloxone at 10 ng per mouse did not
exhibit a significant inhibitory effect (data not shown). There
is evidence for an ascending inhibitory system from the
brainstem to the thalamus (Koyama & Yokota, 1993). KTP
may activate this inhibitory system, thereby causing an
inhibition of transmission of noxious input at the thalamus
level.

Based upon the above evidence, we proposed a working
hypothesis concerning the antinociceptive mechanisms of L-
Arg and KTP in the CNS (Figure 5). A detailed analysis of
the regional distribution of KTP receptors and KTP syn-
thetase in the brain is necessary to confirm the proposed
mechanism.

We are grateful to Dr H. Shiomi and Dr A. Nakamura (Fukuyama
Univ., Japan) for the generous gift of anti-kyotorphin serum. This
paper is the seventh on 'Pain modulation by neuroactive amino
acids'.
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Effects of bosentan (Ro 47-0203), an ETA-, ETB-receptor
antagonist, on regional haemodynamic responses to endothelins
in conscious rats

'S.M. Gardiner, P.A. Kemp, J.E. March & T. Bennett

Department of Physiology and Pharmacology, University of Nottingham Medical School, Queen's Medical Centre, Nottingham
NG7 2UH

1 Regional haemodynamic responses to endothelin (ET)-I, -2 and -3 and big ET-1 (all at
500 pmol kg-') were assessed in the same conscious Long Evans rats (n = 8) in the absence or presence
of the mixed ETA-, ETB-receptor antagonist, Ro47-0203 (bosentan; 30mgkg-').
2 Bosentan blocked the initial depressor, tachycardic and hindquarters hyperaemic vasodilator effects
of ET-1, -2 and -3, and substantially curtailed the primary renal and secondary hindquarters vasocon-
strictor responses. Bosentan did not inhibit the initial mesenteric vasoconstrictor action of ET-1, but
reduced the duration of the later mesenteric vasoconstriction. In contrast, bosentan delayed the rate of
onset, and reduced the duration, of the mesenteric vasoconstrictor actions of ET-2 and ET-3. The most
likely explanation of this finding is that ET-1, but not ET-2 or ET-3, triggered a covert mesenteric
vasodilator mechanism which was antagonized by bosentan.
3 Bosentan blocked all the effects of big ET-1, and, in a separate group of rats (n = 7), blocked all the
haemodynamic effects of a lower dose of ET-l (50 pmol kg-'), with the exception of a slight mesenteric
vasoconstriction.
4 The most straightforward explanation of the results is that the major haemodynamic effects of ET-1,
-2 and -3, and all the effects of big ET-1, are mediated through ETA- and/or ETB-receptors that are

effectively antagonized by bosentan.
Keywords: ETA-receptors; ETB-receptors; endothelins; big endothelin-1; bosentan

Introduction

Recent findings indicate that, while exogenous endothelin
(ET)-l, and its analogues elicit initial depressor and vaso-
dilator effects by activating ETB-receptors, the subsequent
pressor and vasoconstrictor actions of these peptides may
involve both ETA- and ETB-receptors (Hiley et al., 1989;
Randall, 1991; Bigaud & Pelton, 1992; Clozel et al., 1992;
Gardiner et al., 1992b; Moreland et al., 1992; Cristol et al.,
1993; McMurdo et al., 1993; Warner et al., 1993).
These obervations raise the possibility that selective ETA-

receptor antagonists would be less useful than non-selective,
ETA-, ETB-receptor antagonists in pathophysiological condi-
tions in which impairment of regional blood flow was due to
endogenous endothelin(s) (see Battistini et al., 1993, for
review). Recently, Clozel et al. (1993) demonstrated the
ability of the non-selective ETA-, ETB-receptor antagonist,
Ro 46-2005 (4-tert-butyl-N- [6-(2-hydroxy-ethoxy)-5-(3-meth-
oxy-phenoxy)-4-pyrimidinyl]-benzenesulphonamide), to inhi-
bit the decrease in renal blood flow following renal
ischaemia, and also the cerebral vasospasm following
subarachnoid haemorrhage in anaesthetized rats. In those
models, Ro 46-2005 was without effect on systemic arterial
blood pressure. However, Ro 46-2005 at a dose of 100 mg
kg-I caused a prolonged fall (30-40 mmHg) in mean arterial
blood pressure in conscious, frusemide-treated, squirrel
monkeys. Collectively, these results indicate that endogenous
ETs may contribute to vasospasm in pathological conditions,
and to the maintenance of mean arterial blood pressure in
sodium depletion. However, at present, no data are available
regarding the ability of non-selective ETA-, ETB-receptor
antagonists to influence the regional haemodynamic actions
of ETs.

Therefore, in the present work, we assessed regional

' Author for correspondence.

haemodynamic responses to ET-1, ET-2 and ET-3, and big
ET-1 in the absence and presence of the non-peptide, non-
selective, ETA-, and ETB-receptor antagonist, bosentan (i.e.,
Ro 47-0203; 4-tert-butyl-N-[6-(2-hydroxy)-ethoxy)-5-(2-meth-
oxy-phenoxy)-2, 2'-bipyrimidin-4yl] -benzenesulphonamide)
(Clozel et al., 1994).

Methods

Male Long Evans rats (350-450 g), bred in the Biomedical
Services Unit, Queen's Medical Centre, Nottingham, were
chronically instrumented with pulsed Doppler flow probes
(renal, mesenteric and hindquarters) and intravascular cath-
eters as described in detail previously (Gardiner et al., 1991;
1992a). All surgery was carried out under sodium methohex-
itone anaesthesia (Brietal, Lilly; 40-60 mgkg-', i.p., supp-
lemented as required). Experiments were not begun until at
least 24 h after the last surgical intervention.
One group of animals (n = 8) was randomized to receive

i.v. bolus doses of ET-1, ET-2, ET-3 and big ET-1 (all at
500 pmol kg-') on separate experimental days, before and
5 min after i.v. bolus injection of bosentan (30 mg kg-'). The
peptide injections on any experimental day were separated by
at least 7 h; in pilot experiments we determined that repeated
peptide injections at this interval evoked reproducible res-
ponses. The dose of the peptides was based on preliminary
experiments showing that it evoked reproducible responses
with respect to all components (see Results); the dose of
bosentan was based on previous studies (Clozel et al., 1994).
Since bosentan did not abolish all the effects of the peptides
(see Results), in a second group of animals (n = 7), responses
to ET-1 at a 10 fold lower dose, i.e., 50pmol kg-', were
assessed before and 5 min after i.v. bolus injection of bosen-
tan.

'." Macmillan Press Ltd, 1994
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Data analysis

During an experimental run, continuous recordings were
made of instantaneous heart rate, and mean and phasic
arterial blood pressure and Doppler shift signals. Vascular
conductance was calculated (mean Doppler shift divided by

mean arterial blood pressure), and changes in all variables
relative to baseline were used to assess responses to peptides.
For ET-1, ET-2 and ET-3 at 500 pmol kg-', measurements
were made at 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30
and 60 min after injection. For big ET-1, measurements were
made 1, 2, 3, 4, 5, 10, 15, 20, 25, 30 and 60 min after

Table 1 Resting cardiovascular variables in the two groups of conscious, Long Evans rats studied

Group I

Heart rate (beats min-')
Mean arterial blood pressure (mmHg)
Renal Doppler shift (kHz)
Mesenteric Doppler shift (kHz)
Hindquarters Doppler shift (kHz)
Renal vascular conductance ([kHzmmHg-']103)
Mesenteric vascular conductance ([kHzmmHg-']103)
Hindquarters vascular conductance ([kHzmmHg-']103)

324± 10
96 ± 3
6.8 ± 0.8
6.6 ± 0.5
4.0 ± 0.2
72± 10
70 ± 6
42 ± 3

Group 2

301 ± 4
100 ± 1
5.6 ± 0.6
6.2±0.5
3.5 ± 0.3
56 ± 6
62±4
35 ± 3

Group 1 (n = 8) were those that received ET-1, ET-2, ET-3 and big ET-1 at 500 pmol kg '. Group 2 (n = 7) were given ET-1 at
50 pmol kg-' only. Values are mean ± s.e.mean.
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injection. Responses to peptides were assessed by applying
Friedman's test to the changes relative to the preinjection
baseline; responses in the absence and presence of bosentan
were compared by applying Wilcoxon's ranks sums test to
integrated responses (areas under or over curves AUCO-60
min, AOCO-60min, respectively). The same procedures were
followed with the lower dose of ET-1 (50 pmol kg-'), except
that measurements were made only up to 10 min post-
injection, since most variables were back to baseline levels by
then. A P value <0.05 was taken as significant.

Peptides and drugs

ET-1, ET-2, ET-3 and big ET-1 were obtained from the
Peptide Institute (Osaka, Japan), through their UK agents
(Scientific Research Associates). Peptides were dissolved in
saline containing 1% bovine serum albumin (Sigma, U.K.),
and injected in a volume of 0.1 ml, flushed in with 0.1 ml
saline. Bosentan (sodium salt) was synthesized at F. Hoffman
- LaRoche Ltd., Basel Switzerland; it was dissolved in sterile
water (60 mg ml-') and injected in a volume of 0.2 ml,
flushed in with 0.1 ml saline.

Results

Resting cardiovascular variables in the two groups of rats
studied are shown in Table 1.

Responses to ET-J in the absence and presence of
bosentan

High dose ET-J ET-1 (500 pmol kg-') caused an initial fall
in mean arterial blood pressure, and a tachycardia, accom-
panied by reductions in renal and mesenteric flows and
conductances, but an increase in hindquarters flow and con-
ductance (Figure 1, Table 2). Thereafter, there were pressor
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and bradycardic effects associated with reductions in renal,
mesenteric and hindquarters flows and vascular conductances
(Figure 1, Table 2).
When bosentan was injected, the majority of animals

showed an alerting response and motor activity (such effects
were not seen with vehicle injection). The motor activity was
accompanied by a transient (less than 5 min) rise in heart
rate and mean arterial blood pressure, but no reductions in
regional blood flows. Hence, the pressor effect of bosentan
was probably due to an activity-induced increase in cardiac
output, and clearly was not an agonistic effect of the drug at
ET-receptors, consisent with the findings of Clozel et al.
(1994).

In the presence of bosentan, the initial depressor and
tachycardic, and the hindquarters hyperaemic vasodilator
effects of ET-1, were abolished (Figure 1, Table 2). Although
the early (within 1 min) renal vasoconstrictor effect of ET-l
was attenuated (+ bosentan, A maximum vascular conduc-
tance = - 15 ± 3 kHz mmHg-'103;-bosentan, A maximum
= -49 ± 8 kHz mmHg' 103), the mesenteric vasoconstrictor
response was not (Figure 1); however, the subsequent renal,
mesenteric and hindquarters vasoconstrictor effects of ET-1,
together with its pressor and bradycardic actions were all
attenuated by bosentan (Figure 1, Table 2). Nevertheless, in
the presence of bosentan, ET-1 still exerted significant car-
diovascular effects (Figure 1).

Low dose ET-J In the absence of bosentan, the 50 pmol
kg-' dose of ET-1 did not cause an initial depressor effect,
and there was only a slight tachycardia (Figure 2). However,
there were early increases in hindquarters flow and vascular
conductance, in association with reductions in renal and
mesenteric flows and vascular conductances (Figure 2, Table
3). Subsequently, there was a rise in mean arterial blood
pressure and a bradycardia, together with a slight hind-
quarters vasoconstriction, but this was not accompanied by a
reduction in flow (Figure 2, Table 3).

In the presence of bosentan, the pressor, bradycardic and
renal and hindquarters haemodynamic effects of ET-1 were
abolished. However, there were still significant, albeit slight,
reductions in mesenteric flow and vascular conductance
(Figure 2, Table 3).

Responses to ET-2 in the absence and presence of
bosentan

Although the pattern of haemodynamic changes evoked by
ET-2 (Figure 3) was similar to that of ET-I (Figure 1), the
initial depressor, tachycardic and hindquarters hyperaemic
vasodilator effects of ET-2 were significantly less than those
of ET-l (Table 2; compare Figures 1 and 3), as was the
initial renal vasoconstrictor effect (ET-2, A vascular conduc-
tance at 15 s =-9± 9 kHz mmHg' 103; ET-1=-29±2
kHz mmHg-'103). However, the initial mesenteric vasocon-
strictor effect of ET-2 (A vascular conductance at 15 s
=- 45 ± 5 kHz mmHg'103) was significantly greater than

Table 3 Integrated (AUC or AOC) cardiovascular responses to
same conscious, Long Evans rats (n = 7)

that of ET-l (-6 ± 9 kHz mmHg'103) (compare Figures 1
and 3). The subsequent pressor, bradycardic, and renal and
mesenteric vasoconstrictor effects of ET-2 were less sustained
than those of ET-1, and hence the integrated responses were
smaller (Table 2).

In the presence of bosentan, the initial depressor effect of
ET-2 was abolished, and there was no significant tachycardia,
but since the responses in the absence of bosentan were
small, there was no statistically significant effect of bosentan
(Table 2). Likewise, the attentuation by bosentan of the
initial hyperaemic hindquarters vasodilator response to ET-2
did not reach significance (Figure 3, Table 2). However, the
early renal vasoconstriction was abolished, and the initial
mesenteric vasoconstriction was attenuated ( + bosentan, A
vascular conductance at 15 s = - 14 ± 4 kHz mmHg- I 103)
(Figure 3), and bosentan also reduced the durations of the
renal and mesenteric vasoconstriction, and abolished the
delayed hindquarters vasoconstriction (Figure 3, Table 2).

Responses to ET-3 in the absence and presence of
bosentan

The profile of haemodynamic effect of ET-3 (Figure 4) was
similar to that of ET-2 and ET-1, but compared to the latter,
the initial tachycardia and hindquarters vasodilator actions
of ET-3 were less (Table 2). Moreover, there was a significant
difference between the early change in renal vascular conduc-
tance evoked by ET-3 (A vascular conductance at 15 s
= 7±4kHz mmHg-103) and that seen with ET-1 (above),
whereas the early mesenteric vasoconstrictor effect of ET-3
(A vascular conductance at 15s= -41 ±9 kHz mmHg-'
103) was greater than that of ET-1 (above) (compare Figures
4 and 1). The durations of the pressor, bradycardic, renal
vasoconstrictor effects, but not the mesenteric vasoconstrictor
effect of ET-3, were less than those of ET-1 (Figure 4, Table
2).

Bosentan abolished the initial depressor and tachycardic
effects of ET-3 (Figure 4, Table 2) and attenuated the early
renal and mesenteric vasoconstrictions (renal, A vascular
conductance at 1 min, + bosentan A = - 10 ± 2 kHz mm-
Hg-' 103i; - bosentan = -46 ± 5 kHz mmHg-' 103; mesen-
teric, A vascular conductance at 15 s, + bosentan = - 19 ± 3
kHz mmHg-' 103; - bosentan = -41 ± 9 kHz mmHg-' 103
(Figure 4, Table 2). Bosentan attenuated the subsequent
pressor and bradycardic effects of ET-3, reduced the duration
of the renal and mesenteric vasoconstrictor responses, and
abolished the delayed hindquarters vasoconstrictor action of
ET-3 (Figure 4, Table 2).

Response to big ET-J in the absence and presence of
bosentan

Big ET-l evoked a slowly-developing pressor and bradycar-
dic effect, accompanied by renal, mesenteric and hindquarters
vasoconstrictions (Figure 5, Table 2). Big ET-l thus differed
from ET-1 in the absence of an initial depressor, tachycardic

ET-1 (50 pmol kg-') in the absence or presence of bosentan in the

ET-1
- bosentan + bosentan

Heart rate (AUC, beats)
Heart rate (AOC, beats)
Mean BP (AUC, mmHgmin)
Renal conductance (AOC, [kHzmmHg-']103min)
Mesenteric conductance (AOC, [kHz mmHg'1]103 min)
Hindquarters conductance (AUC, [kHzmmHg-']103min)
Hindquarters conductance (AOC, [kHzmmHg-']103min)

14±3
191 ± 41
110± 19
157 ± 32
205 ± 34
10± 2
38± 12

13 ± 5
109 ±45t
10 ± 5t
16±8t
41 ±7t
4± 1
4± 2t

Values are mean ± s.e.mean; tP <0.05 versus corresponding response in the absence of bosentan. The heart rate and hindquarters
vascular conductance responses were biphasic.
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Figure 3 Cardiovascular responses to endothelin-2 (ET-2, 500 pmol kg-') in the absence (0) or presence (A) of bosentan
(30 mg kg-') in the same conscious, Long Evans rats (n = 8). Values are mean ± s.e.mean; *JP< 0.05 versus baseline. Statistics for
the differences between the responses in the absence and presence of bosentan are given in the text and Table 2.

and hindquarters vasodilator phase, although at a higher
dose (1O nmol kg-'), big ET-1 has such effects (Gardiner et
al., 1991). The integrated pressor and bradycardic, and
mesenteric vasoconstrictor effects of big ET-1 were not
different from those of ET-1, but the latter had greater renal
vasoconstrictor and lesser hindquarters vasoconstrictor act-
ions than did big ET-l (Figure 5, Table 2).

Bosentan abolished the pressor, and renal, and hind-
quarters vasoconstrictor effects of big ET-1 (Figure 5, Table
2). In the presence of bosentan there were slight, delayed falls
in mean arterial blood pressure and mesenteric flow and
vascular conductance following administration of big ET-1
(Figure 5, Table 2).

Discussion

The major objectives of the present work were to assess the
effectiveness of bosentan as an antagonist of the regional
haemodynamic actions of ET-1, -2 and -3 and big ET-1 in
conscious rats and, in so doing, to determine if there were

residual responses to the peptides in the presence of bosen-
tan, consistent with involvement of non-ETA-, non-ETB-
receptors.

Effects of bosentan on responses to ET-J

At a dose of 500 pmol kg-', ET-l elicited a marked initial
hypotension, tachycardia and increases in hindquarters flow
and vascular conductance; all these effects were blocked by
bosentan. Furthermore, in the same experimental model, we

have found that the ETA-receptor antagonist, FR 139317, has
no influence on these initial responses to ET-1 (Bennett et al.,
1993). Thus, these results, together, are consistent with an

exclusive mediation of the hypotensive and hindquarters
hyperaemic vasodilator effects of ET-l by ETB-receptors; it is
likely that the tachycardia was a reflex response to the
hypotension (Gardiner et al., 1990a).
Although bosentan clearly attenuated the early renal

vasoconstrictor effect of ET-1 at a dose of 500 pmol kg-', it
tended to enhance the initial vasoconstrictor response in the
mesenteric vascular bed. However, examination of the
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Figure 4 Cardiovascular responses to endothelin-3 (ET-3, 500 pmol kg-') in the absence (0) or presence (A) of bosentan
(30 mg kg- ') in the same conscious, Long Evans rats (n = 8). Values are mean ± s.e.mean; *P< 0.05 versus baseline. Statistics for
the differences between the responses in the absence and presence of bosentan are given in the text and Table 2.

changes in the arterial blood pressure and mesenteric blood
flow showed that this was due to bosentan blocking a covert
vasodilator component in this vascular bed that was acting to
oppose the vasoconstrictor effect of ET-1. This interpretation
is consistent with the finding that ET-l at a dose of
50 pmol kg-' had a rapid onset, mesenteric vasoconstrictor
effect, that was clearly inhibited by bosentan. These observa-
tions indicate that, at a dose of 50 pmol kg-', ET-1 had a
preferential mesenteric vasoconstrictor action, while at a dose
of 500 pmol kg-' addition mesenteric vasodilator mech-
anisms were activated by ET-1. It is feasible that the different
pattern of haemodynamic changes in mesenteric and hind-
quarters vascular beds in response to ET-1, and the effect of
bosentan thereupon, reflected different distributions of ETA-
and ETB-receptors in the two vascular beds.

It is difficult to argue that bosentan more effectively
blocked ETB- than ETA-receptors, if the latter predominate
and, when activated, produce effects that oppose those due to
ETB-receptor stimulation. By the same token, it is not possi-
ble, straightforwardly, to quantitate the effectiveness of
bosentan in blocking the pressor and vasoconstrictor effects

of ET-1, since, in the absence of bosentan, these actions were
functionally antagonized by the depressor and vasodilator
responses to ET-1 (Clozel et al., 1994). Nonetheless, it was
clear that bosentan markedly attenuated the pressor, and
renal, mesenteric and hindquarters vasoconstrictor effects of
ET-1 at a dose of 500 pmol kg-'. Because, in the latter
vascular bed, there was no reduction of flow in the presence
of bosentan, it is possible that the vasoconstriction was an
autoregulatory response to the rise in the perfusion pressure.
Although bosentan clearly shortened the duration of the

pressor and vasoconstrictor effects, and diminished the max-
imum responses to ET-1 at a dose of 500 pmol kg-',
significant responses remained. It is feasible that these were
due to the involvement of receptors other than those of the
ETA- or ETB-receptor subtype (see Huggins et al., 1993, for
review). However, since bosentan is a competitive antagonist
(Clozel et al., 1994) it is possible that the dose of bosentan
was insufficient to inhibit fully the haemodynamic effects of
this high dose of ET-1. Therefore, we assessed the effect-
iveness of bosentan against a lower dose of ET-1 (50 pmol
kg-'). Under these conditions, bosentan blocked all the
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Figure 5 Cardiovascular responses to big endothelin-l (big ET-1, 500 pmol kg-') in the absence (0) or presence (A) of bosentan
(30 mg kg-') in the same conscious, Long Evans rats (n - 8). Values are mean ± s.e.mean; *P<0.05 versus baseline. Statistics for

the differences between the responses in the absence and presence of bosentan are given in the text and Table 2.

effects of ET-1, except for small reductions in mesenteric flow
and vascular conductance. Thus, it seems likely that the
majority of the effects of ET-l were mediated through ETA-
and/or ETB-receptors. However, we cannot dismiss an action
of bosentan at other subtypes of ET receptors, in addition to
ETA- or ETB-receptors. As mentioned above, it is feasible
that, particularly at a dose of 500 pmol kg-', ET-1 activated
other ET-receptor subtypes in addition to ETA- and ETB-
receptors. Such a possibility is consistent with the finding that
the maximum bradycardic effect of ET-1 was less inhibited
by bosentan than was its maximum pressor effect (see Tables
2 and 3). Since the chronotropic actions of ET-l are blocked
by atropine and atenolol (Gardiner et al., 1990a), it is feasi-
ble that any putative, non-ETA-, non-ETB-receptor-mediated
influence of ET-1 on heart rate might be mediated through
modulating cardiac autonomic control, possibly by an effect
on baroreflex sensitivity.

Effects of bosentan on responses to ET-2 or ET-3

ET-2 and ET-3 had smaller initial depressor and hind-
quarters vasodilator effects than ET-1. Furthermore, they

had more rapid onset vasoconstrictor actions in the mesen-
teric vascular bed than did ET-1, although this was not the
case in the renal vascular bed. Thus, with the exception of
the latter, we here, and previously (Gardiner et al., 1990b,
c,d), have not found in vivo functional evidence for more
effective activation of vasodilator mechanisms, by ET- 3 or
ET-2, than by ET-1.

In the majority of instances there was no evidence
indicating that bosentan was less effective at inhibiting the
actions of ET-2 or ET-3 than those of ET-1. Hence, our
results are generally consistent with the proposal that the
majority of the effects of ET-1, -2 and -3 are mediated
through ETA- and/or ETB-receptors. The one apparent excep-
tion was the hindquarters hyperaemic vasodilator responses
to ET-2 and ET-3 which, unlike those to ET-1, were not
completely blocked by bosentan. However, these responses
were so small their functional significance is doubtful.

Effects of bosentan on responses to big ET-J

All the effects of big ET-1 over the first Omin after its
administration were blocked by bosentan. Subsequently, even
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in the presence of bosentan, there were slight reductions in
mean arterial blood pressure and renal and mesenteric flows,
and mesenteric vascular conductance. Considering the time
course of these changes, it is likely they were due to the
waning of the initial effects of bosentan (see Results), rather
than to residual actions of big ET-1 in the presence of
bosentan. Since bosentan so effectively blocked all the actions
of big ET-1, it seems likely that the latter exerts its effects
through ETA- and/or ETB-receptors. While this probably
occurs after the local conversion of big ET-1 to ET-1 (Gar-
diner et al., 1991), it has been suggested that unprocessed big
ET-1 may also exert haemodynamic effects (Douglas &
Hiley, 1991). If this is the case, then these actions appear to
be mediated through ETA- and/or ETB-receptors, or possibly
through another ET-receptor subtype that is antagonized by
bosentan. Although it is theoretically possible that bosentan
could have inhibited the haemodynamic effects of big ET-1

by preventing the generation of ET-1, Clozel et al. (1994)
have reported that bosentan does not inhibit endothelin con-
verting enzyme.

In conclusion, bosentan is an effective antagonist of the in
vivo haemodynamic effects of ET-1, -2 and -3, and big ET-1
in conscious rats. Since previous studies have shown bosen-
tan has no effect on responses to many substances, including
catecholamines, prostanoids, angiotensin and vasopressin
(Clozel et al., 1994), this compound will be a powerful tool
for discerning the putative role of endothelins in cardiovas-
cular pathophysiology.

We are extremely grateful to Dr Martine Clozel (F. Hoffmann
LaRoche Ltd.) for the gift of bosentan, and for useful discussions of
the work herein.
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Contribution of both nitric oxide and a change in membrane
potential to acetylcholine-induced relaxation in the rat small
mesenteric artery

Gareth J. Waldron & 'Christopher J. Garland

Department of Pharmacology, University of Bristol, University Walk, Bristol BS8 lTD

1 Acetylcholine stimulated repolarization and relaxation in isolated segments of rat small mesenteric
artery (D100 = 325 ± 9 1tm) in which the smooth muscle cells were depolarized and contracted by
submaximal concentrations of noradrenaline (0.75-2.5 JLM). There was no significant difference either in
the time taken to initiate relaxation or hyperpolarization, or for these parameters to reach maximum in
response to acetylcholine.
2 The nitric oxide synthase inhibitor, NG-nitro L-arginine methyl ester (L-NAME, 100 tiM) reduced the
pD2 for acetylcholine-induced relaxation from 7.5 to 7 and depressed the maximum relaxation from
89% to 68% in tissues stimulated with noradrenaline. The pD2 for smooth muscle repolarization in
these experiments was also reduced (7.4 to 6.6) but the maximum change in membrane potential in
response to acetylcholine was unaltered. The increase in potential now clearly preceded relaxation by
3.7 s (to initiation) and 4.7 s (to maximum).
3 In the presence of noradrenaline and a raised potassium concentration (25 mM), the repolarization to
acetylcholine was markedly attenuated. Simultaneous tension measurements also revealed a marked
reduction in the maximal relaxation to acetylcholine, but the pD2 was unchanged at 7.4.
4 The residual relaxation recorded in the absence of marked repolarization (in the presence of
noradrenaline and 25 mM potassium) was abolished by the addition of 100 fLM L-NAME.
5 Nitric oxide gas in solution (0.2-2.2 I.M; NOg) relaxed artery segments precontracted with
noradrenaline. The magnitude of relaxation to NOg was not altered in the presence of noradrenaline and
25 mM potassium.
6 These data provide additional evidence that acetylcholine-evoked endothelium-dependent increases in
membrane potential provide a major mechanism for smooth muscle relaxation in the mesenteric artery.
They also show that voltage-dependent and independent (initiated by NO) mechanisms can both
contribute to relaxation, and suggest that NO may modulate the increase in membrane potential or the
release of a hyperpolarizing factor.

Keywords: Vascular smooth muscle; endothelial cells; nitric oxide; EDHF; mesenteric artery

Introduction

Acetylcholine and related cholinomimetics stimulate endothe-
lium-dependent smooth muscle relaxation which is associated
with membrane hyperpolarization (Bolton et al., 1984; Chen
et al., 1988; Feletou & Vanhoutte, 1988; Brayden, 1990;
McPherson & Angus, 1991; Garland & McPherson, 1992;
Rand & Garland, 1992). The smooth muscle hyperpolariza-
tion, like the relaxation, is apparently mediated by the release
of a diffusible factor (Feletou & Vanhoutte, 1988; Chen et
al., 1991). Whether or not nitric oxide (NO), which is, or is
very closely related to, endothelium-derived relaxant factor
(EDRF), contributes to the membrane potential change in
some arteries is not clear. In the rat aorta and pulmonary
artery, the hyperpolarization to acetylcholine was not block-
ed by either oxyhaemoglobin or methylene blue, while relaxa-
tion was reduced. These data indicated the involvement of a
distinct hyperpolarizing factor (EDHF) released at the same
time as NO (Chen et al., 1988; Taylor & Weston, 1988). This
suggestion was supported by the failure of exogenous nitric
oxide to induce smooth muscle hyperpolarization in concen-
trations which induced marked relaxation in a number of
vascular preparations (Komori et al., 1988; Huang et al.,
1988; Brayden, 1990; Rand & Garland, 1992; Plane & Gar-
land, 1993), and the insensitivity of acetylcholine-induced
hyperpolarization or repolarization to the action of nitric
oxide synthase inhibitors in some arteries (Chen et al., 1991;
Nagao & Vanhoutte, 1991; Garland & McPherson, 1992).

' Author for correspondence.

In the rat small mesenteric artery, we recently presented
evidence against a role for NO in the smooth muscle hyper-
polarization and repolarization to acetylcholine (Garland &
McPherson, 1992). Although exogenous NO caused gliben-
clamide-sensitive hyperpolarization in unstimulated smooth
muscle cells, this effect was blocked by prior depolarization,
while the membrane potential change to acetylcholine was
not sensitive to glibenclamide and was increased in mag-
nitude by prior depolarization. In addition, the hyper-
polarization (in unstimulated arteries) and the repolarization
and relaxation (in noradrenaline-stimulated arteries) to acet-
ylcholine were not markedly altered by either the NO-
synthase inhibitor, nitro-L-arginine, or by oxyhaemoglobin.
While these results argue strongly against NO having a
significant role in the membrane potential increases to acetyl-
choline, the possibility remains that NO does contribute to
the smooth muscle relaxation. If NO and a hyperpolarizing
factor are released simultaneously in response to acetyl-
choline, they may act in parallel to cause relaxation by
different mechanisms, one independent of a change in mem-
brane potential, the other dependent upon a change. Even if
the production of NO were completely blocked, marked
relaxation could still be caused by increases in membrane
potential. To study the possibility that NO contributes to
relaxation it is therefore necessary to block the increases in
membrane potential. Endothelium-dependent hyperpolariza-
tion reflects an increase in smooth muscle potassium conduc-
tance and can be abolished by raising the external potassium

17" Macmillan Press Ltd, 1994
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concentration (Taylor & Weston, 1988; Chen & Suzuki, 1989;
Nagao & Vanhoutte, 1991).

In the present experiments, we have investigated the pos-
sibility that both NO and increases in smooth muscle mem-
brane potential contribute to the endothelium-dependent
relaxation that is induced by acetylcholine in the rat small
mesenteric artery. Some of the results have been presented in
preliminary form at the Cambridge meeting of the British
Pharmacological Society (Waldron et al., 1993).

Preparation of nitric oxide solution

One ml of 99% nitric oxide gas was injected, using a gas
tight syringe, into a gas tight ampoule containing 100 ml of
PSS which had been bubbled with research grade helium
(BOC) for 45-60 min. Nitric oxide solution (NOg) was then
injected into the tissue chamber in volumes of 10-100;Ll,
with a gas tight syringe. Control injections of helium gassed
PSS were always performed to assess the extent of potential
injection artifacts.

Methods

Sprague-Dawley rats of either sex (approximately 300 g) were
stunned and killed by cervical dislocation. The mesentery was
removed and placed in physiological salt solution (PSS) at
room temperature. A segment of a third order branch of the
superior mesenteric artery was carefully removed and cut
into cylindrical segments 1-2 mm in length. Segments were
then mounted in a tissue chamber for recording simultaneous
changes in smooth muscle membrane potential and tension,
as previously described (Garland, 1987). Briefly, two tungsten
wires (each of 25 gm diameter) were passed through the
segment's lumen and each wire attached to a small plastic
foot. One foot was coupled to an isometric force transducer
(Harvard Biosciences, 52-9529) and the other to a microdrive
(Prior, code 71). After 60 min equilibration, a passive
diameter-tension curve was constructed, from which the
effective transmural pressure was calculated. The segment
was then set at a tension equivalent to that generated at 0.9
times the diameter of the vessel at 100 mmHg (D1oo; Mulvany
& Halpern, 1977). The segment was superfused (at 3-5 ml
min') with PSS which had been gassed with a mixture of
95% 02/5% CO2 and warmed to 37C. Concentration-re-
sponse curves were constructed from responses to cumulative
concentrations of acetylcholine in segments precontracted to
noradrenaline (0.25-2.5 AM). Nitric oxide synthase blocking
drugs increase the size of contraction to a given concentra-
tion of spasmogen (Cocks & Angus, 1991). Thus, in
experiments in which N0-nitro L-arginine methyl ester (L-
NAME) was present, the concentration of noradrenaline was
decreased in an attempt to maintain impalements and obtain
a similar level of tone compared to the experiments in which
L-NAME was absent. Where this was not successful, control
experiments were performed in which similar levels of tone
were induced. All drugs were equilibrated with the super-
fusate before it entered the tissue chamber apart from nitric
oxide gas - PSS containing the gas (usually 10-100 Al) was
injected close to the artery segment from a gas-tight syringe.

Electrophysiology

Measurement of smooth muscle membrane potential was
made with a glass microelectrode, advanced through the
adventitial surface of the artery segment. The electrodes were
filled with 2 M KCl and had resistances of 80-120 MQ.
Membrane electrical events were recorded through a high-
input impedance d.c. preamplifier (Neurolog NL102G) and
digitized, together with data from the isometric transducer,
and stored on disc.

Solutions and drugs

Experiments were performed in physiological salt solution
(PSS) of the following composition (mM): NaCl 119,
NaHCO3 25, KCI 4.7, MgSO4 1.2, CaCl2 2.5, disodium
EDTA0.027 and glucose 11.
Drugs used were acetylcholine chloride (BDH); (-)-

noradrenaline bitartrate (arterenol, Sigma); N0-nitro L-
arginine methyl ester (Sigma); nitric oxide gas (research
grade, BDH).

Analysis of data

Where oscillations in tension or membrane potential occur-
red, the response to the agonist was taken to be- the level of
tension or membrane potential at half the amplitude of the
oscillations. Relaxations are expressed as a percentage
decrease in the initial tone to noradrenaline. Other data are
expressed as mean ± s.e.mean. The significance between
mean values was calculated by Student's t test, with rejection
of the null hypothesis at the 5% level.

Results

Acetylcholine-induced changes in tension and membrane
potential ofmesenteric artery segments

The resting membrane potential of smooth muscle cells in the
rat small mesenteric artery (D10o 325 ± 8.6 pm; n = 23) was
- 61.6 ± 2.1 mV (n = 11 cells). Noradrenaline (0.75-2.5 JAM)
depolarized the cells to - 44.5 ± 2.0 mV (n = 7), with a
subsequent increase in active tension to 1.41 ± 0.17 mN
mnr' (n = 12). In 78% of experiments, rhythmic oscillations
in membrane potential and tension developed in the con-
tinued presence of noradrenaline (14.2 ± 0.5 cycles min-',
n = 11). The application of acetylcholine (0.01-1 gM) stimu-
lated concentration-dependent repolarization and relaxation
(Figure 1). The pD2 for relaxation was 7.5 ± 0.05 and the
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FIgure 1 Representative experimental trace showing simultaneous
recording of smooth muscle membrane potential (upper trace) and
tension (lower trace). Noradrenaline (NA; 1 jAM) depolarizes and
contracts the cells and the subsequent addition of acetylcholine
(ACh; 0.01-0.3 tIM) stimulates concentration dependent repolariza-
tion and relaxation. Drugs were added to the superfusate chamber at
the arrows. Washout is indicated by W.
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maximum relaxation obtained was 92.1 ± 2.0% (all n = 7)
with 1 AM (Figure 2a). Above 1 tIM, acetylcholine stimulated
an endothelium-independent smooth muscle contraction. The
pD2 for membrane repolarization was not significantly diff-
erent at 7.4 ± 0.04 and the maximum increase in membrane
potential was around 21 mV, changing the potential to
- 66.9 ± 3.4 mV (all n =4; Figure 2b). There was no
difference in either the time taken to initiate relaxation or
repolarization after the application of acetylcholine (relaxa-
tion preceded repolarization by 1.1 ± 1.8 s; n = 21), or the
time taken to reach maximum (relaxation preceded repolariz-
ation by 1.6 ± 3.2 s; n = 20).

Acetylcholine-induced repolarization and relaxation in
the presence ofL-NAME

L-NAME (100 pM) was applied to the superfusate 30 min
before noradrenaline and was present throughout the subse-
quent application of acetylcholine. In the presence of L-
NAME, the concentration-response curve for relaxation was
shifted to the right and the maximal relaxation reduced. The
pD2 changed from 7.5 ± 0.05 to 6.96 ± 0.12 (P<0.001) and
the maximal relaxation was reduced from 88.6 ± 5.1% to
67.6 ± 7.5% at 1 pM (all n = 4; Figure 2a). As in the absence
of L-NAME, endothelium-independent contractions were
obtained to higher concentrations of acetylcholine. With
repolarization the pD2 was also changed, from 7.4 ± 0.04 to
6.6 ± 0.13 (P<0.001, n =4; Figure 2b). L-NAME did not
alter the amplitude of the maximal repolarization to acetyl-
choline, but it did alter the temporal relationship between
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increases in membrane potential and relaxation. Although in
the absence of L-NAME there was no difference in the mean
time taken to initiate repolarization and relaxation, or reach
a maximal effect, in the presence of L-NAME the onset of
repolarization always preceded the onset of relaxation by
3.7 ± 1.2 s and maximal repolarization was reached before
maximal relaxation by 4.2 ± 1.8 s (both n = 11). In contrast
to the experiments described above, in the presence of L-
NAME rhythmic oscillations in membrane potential and ten-
sion were not observed indicating that NO may be involved
in these oscillations, as suggested by Gustaffson et al.
(1993).

Acetylcholine responses in the presence of raised
extracellular potassium

Raising the concentration of potassium in the superfusate
from 4.7 to 25 mm in the presence of prior smooth muscle
depolarization and contraction to a submaximal concentra-
tion of noradrenaline, caused an additional increase in ten-
sion (0.52 mN mm-') and a depolarization of 13 mV (Table
1). Under these conditions, the subsequent addition of
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Figure 2 Mean concentration-effect curves constructed to acetyl-
choline in the absence (0) and presence (@) of the nitric oxide
synthase inhibitor N0-nitro-L-arginine methyl ester (L-NAME, 100
gM). (a) Relaxation of noradrenaline-induced contraction. (b) Rever-
sal of noradrenaline-induced depolarization recorded simultaneously
with the relaxations summarized in (a). Results are the mean ±

s.e.means where they exceed symbol size (n = 4).

Figure 3 (a) Representative trace of a simultaneous record of mem-
brane potential (upper trace) and tension (lower trace) showing the
lack of any measurable repolarization and a marked reduction in the
amount of relaxation to acetylcholine (ACh) in cells depolarized and
contracted in the combined presence of 25 mm potassium and
noradrenaline (NA). Drugs were added to the superfusate chamber
at the arrows. Washout of all drugs is indicated by W. (b) Mean
concentration-effect curves showing the effect of 25 mm potassium
(A) and the combination of 25 mm potassium and 100 gM N0-nitro-
L-arginine methyl ester (L-NAME) (A) on the relaxation to acetyl-
choline (0) in the presence of noradrenaline. Values are means
(n = 4-11) with s.e.means. P<0.05*; P<0.001*** compared to
control tissues.
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Table 1 The effect of N0-nitro-L-arginine methyl ester (L-NAME) and raised extracellular potassium on noradrenaline induced
contraction and depolarization in rat small mesenteric artery

Control

L-NAME

K+ 25mM

K+ 25mM and
L-NAME

Resting
membrane
potential
(mV)

- 61.6 ± 2.1
n= 11

- 58.5 ± 2.2
n =4

- 57.2 ± 1.6
n=4

- 59.2 ± 7.1
n = 3

Membrane
potential
(mV)

_ 44.5 ± 2.0
n = 7

- 40.8 ± 2.2
n = 5

- 31.6 ± 3.8
n =4**

- 33.8 ± 9.0
n = 3

Plus noradrenaline

Tension
(mN mm-')

1.41 ± 0.17
n= 12

1.81 ± 0.20
n=8

1.93 ± 0.14
n = 5

2.05 ± 0.14
n = 12**

As nitric oxide synthase blocking drugs increase the magnitude of contraction the concentration of noradrenaline was varied
(right-hand column) to as far as possible induce comparable levels of tone. Control experiments showed no functional antagonism
between higher levels of tone (around 2 mN mm- 1) and relaxation to acetylcholine. Values are mean ± s.e.mean. Significant difference
from control values P<0.01**.

However, the magnitude of relaxation to NOg was signifi-
cantly reduced in the presence of noradrenaline and 30 mM
potassium (Figure 4).

Discussion

.*

0 0.22 0.67
NO gas [pM]

2.22

Figure 4 Mean concentration-effect curves showing the effect of
raising external potassium from control levels of 4.7mM (0) to
25 mm (0) or 30 mm (M), on the ability of nitric oxide gas (NO8)
injected directly into the organ bath to relax noradrenaline precon-
tracted tissues. Values are means (n = 3) ± s.e.mean. P<0.05* com-
pared to 4.7 mm K+ Krebs.

acetylcholine stimulated only a small increase in membrane
potential (cf. 4 mV; Figure 3a). Rhythmic oscillations of the
membrane potential and tension were still observed under
these conditions (frequency 16.8 ± 0.6 cycles min'; n = 4).
The maximum smooth muscle relaxation to acetylcholine was
markedly attenuated to 53.8 ± 5.0% and the pD2 was not
different from control values at 7.4 ± 0.07 (n = 5). The
residual relaxation to acetylcholine was abolished by incuba-
ting the artery segments with 100 flM L-NAME for 30 min
prior to the addition of noradrenaline and increased potas-
sium (Figure 3b). The contraction to noradrenaline and
potassium in this series was close to 2 mN mm-' and the
membrane potential was depolarized to - 34 mV (Table 1).
In experiments without L-NAME present, the potency and
maximal relaxation to acetylcholine was not altered when
applied against a similar level of noradrenaline-induced tone
(2.04 ± 0.1 mN mm-'; n = 3). After washout and reincuba-
tion in a Krebs solution containing a normal potassium
concentration, acetylcholine stimulated a transient response
in the continuing presence of noradrenaline and L-NAME
(six of eight experiments).

Effect of exogenous nitric oxide

Relaxation to nitric oxide (NO,) injected directly into the
tissue chamber, in artery segments contracted to noradrena-
line, was not modified by the presence of 25 mm potassium.

The main conclusions from the work presented in this paper
are that an increase in the smooth muscle membrane poten-
tial in response to acetylcholine provides a major drive to
relaxation in the mesenteric artery, and also that nitric oxide
is released in response to acetylcholine and contributes to
relaxation by a mechanism independent of membrane poten-
tial change.
A close correlation between acetylcholine-induced increases

in smooth muscle membrane potential and relaxation has
been reported previously. Also, in unstimulated tissues,
acetylcholine was shown to induce smooth muscle hyper-
polarization. Both these responses to acetylcholine were
endothelium-dependent (McPherson & Angus, 1991; Garland
& McPherson, 1992). We have extended these observations in
the present study, using simultaneous measurements of mem-
brane potential and tension, to show that the concentration
of acetylcholine required to change membrane potential and
tension are not different. In addition, when the production of
NO was blocked by the nitric oxide synthase inhibitor L-
NAME, the onset of the change in membrane potential and
the time to peak response always clearly preceded the accom-
panying changes in smooth muscle tension. In the absence of
L-NAME there was no clear temporal relationship between
these parameters.

Acetylcholine stimulates endothelium-dependent increases
in smooth muscle potassium conductance, an effect which
presumably underlies the increase in membrane potential
observed in recent studies (Chen et al., 1988; Chen & Suzuki,
1989). This idea is supported by the effect of raising the
external concentration of potassium from 4.7 mM to 25 mM,
which almost abolished the repolarization to acetylcholine
and at the same time reduced the total relaxation by nearly
50%. This concentration of potassium did not reduce the
relaxation to NOg, so it would not be expected to modify the
relaxant action of any NO released from the endothelium.
Interestingly, higher concentrations of potassium did appear
to reduce the relaxation to exogenous NO. An explanation
for this effect is not apparent, as the levels of contraction
were similar with both concentrations of potassium. This
observation was not investigated further. Potassium (25 mM)
would not be expected to reduce the production of NO by
the endothelium as concentrations of 65 mM did not reduce
endothelium-dependent relaxation to acetylcholine in the rab-
bit basilar artery which is predominantly due to the action of
NO (Plane & Garland, 1993). So the fact that membrane
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potential change in response to acetylcholine was closely
correlated to smooth muscle relaxation, and that in the
absence of a change in membrane potential of more than a
couple of millivolts relaxation was reduced by around 50%,
highlights the importance of voltage-sensitive mechanisms in
the relaxant responses of the small mesenteric artery to this
cholinomimetic.
Although an increase in the smooth muscle membrane

potential appears to have a major role in causing relaxation
to acetylcholine, several observations indicate that the in-
crease does not reflect an action of NO per se. First,
although exogenous NOg or acidified sodium nitrite did
stimulate smooth muscle hyperpolarization in the mesenteric
artery, this action was blocked by prior depolarization to
noradrenaline. In contrast, depolarization to noradrenaline
increased rather than decreased the magnitude of the
repolarization to acetylcholine and, in depolarized cells, NO
stimulated marked smooth muscle relaxation in the absence
of a change in membrane potential. Second, the hyper-
polarization to NO was reversibly inhibited in the presence of
the potassium channel blocker, glibenclamide. However,
glibenclamide did not affect either the acetylcholine-induced
hyperpolarization or the repolarization and relaxation in this
artery. Third, neither repolarization nor relaxation to
acetylcholine was blocked with either nitro-arginine or
oxyhaemoglobin, although oxyhaemoglobin totally abolished
the responses to exogenous NO (Garland & McPherson,
1992).

In light of tbe discrepancies between the membrane
responses to exogenous NO and acetylcholine, the observa-
tions clearly indicate that changes in membrane potential to
the latter do not reflect a direct action of NO on the smooth
muscle cells in the mesenteric artery. Presumably, they are
explained by the release of a separate diffusible factor, as
demonstrated in the canine femoral and guinea-pig carotid
arteries (Feletou & Vanhoutte, 1988; Chen et al., 1991).
Evidence for the action of a separate factor, EDHF, has been
obtained in a large number of different vascular preparations
(Chen et al., 1988; Feletou & Vanhoutte, 1988; Taylor &
Weston, 1988; Chen & Suzuki, 1989; Chen et al., 1991;
Garland & McPherson, 1992; Rand & Garland, 1992; Plane
& Garland, 1992). Studies on the relative contribution which
membrane potential changes make to relaxation are, how-
ever, limited. In the canine coronary artery, membrane
potential changes to acetylcholine could be blocked with
60 mM potassium, an effect associated with a reduction in
relaxation by around 60% (Nagao & Vanhoutte, 1991). As in
the present study, the residual relaxation was abolished after
inhibition of NO synthase. Based on the persistence of
variable sized relaxations to acetylcholine in the presence of
nitro-arginine in different arteries from the rat, it has been
suggested that EDHF may make a greater contribution than
EDRF to the relaxant response in small compared to large
arteries (Nagao et al., 1992). Studies with rabbit large cere-
bral arteries lend support to this suggestion, as the acetyl-
choline-induced relaxation in the basilar artery appears
predominantly to reflect an action of NO (Rand & Garland,
1992; Plane & Garland, 1993).
While around half of the total relaxation to acetylcholine

can be explained by a change in the smooth muscle mem-
brane potential, the remainder appears to reflect a contri-
bution from NO. Our original hypothesis that blocking
hyperpolarization may reveal a contribution from NO was
correct, as the residual relaxation in the absence of hyper-

polarization was totally abolished by L-NAME. Our results
are also in agreement with the observations of Gustafsson et
al. (1993), who found that nitro-arginine and other manip-
ulations to inhibit the action of NO blocked the rhythmic
tension oscillations induced by noradrenaline in the mesen-
teric artery. However, we were also able to demonstrate an
action of L-NAME against both relaxation and repolariza-
tion in smooth muscle cells in a normal potassium concentra-
tion. If the interpretation above-is correct, and NO is not
responsible for the change in membrane potential to acetyl-
choline, the shift in the curve for increases in membrane
potential with L-NAME suggests that NO can modulate the
response. A similar effect was observed with NO synthase
inhibitors in the rabbit basilar artery (Rand & Garland,
1992). NO may modulate the release of an EDHF from the
endothelium or act, either directly or indirectly via protein
kinases, to modify changes in smooth muscle potassium
conductance. Whatever the precise explanation, an effect of
L-NAME was in contrast to our previous study, where nitro-
arginine did not alter either smooth muscle repolarization or
relaxation in similar size mesenteric arteries from Wistar-
Kyoto rats (Garland & McPherson, 1992).
An explanation for the apparent discrepancy between the

two studies is not obvious. The discrepancy is unlikely to
reflect the use of L-NAME in the present study, rather than
nitro-arginine, as similar sized relaxations to acetylcholine
also persisted in the presence of nitro-arginine in larger
diameter mesenteric arteries (Nagao et al., 1992). In similar
sized mesenteric arteries, nitro-arginine did not apparently
reduce relaxation, but modified the response which became
much more transient (Gustaffson et al., 1993) suggestive of a
response to EDHF (Chen & Suzuki, 1989). One possible
explanation is that the variable effect of NO synthase
inhibitors reflects the strain of rats used. Gustaffson et al.
(1993) failed to find any effect with nitro-arginine in a
number of their experiments with mesenteric arteries from
Wistar rats, whilst it has been reported that nitro-arginine
blocks acetylcholine-induced relaxation incompletely in mes-
enteric arteries from Sprague-Dawley rats (this study; Wu et
al., 1993). In the isolated perfused mesenteric bed from the
colony of Sprague-Dawley rats used in the present study, we
have found that the vasodilatation to acetylcholine is reduced
by a similar extent, around 20-30%, with either nitro-
arginine or its methyl ester (Parsons et al., 1993). However,
this reduction was observed in 80% of cases. In the remain-
ing experiments, NO synthase inhibitors had no effect on the
vasodilatation (Parsons et al., unpublished data). The per-
sistence of relaxation and changes in membrane potential to
acetylcholine, in arteries from the inbred Wistar-Kyoto strain
(Garland & McPherson, 1992) may be the functional expres-
sion of one aspect of this variability.

In summary, these data show that acetylcholine stimulates
both voltage-dependent and independent mechanisms in the
rat small mesenteric artery. The repolarization to acetyl-
choline, which is known to be endothelium-dependent, can
account for approximately 50% of the relaxation to this
agent. The remainder of the endothelium-dependent relaxa-
tion appears to be stimulated by NO, based on the sensitivity
of the residual relaxation (in 25 mM potassium) to the NO
synthase inhibitor L-NAME.
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Lack of correlation of hypotensive effects with prevention of
cardiac hypertrophy by perindopril after ligation of rat
coronary artery

Kiyoshi Chiba, Sachiko Moriyama, Yutaka Ishigai, Akiko Fukuzawa, Kiyoshi Irie
& 'Toshiro Shibano

Exploratory Research Laboratories II, Tokyo R&D Center, Daiichi Pharmaceutical Co., Ltd., 1-16-13, Kita-Kasai,
Edogawa-Ku, Tokyo 134, Japan

1 The present study was designed to test the hypothesis that beneficial effects of angiotensin converting
enzyme (ACE)inhibitors are independent of a fall in blood pressure in rat experimental heart failure
following coronary ligation.
2 The animals were assigned randomly to six groups; sham operation, controls subjected to coronary
ligation (control), coronary ligation plus chronic treatment with ACE inhibitors at non- and hypotensive
doses; perindopril (0.2 or 2 mg kg- ' day-') or enalapril (2 or 20 mg kg- ' day- ') for three weeks starting
one week after the ligation.
3 Systemic blood pressure was measured every week during the experiments. At the end of the
treatments, cardiac function and heart weight (an index of myocardial hypertrophy) were determined. In
the other animals, ACE activities in plasma and tissues including heart, kidney, lung and blood vessels
were measured.
4 In the controls, cardiac ACE activity, weight of right ventricle and left ventricular end-diastolic
pressure (LVEDP) were higher compared to those in the sham-operated animals four weeks after the
coronary ligation. However, ACE activities were not changed in plasma, kidney, lung and aorta by
ligation of the coronary artery.
5 The chronic treatment with perindopril at a dose of 0.2 mg kg-' day-' inhibited the increase in ACE
activity in cardiac tissue and suppressed the right ventricular hypertrophy without affecting systemic
haemodynamics. In contrast, enalapril at a dose of 20mgkg-' day-', but not 2mgkg'1 day-',
prevented the development of the right ventricular hypertrophy. Enalapril at 20mgkg-' day-' also
lowered systemic blood pressure.

6 There is no significant correlation between systemic blood pressure and right ventricular hypertrophy
at the end of the treatment with perindopril (r = 0.06) or enalapril (r = 0.1).
7 These findings demonstrate that perindopril, an ACE inhibitor, prevents cardiac hypertrophy with-
out affecting systemic blood pressure in the rat with heart failure after coronary ligation, and suggest
that selective augmentation of ACE activity in cardiac tissue is involved in the progression of hyper-
trophy in this model.

Keywords: Angiotensin-converting enzyme; blood pressure; cardiac hypertrophy; coronary ligation; enalapril; perindopril

Introduction

Experimental myocardial infarction following ligation of the
coronary artery results in compensatory hypertrophy in the
non-infarcted myocardium. In the rat model of myocardial
infarction, angiotensin converting enzyme (ACE) inhibitors,
such as captopril and enalapril, prevent the progression of
cardiac hypertrophy, though the exact mechanism of this
prevention is unclear (Pfeffer et al., 1985; 1988). The increase in
pre- and afterload against the heart may favour the growth of
myocytes. Indeed, ACE inhibitors are potent vasodilator agents
and are likely to attenuate the pre- and afterload due to direct
actions on haemodynamics. However, the reduction in blood
pressure does not necessarily correlate with the prevention of
cardiac hypertrophy since some classes of antihypertensive
agents, such as calcium antagonists, do not significantly supp-
ress the development of hypertrophy (Linz et al., 1988; Kromer
& Riegger, 1988). In the rat model of pressure overloaded
cardiac hypertrophy by aortic stenosis, ACE inhibitors
attenuate cardiac hypertrophy without affecting blood pressure

' Author for correspondence.

(Linz et al., 1989; Linz & Sch6lkens, 1992). Alternatively, earlier
studies demonstrate that the renin-angiotensin system in the
hearts may participate in the regulation ofcardiac function and
growth adaptation of the remaining viable myocytes (Campbel
et al., 1986; Hirsch et al., 1991; Yamada et al., 1991; Reiss et al.,
1993; Meggs et al., 1993). Angiotensin II stimulates the growth
ofmyocardium (Aceto et al., 1990; Baker et al., 1990) and also
enhances the release of noradrenaline, which is another possible
mediator of the cardiac hypertrophy via activation of xl-
adrenoceptors (Simpson, 1983). Furthermore, ACE inhibitors
reduce the degradation of bradykinin in the heart (Baumgarten
et al., 1993; Noda et al., 1993). This peptide may inhibit the cell
growth due to release of nitric oxide by activation of kinin B2
receptors (Farhy et al., 1992; Linz & Scholkens, 1992). Taken in
conjunction, these observations suggest that ACE inhibitors,
independently of a fall in blood pressure, can prevent the
progression ofcardiac hypertrophy following coronary ligation.
In the present study, the effects of chronic treatment with
perindopril, a novel long-acting ACE inhibitor (Macfayden et
al., 1990), and enalapril at non-hypotensive doses were studied
on cardiac hypertrophy after ligation of the coronary artery in
rats.

'." Macmillan Press Ltd, 1994Br. J. PharmacoL (I 994), 112, 837 842
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Methods

Animals

Animals in the present study were treated according to the
guidelines for animal experimentation prepared by the
Japanese Association for Laboratory Animals Science.
Sprague-Dawley male rats (Nihon SLC, Shizuoka, Japan),
weighing 250-300 g, were assigned to sham-operation or
myocardial infarction group after an observation period of
three weeks.

Myocardial infarction was produced by ligation of the left
coronary artery as described by Selye et al. (1960) with a
modification. Briefly, the animals were anaesthetized by
inhalation of 2% halothane, followed by 0.5% halothane
during artificial respiration. A left thoracotomy was per-
formed at the fourth intercostal space. The heart was gently
exteriorized to ligate the left coronary artery 2 mm from its
origin. Then, the heart was replaced in its normal position
and the chest was compressed to remove air from the pleural
cavity and stitched with a single suture. Successful occlusion
of the artery was confirmed by appearance of Q waves in the
electrocardiogram (Leads I, II and aVL), indicating the
presence of myocardial ischaemia (Pfeffer et al., 1987; Sweet
et al., 1987; 1988; Raya et al., 1989). In the sham-operation
group, the animals underwent left thoracotomy without liga-
tion of the coronary artery.
One week after the surgery, the animals were anaesthetized

with 2% halothane to record electrocardiograms. The ani-
mals with Q waves in leads I, II and aVL were randomly
assigned to one of five groups: (a) control treatment, and
chronic treatment with (b) perindopril (0.2mgkg-' day-'),
(c) perindopril (2mgkg-' day-'), (d) enalapril (2mgkg'I
day-'), and (e) enalapril (20mgkg-' day-'). The animals
were allowed free access to tap water (sham-operation and
control treatment groups) or drinking water including perin-
dopril or enalapril for three weeks. The concentration of
perindopril was adjusted to be equivalent to a daily dose of
0.2 and 2mgkg-' and enalapril, 2 and 20mgkg-' day-'.
The rats were weighed every week to readjust the concentra-
tions of the compounds in the drinking water. The drug
solutions were made freshly every two days. Systolic arterial
pressure and heart rate were measured weekly during the
treatment by means of a tail-cuff probe connected to a
pressure monitor (BP-98, Softron, Japan). At the end of the
treatments, cardiac function, cardiac weight and myocardial
infarction size were measured. In the other animals, plasma
and tissue ACE activities were determined.

Table 1 Effects of oral treatment with perindopril or enalapril
infarction

Cardiac function
At the end of the treatment, cardiac function was measured
under anaesthesia with thiopentone. A micro-tip catheter
transducer (Model SPR-407, 2F, Miller Instruments Inc.,
Houston, U.S.A.) was introduced into the left ventricle
through the right carotid artery for the measurement of
systolic and end-diastolic pressure and maximum positive
dP/dt.

Ventricular weight and myocardial infarction size

After the study of cardiac function, hearts were rapidly
removed. The hearts were separated into right and left ventri-
cle including septum, and the wet weight of the ventricles was
measured. The hearts from coronary-ligated rats were fixed
in 10% buffered formalin solution for determination of
myocardial infarction size. The left ventricles were trimmed
and sliced transversely, parallel to the atrioventricular
groove, in five sections of 1.5-2.0mm from apex to base.
The sliced sections were dehydrated in methyl alcohol,
cleared with xylene, and embedded in paraffin. Then, sections
were cut, 5 pm in thickness and stained with Elastica-
VanGieson trichrome. These serial sections were mounted on
slides for photography. Infarct size was measured by
planimetry and calculated as the mean percentage ratio of
infarction to total left ventricular circumference (Fletcher et
al., 1981).

Measurement ofACE activity

Under anaesthesia with thiopentone, blood was collected
from the carotid artery to obtain plasma. Tissues (heart,
lung, kidney and aorta) were removed after exsanguination,
and homogenized in 0.3% Triton X solution. After cen-
trifugation of the homogenates at 29,200g for 15min, the
supernatant was used for measurement of ACE activity
which was determined by a modified fluorometric method
according to Unger et al. (1982), using hippuryl-L-histidine-L-
leucine as a substrate. Briefly, the tissue homogenate and
plasma sample (50 .1I) were incubated in 400 p1 of PBS
(pH 8.0): 300 mM NaCl for 2 min at 370C. Then, 50 p.1 of
16.7 mM substrate solution was added to the reaction mixture
and incubated at 370C for 30 min for plasma, 180 min for
cardiac tissue, 120 min for renal tissue, 10 min for pulmonary
tissue and 60 min for thoracic aorta, respectively. The reac-
tion solution (100 p1) was removed into 0.1 N NaOH solution
and 25 p1 of 2% ortho-phthaldialdehyde was added. Thirty

on systolic blood pressure and heart rate in rats with myocardial

Treatment with ACE inhibitors
I week 2 weeks

Systolic blood pressure
Sham
Control
Perindopril 0.2 mg kg- ' day-'

2mgkg-' day-'
Enalapril 2mg kg-' day-'

20 mg kg- ' day-
Heart rate
Sham
Control
Perindopril 0.2mg kg-' day-'

2 mg kg-' day-'
Enalapril 2 mg kg-' day-'

20 mg kg- ' day-

14 96.3 ± 2.8
17 97.4 ± 2.9
17 97.6±2.5
17 98.8 ± 3.4
17 97.3 ± 1.5
17 102.3 ± 3.3

14 456.0 ± 12.0
17 441.3 ± 12.1
17 457.1 ± 10.5
17 440.5 ± 8.1
17 443.9 ± 7.8
17 420.3± 7.0

Values are mean ± s.e.mean. n, number of animals. *P<0.05 vs. control treatment group.

n Baseline 3 weeks 4 weeks

101.7 ± 3.2*
81.9 ± 2.0
88.5 ± 2.2
84.4 ± 2.7
85.8 ± 2.0
87.9 ± 3.4

410.4 ± 13.0*
443.4 ± 10.2
456.0 ± 9.8
426.1 ± 7.9
433.9 ± 7.0
426.5 ± 9.1

109.2 ± 3.4*
89.1 ± 2.0
92.0 ± 4.1
74.6 ± 2.2*
88.5 ± 3.5
80.8 ± 2.3*

417.1 ± 6.9
416.1 ± 12.0
428.5 ± 10.8
426.9 ± 7.2
429.3 ± 9.1
442.7 ± 12.0

107.4 ± 3.5*
90.9 ± 2.1
93.5 ± 3.6
72.6 ± 2.3*
88.6 ± 2.6
82.4 ± 1.7*

441.3± 13.4
417.1 ± 12.8
436.3 ± 10.0
439.3 ± 7.4
435.9 ± 7.3
427.5 ± 7.2

103.8 ± 3.7*
91.8 ± 2.2
93.6 ± 3.4
75.2 ± 3.2*
89.3 ± 3.3
78.8 ± 2.7*

431.3 ± 10.2
433.1 ± 8.5
424.2 ± 8.4
426.2 ± 7.5
438.8 ± 9.7
441.3 ± 7.8
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minutes later, 1 ml of 0.8 N HCl was added and centrifuged
at 900 g for 10 min. Then, fluorospectrometry of the sample
was performed (excitation: 355 nm, emission: 460 nm) with a
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fluoroscanner (Titertek, Fluoroskan II, type 371, Flow
Laboratories Japan Co. Ltd., Tokyo, Japan).

Drugs

Perindopril tert-butylamin was obtained from Institut De
Recherches Internationales Servier (Courbevoie Cedex,
France). Enalapril malate was synthesized at Daiichi Pharm-
aceutical Co., Ltd. (Tokyo, Japan). Hippuryl-L-histidine-L-
leucine and angiotensin I were obtained from Sigma Chemi-
cal Co. (St. Louis, MO, U.S.A.); ortho-phthaldialdehyde
from Peptide Institute, Inc. (Osaka, Japan); halothane from
Takeda Chemical Industries, Ltd. (Osaka, Japan).

Statistical analysis

Results are expressed as mean ± s.e.mean; n refers to the
number of animals. Statistical comparison was performed by
means of Kruskal-Wallis test, followed by Mann-Whitney
test. A P value of less than 0.05 were considered to indicate
statistically significant differences between groups.

Results

Changes in systemic blood pressure and heart rate after
coronary ligation (Table 1)

There was no significant difference between the groups in
systolic blood pressure and heart rate at the beginning of the
experiments. In the coronary-ligated rats, systolic blood pres-
sure decreased one week after the ligation from 98.7 ± 1.2
mmHg to 86.1 ± 1.2 mmHg (in total, n = 85). The oral
administration of perindopril (2 mg kg-' day-') and enalapril
(20 mg kg-' day-') reduced systolic blood pressure, which
lasted until the end of the experiments. Neither perindopril
nor enalapril affected heart rate.
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Figure 1 Cardiac function in sham-operated and coronary-ligated
rats treated with perindopril (0.2 or 2 mg kg-' day-'), enalapril (2 or

20 mg kg-' day-'), or water (control). (a) LVP, left ventricular
pressure; (b) LVEDP, left ventricular end-diastolic pressure; (c) LV
dP/dt,,, the maximum rate of rise in LVP; (d) LV dP/dt,,,rP, LV
dP/dt,,,, divided by instantaneous LVP. *P< 0.05 versus sham-
operated rats; #P<0.05 versus control-treatment rats. Results are
expressed as means ± s.e.mean of 18-23 animals.
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20 mg kg- day- '). RVW/BW, a ratio of right ventricular weight to
body weight. r = correlation coefficient.
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Table 2 Effects of oral treatment with perindopril or enalapril on cardiac hypertrophy and infarct size in rats with myocardial
infarction

Coronary ligation
Perindopril

Sham Control 0.2mgkg-' day-' 2 mg kg -' day- '
(n= 14) (n= 17) (n= 17) (n= 17)

Enalapril
2mgkg-' day-' 20mgkg-' day-'

(n= 17) (n= 17)

Weights
BW (g)
RVW (mg)
LVW (mg)
WVW (mg)

Cardiac hypertrophic indices
RVW/BW (mg/g)
LVW/BW (mg/g)
WVW/BW (mg/g)

Infarction size (%)

434 ± 5$
249 ± 7
846± 18
1095 ± 24

0.57 ± 0.01:
1.95 ± 0.03
2.52 ± 0.04:

398 ± 6*
301 ± 19
801 ± 16
1102 ± 19

393 ± 6*
240 ± 9
786 ± 19*$
1026±25$

0.76 ± 0.06* 0.61 ± 0.02:
2.02 ± 4.04 2.00 ± 0.04
2.78 ± 0.07* 2.61 ± 0.05

56±3 49±3

Values are mean ± s.e.mean. BW, body weight; RVW, right ventricular weight; LVW, left ventricular weight; WVW, whole ventricular
weight; infarction size, percent of the ventricle; n, number of animals. *P<0.05 vs. sham; tP<0.05 vs. control.
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Figure 3 Angiotensin converting enzyme (ACE) activity in sham-operated and coronary-ligated rats treated with perindopril (0.2
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Cardiac function at the end of treatment (Figure 1)

In the controls, left ventricular pressure (LVP), the maximum
rate of rise of LVP (LV dPIdtma) and LV dp/dt, divided by
instantaneous LVP (LV dP/dt,,/,jP; an index of cardiac con-
tractility) were reduced, and left ventricular end-diastolic
pressure (LVEDP) was increased compared to the sham-
operated group. Perindopril (2 mg kg-' day-') and enalapril
(20 mg kg' day-') decreased LVP and LV dP/dtr,,, respec-
tively. There was no significant difference in LVEDP and LV
dp/dt,,I/P between the controls, perindopril- and enalapril-
treated groups.

Cardiac weight and myocardial infarction size (Table 2)

The ratio of right ventricular weight to body weight (RVW/
BW) was higher in the controls than in the sham-operated
group. This increase in RVW/BW was significantly attenu-
ated in the animals treated with perindopril (0.2 mg kg-'
day- ' or 2 mg kg'-l day- ') or enalapril (20 mg kg- day-'),
but not in the animals treated with 2 mg kg-' day-' enalap-
ril. There was no significant correlation between RVW/BW
and systemic blood pressure at the end of treatments with
perindopril (r = 0.06) or enalapril (r = 0.1) (Figure 2).
Although myocardial infarction size varied in a narrow range
(43.0-56.2% of left ventricle) in all of the coronary-ligated
rats, the size in animals treated with perindopril (2 mg kg-'
day-') and enalapril (2 and 20mgkg-' day-') was signi-
ficantly smaller than in controls.

ACE activity (Figure 3)

Cardiac ACE activity was four fold higher in the control
treatment group with coronary ligation (control) than in the
sham-operated group. In contrast, there was no significant
difference between control and sham-operated groups in
ACE activities in plasma and kidney, lung and aorta. The
increase in cardiac ACE activity was significantly inhibited
by chronic treatment with perindopril (0.2 and 2mgkg-'
day-'), but not by treatment with enalapril (2 and 20mg
kg-' day-'). ACE activities in the kidney and lung were

lowered in the groups treated with perindopril or enalapril at
both doses, respectively. Aortic ACE activity was suppressed
in the perindopril-treated (0.2 and 2 mg kg-' day-') and
2 mg kg-' day-' enalapril-treated groups, but not in the
20mgkg-' day-' enalapril-treated group.

Discussion

To clarify the beneficial effects of chronic treatment with
ACE inhibitors on cardiac hypertrophy and dysfunction after
coronary ligation, the present study focused on the changes
in haemodynamics and tissue ACE activities. In the acute
phase of myocardial infarction, the activation of renin in
plasma can alter systemic haemodynamics, which may affect
the chronic progression of cardiac hypertrophy and dysfunc-
tion (Dzau et al., 1981). To avoid an interaction with the
acute effects of ACE inhibitors on haemodynamics, the
inhibitors were given to the rats from one week after ligation
of coronary arteries, when the activities of circulating renin-
angiotensin system return to baseline. The selection of two
oral doses of each perindopril or enalapril was based on the
effects of the compounds on systemic blood pressure in
preliminary studies (data not shown); lower doses which did
not alter blood pressure and higher doses which decreased
systolic blood pressure by 10-15 mmHg.
At the end of the experiments, four weeks after coronary

ligation, significant cardiac hypertrophies were induced in the
right ventricles. The progression of right ventricular hyper-

trophy is an adaptive response to the increased pre- and
afterload due to impaired function of left ventricle with
myocardial infarction. The hypertrophy in the right ventricle
was associated with the elevation of LVEDP and increase in
cardiac ACE activity in the controls with coronary ligation
compared to sham-operated animals. However, ACE activi-
ties were not enhanced in plasma, lung, kidney and aorta,
indicating a selective activation of cardiac ACE in rats with
myocardial infarction. The present results are consistent with
previous findings (Hirsch et al., 1991). Chronic treatment
with perindopril at both doses of 0.2 and 2 mg kg-' day-'
attenuated right ventricular hypertrophy and lowered ACE
activities in heart, lung, aorta and kidney, but not in plasma.
Perindopril at 0.2 mg kg-' day-' did not alter systemic blood
pressure and heart rate during the experiments. The increase
in LVEDP in controls may contribute to stimulate the pro-
gression of the cardiac hypertrophy. However, perindopril
and enalapril did not significantly reduce LVEDP at the end
of experiments. In contrast to perindopril, enalapril at non-
hypotensive dose (2 mg kg-' day-') did not inhibit right
ventricular hypertrophy. A dose of 20 mg kg-' day-' of
enalapril was required (which lowered blood pressure) to
attenuate the hypertrophy in right ventricles. However, it is
unlikely that enalapril inhibits cardiac hypertrophy due to its
effects on haemodynamics since there is no correlation
between systolic blood pressure and right ventricular hyper-
trophy at the end of treatment with enalapril. Hence, the
present findings demonstrate that the beneficial effects of
ACE inhibitors are independent of a significant fall in blood
pressure on the cardiac hypertrophy. Thus, the direct
influence on haemodynamics is separate from the anti-hyper-
trophic effects of ACE inhibitors in the rat heart failure
model of coronary ligation. The present results are in agree-
ment with previous studies showing that ramipril prevents
left ventricular hypertrophy without blood pressure reduction
in the aortic stenosis model in rats (Linz et al., 1989; Linz &
Sch6lkens, 1992). Alternatively, the present findings suggest
that selective augmentation of ACE activities in cardiac tis-
sues explains, at least in part, the progression of cardiac
hypertrophy after coronary ligation. Stimulation of conver-
sion of angiotensin I to angiotensin II may lead to cell
growth of myocytes. The discrepancy between the two ACE
inhibitors, perindopril and enalapril, in the selectivity of
actions on cardiac hypertrophy and haemodynamics may be
due to the different potency of ACE inhibition in hearts and
vessels (Hirsch et al., 1992). The attenuation by perindopril
of the progression of cardiac hypertrophy and the increase in
cardiac ACE activity is consistent with earlier observations
(Pfeffer et al., 1985; 1988; Hirsch et al., 1991; Fornes et al.,
1992). Perindopril (2 mg kg' day-') and enalapril (2 and
20 mg kg-' day-') lowered the weight of left ventricles in-
cluding septum (LVW or LVW/BW). The inhibitors may
suppress the cell growth in the non-infarcted region of the
left ventricle; however, the interpretation of the present
results requires caution since most of the infarcted myocar-
dium had degenerated. The reduction of infarct size by perin-
dopril and enalapril might attenuate the impaired cardiac
function.

In addition, the results of the present study do not rule out
other possibilities concerning the mechanism of action of
ACE inhibitors. The enhanced concentration of bradykinin
produced by ACE inhibitors in the hearts may participate in
the regulation of cardiac hypertrophy since the anti-hyper-
trophy effect of ramipril is inhibited by Hoe 140, a kinin B2
receptor antagonist (Linz & Scholkens, 1992). Furthermore,
angiotensin II stimulates the release of noradrenaline from
adrenergic nerve endings, which may accelerate cardiac
hypertrophy due to the activation of a,-adrenoceptors (New-
ling et al., 1989).

In conclusion, the present study demonstrates a separation
of hypotensive effects from anti-hypertrophic actions of ACE
inhibitors after myocardial infarction in rats.
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A comparison of intravenous NBQX and GYKI 53655 as
AMPA antagonists in the rat spinal cord
'Boris A. Chizh, Michael J. Cumberbatch & 2P. Max Headley

Department of Physiology, School of Medical Sciences, University of Bristol, University Walk, Bristol BS8 lTD

1 The effects of intravenous administration of two z-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA) antagonists were studied on responses of single neurones to iontophoretically applied
excitatory amino acids. The tests were performed on spinal neurones in a-chloralose anaesthetized,
spinalized rats.
2 Both the quinoxaline, NBQX (2-16mgkg-') and the 2,3-benzodiazepine, GYKI 53655
(2-8 mg kg-') dose-dependently decreased responses to AMPA.
3 Both compounds were short acting, with half-recovery times of 15 min for NBQX and 7 min for
GYKI 53655.
4 The selectivity for responses to AMPA over those to N-methyl-D-aspartate (NMDA) was
significantly poorer for systemic NBQX than for either systemic GYKI 53655 or iontophoretic NBQX,
suggesting that systemic NBQX may be converted to a less selective metabolite.
5 GYKI 53655 is therefore likely to be a more valuable tool than NBQX for the study of AMPA
receptor-mediated processes in vivo.

Keywords: Excitatory amino acids; AMPA; NBQX; GYKI 53655

Introduction

The pathogenesis of several neurological disorders, such
as epilepsia and brain ischaemia, involves neurotoxicity
mediated by excitatory amino acids (EAA; Rogawski, 1993).
N-methyl-D-aspartate (NMDA) antagonists have been tested
clinically in such disorders, but the serious side-effects of
these compounds, and their limited effectiveness, have pushed
interest towards drugs acting via non-NMDA receptors
(Rogawski, 1993). Two classes of selective antagonists
for AMPA (a-amino-3-hydroxy-5-methylisoxazole4propionic
acid) have been developed recently. The first class comprises
competitive quinoxalinedione antagonists (Honore et al.,
1988) such as NBQX (2,3-dihydroxy-6-nitro-7-sulphamoyl-
benzo(F) quinoxaline; Sheardown et al., 1990). The second
comprise a novel group of 2,3-benzodiazepines such as
GYKI 53655 (1-(4'-aminophenyl)-3-methylcarbamoyl4me-
thyl-3,4-dihydro-7,8-methylene-dioxy-5H-2,3-benzodiazepine
HCl; Tarnawa et al., 1993) that act via an allosteric site
(Zorumski et al., 1993). Some of these compounds have been
found effective in models of epilepsia and brain ischaemia
(Rogawski, 1993). However, the interpretation of these data
is currently difficult because little is known about the selec-
tivity of these antagonists for non-NMDA vs NMDA recep-
tors after systemic administration in vivo, although the struc-
turally similar benzodiazepine, GYKI 52466, appears to be
selective (Engberg et al., 1993). We have now compared the
selectivity of NBQX and GYKI 53655, administered intra-
venously, between the response of spinal neurones to ionto-
phoretically applied AMPA and NMDA.

Methods

Animal preparation

Experiments were performed on 27 male Wistar rats
(260-350 g). Details of the experimental methods have been
described elsewhere (Headley et al., 1987). Briefly, rats were
anaesthetized with halothane in °2 and tracheal, carotid and

jugular cannulae were inserted. The lumbo-thoracic spinal
cord was exposed and cut at T9-Tl 1 and the animal was
prepared for extracellular recordings of single dorsal horn
neurone action potentials. Anaesthesia after surgery was
maintained with a-chloralose (50mgkg-', i.v. initially, then
10mgkg-' as required). Arterial blood pressure was
monitored continuously; systolic pressure remained above
100 mmHg. Core temperature was maintained close to 37'C.
Extracellular recordings of single dorsal horn neurone action
potentials were made with the central barrel of multibarrel
glass micropipettes, filled with 3.5 M NaCl. Counts of evoked
spike activity, in epochs related to the stimuli, were analysed
on-line with a microcomputer. Cell discharge rates were
monitored on a chart recorder. At the end of experiments,
the rats were killed with an overdose of pentobarbitone.

Drugs

AMPA, NMDA and NBQX were administered microionto-
phoretically from the side barrels of the multibarrel pipettes,
from solutions of the sodium salts of AMPA (Tocris
Neuramin; 10 mM in 200 mM NaCI), NMDA (Tocris
Neuramin; 100 mm in 100 mM NaCl) and NBQX (Merz +
Co; 1 mM in 50 mM NaCI), all at pH 7.5-8. Another barrel
contained 200 mM NaCl for current balancing. AMPA and
NMDA were ejected in regular cycles. NBQX, and also
GYKI 53655 (Lilly & Co), were administered intravenously.

Antagonist effects are expressed quantitatively as percen-
tages of control EAA responses, where control was taken as
the mean of the last 3 pre-drug counts; mean values ±
s.e.mean are indicated. No corrections for spontaneous
activity were made. Tests were accepted only if AMPA and
NMDA responses recovered by at least 50% of the initial
antagonist effect. Statistical analysis was performed with the
Wilcoxon matched pairs test on original spike count data
(except where indicated).

Results

In preliminary experiments, GYKI 53655 (4 mg kg-') was
found to have a short-lasting depressant effect on neuronal

'Present address: Dept of Pharmacology, Moscow Sechenov Medical
Academy, 2/6 B.Pirogovskaya St, Moscow 119881, Russia.
2 Author for correspondence.
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responses to iontophoretic AMPA, with a half-recovery time
of approximately 7 min (Figure la). We assumed that this
was due to drug elimination, so for the rest of the
experiments, bolus injections of GYKI 53655 were sup-
plemented with a constant infusion at a rate of half the bolus
dose given over 7 min. When tested on dorsal horn neurone
responses to AMPA and NMDA, GYKI 53655 (4 and
8 mg kg-') substantially depressed or completely abolished
AMPA responses, while NMDA-evoked firing was less
affected (Figure lb). Pooled data from 14 such experiments
show the dose-dependence of GYKI 53655 (2-8 mg kg-') in
depressing responses to AMPA (Figure 2a). NBQX also
dose-dependently decreased AMPA-evoked responses follow-
ing either i.v. (2-16 mg kg-') or microiontophoretic adminis-
tration (Figure 2b).
Both antagonists reduced responses to AMPA significantly

more than those to NMDA (P< 0.002 at all doses, based on
a comparison of the percentage data). Nonetheless the results
in Figure 2a and b indicate that, following i.v. administra-
tion, GYKI 53655 was more selective than NBQX. At the
highest doses tested, GYKI 53655 and NBQX reduced
AMPA responses to a comparable degree (23 ± 6% and
27 ± 6% control, respectively) whereas for NMDA the values
were 77 ± 7% vs 59 ± 7% control respectively. Similar data
that are more directly comparable were obtained by selecting
those cells on which both antagonists were tested under
directly comparable conditions (Figure 2c). On these cells the
highest doses of each antagonist tested (NBQX 16 mg kg-'
and GYKI 53655 8 mg kg-') again reduced AMPA responses
to a very similar degree, but NBQX reduced NMDA res-
ponses significantly more than did GYKI 53655 (P<0.05,
based on percentage data).
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When administered by iontophoresis as opposed to intra-
venously, NBQX was a highly selective antagonist at the top
currents tested (5-10 nA), reducing AMPA responses to
14±4% control (P< 0.001 vs control) whilst NMDA res-
ponses remained at 85 ± 4% control (nonetheless significant-
ly less than control, P<0.01).
Spontaneous firing rates were reduced by all antagonists,

but significantly more by systemic GYKI 53655 and NBQX
(respectively to 50 ± 13% and 36 ± 10% control at the
highest doses tested on 10 cells having spontaneous activity)
than by microiontophoretic NBQX (70 ± 7% control; 9 cells
with spontaneous activity).

Discussion

Both the competitive AMPA antagonist NBQX, and a
weaker analogue of the non-competitive antagonist, GYKI
53655, have been reported to be therapeutically effective in
different animal models of epilepsy and global brain
ischaemia (Rogawski, 1993). However, most of the data on
the receptor profile of these compounds come from in vitro
studies (e.g. Zeman & Lodge, 1992; Zorumski et al., 1993). A
variety of factors may change this profile of the drugs in vivo,
particularly after systemic administration, making the inter-
pretation of the mechanism of their effects difficult. Thus,
GYKI 52466, which selectively blocked AMPA-activated cur-
rents in cultured hippocampal neurones (Donevan & Rogaw-
ski, 1993), has been reported to be a non-selective antagonist
of both AMPA and NMDA-induced seizures when tested
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Figure 1 (a) Effects of a bolus intravenous injection of GYKI 53655 on neuronal responses to iontophoretic AMPA (8 nA). (b)
Selectivity of GYKI 53655 between responses to iontophoretic NMDA (N, 25 nA) and AMPA (A, 7 nA), and to noxious heat
stimulation applied to the plantar surface of the hindpaw (H, 49°C for 15 s); a bolus injection was supplemented by infusion of half
the bolus dose over the half-recovery time estimated from experiments such as that in (a). Data from two spinal dorsal horn
neurones in x-chloralose anaesthetized, spinalized rats.
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Figure 2 The effects of intravenous GYKI 53655 and NBQX (including tests with iontophoretically administered NBQX) on
dorsal horn neurone responses to iontophoretic NMDA (solid columns) and AMPA (cross-hatched columns). (a) Pooled data for
GYKI 53655; (b) pooled data for NBQX; (c) direct comparison of the selectivity of GYKI 53655 and NBQX when tested on the
same cells at lower (left) and higher i.v. doses (right). Asterisks show significant difference from control: *P<0.05; **P<0.01;
***P<oo0J1. #Significant difference between effects on NMDA responses of NBQX (16mg kg~') and GYKI 53655 (8mg kg-'),
P<0.05.

systemically (Bisaga et al., 1993). When tested on a small
number of spinal motoneurones by either iontophoretic or
intravenous administration in vivo, this compound did, how-
ever, appear selective for AMPA-evoked responses (Engberg
et al., 1993). NBQX has also been shown to antagonize
AMPA-induced responses in the spinal cord in vitro (Zeman
& Lodge, 1992) and in vivo after localized iontophoretic
administration (Lodge et al., 1991) without marked effects on
NMDA responses.

In this study GYKI 53655, a more potent derivative of
GYKI 52466 (Tarnawa et al., 1993) was more selective than
NBQX in reducing responses to AMPA vs NMDA. Even
GYKI 53655, however, did reduce NMDA responses to some
extent. The reduction of background activity (which
presumably results from antagonism of AMPA receptor-
mediated spontaneous inputs onto the cells) reflects a
decreased excitability that would in turn reduce responses to
NMDA as well as those to AMPA; this effect is therefore
likely to contribute to this minor degree of non-selectivity.
Such a mechanism cannot, however, explain the difference in
the degree of selectivity between systemic NBQX and either
iontophoretic NBQX or systemic GYKI 53655 (see data in
Figure 2), particularly when the two agents were compared
on the same cells.

Since NBQX is evidently metabolized rapidly (the half-

recovery time under these conditions was 15 min), it seems
likely that a metabolic product may underlie the observed
low selectivity of NBQX after systemic administration.
GYKI 53655, whilst more selective, was even shorter-acting
(half recovery time 7 min), which would limit the possible
therapeutic use of this compound. Disubstituted reduced
analogues of GYKI 52466 are longer lasting (Tarnawa et al.,
1993); development in, this direction may yield more useful
compounds.

In conclusion, the present work has demonstrated that
both NBQX and GYKI 53655 can be effective AMPA
antagonists following systemic administration. Care should,
however, be taken in the interpretation of results obtained
with systemic NBQX since its antagonist profile appears to
be less selective than that observed either in vitro or following
localized administration in vivo. This seems likely to be due
to conversion of NBQX to a less selective metabolite. GYKI
53655 therefore seems to be a more valuable tool than
NBQX for the investigation of AMPA receptor-mediated
processes in vivo.

The authors are grateful to the Wellcome Trust and the Medical
Research Council for financial support, and to Dr D. Lodge (Eli
Lilly & Co., U.K.) and Dr Leimner (Merz + Co., Germany) for gifts
of GYKI 53655 and NBQX, respectively.
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Pharmacological characterization of the human histamine H2
receptor stably expressed in Chinese hamster ovary cells
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1 The gene for the human histamine H2 receptor was stably expressed in Chinese hamster ovary
(CHO) cells and characterized by [251I]-iodoaminopotentidine binding studies. In addition, the coupling
of the expressed receptor protein to a variety of signal transduction pathways was investigated.
2 After cotransfection of CHO cells with pCMVhumH2 and pUT626, a phleomycine-resistant clonal
cell line (CHOhumH2) was isolated that expressed 565 ± 35 fmol kg-' protein binding sites with high
affinity (0.21 ± 0.02 nM) for the H2 antagonist, [251I]-iodoaminopotentidine.
3 Displacement studies with a variety of H2 antagonists indicated that the encoded protein was
indistinguishable from the H2 receptor identified in human brain membranes and guinea-pig right
atrium. The Ki-values observed in the various preparations correlated very well (r2 = 0.996-0.920).
4 Displacement studies with histamine showed that a limited fraction (32 ± 6%) of the binding sites
showed a high affinity for histamine (2 ± 1.2 gM); the shallow displacement curves were reflected by a
Hill-coefficient significantly different from unity (nH = 0.58 ± 0.09). The addition of 100 ILM Gpp(NH)p
resulted in a steepening of the displacement curve (nH = 0.79 ± 0.02) and a loss of high affinity sites for
histamine.
5 Displacement studies with other agonists indicated that the recently developed specific H2 agonists,
amthamine and amselamine, showed an approximately 4-5 fold higher affinity for the human H2
receptor than histamine.
6 Stimulation of CHOhumH2 cells with histamine resulted in a rapid rise of the intracellular cyclic
AMP levels. After 10 min an approximately 10 fold increase in cyclic AMP could be measured. The
EC50 value for this response was 7 ± 1 nM for histamine. This response was effectively blocked by
tiotidine and cimetidine, resulting in Ki values of 8 ± 1 nM and 0.56 ± 0.24 LM respectively.
7 Stimulation of CHOhumH2 cells with histamine neither inhibited the A23187-induced release of
[3H]-arachidonic acid nor changed the intracellular IP3 levels.
8 These results show that the cloned human gene encodes a histamine H2 receptor that is indistin-
guishable from the H2 receptor identified in human brain tissue. This receptor is functionally coupled to
the adenylate cyclase in CHO cells, but does not influence the inositolphosphate turnover or arachidonic
acid release.

Keywords: Human histamine H2 receptor; Chinese hamster ovary cell (CHO); [125I]-iodoaminopotentidine; cyclic AMP;
arachidonic acid release; inositolphosphate production

Introduction

Following the original observations of Ash and Schild (1966)
of possible histamine receptor heterogeneity, Black and col-
leagues (1972) initiated a successful search for histamine
receptor ligands that could selectively block or mimic the
actions of histamine on cardiac and stomach function. It was
the development of burimamide and various analogues
(Black et al., 1972) that finally provided evidence for the
existence of at least two different histamine receptor sub-
types. With the availability of suitable pharmacological tools
(for review see Leurs et al., 1991) the role of the H2 receptor
in human (patho)physiology has been studied in detail. The
receptor protein is present in e.g. various distinct human
brain areas (Traiffort et al., 1992a; Martinez-Mir et al.,
1993), human heart (Bristow et al., 1982; Du et al., 1993;
Zerkowski et al., 1993), human airway preparations (Barnes,
1992), human blood vessels (Keitoku et al., 1990; Toda,
1990), human uterus (Martinez-Mir et al., 1992) and human
stomach (Bertaccini & Corruzi, 1992). As can be anticipated
from this localization, the H2 receptor subtype has been
identified as an important target for (potential) phar-
macotherapy. Besides a role of H2 receptor antagonists in
gastric acid secretion (Bertaccini & Corruzi, 1992) application
of cardioselective H2 receptor agonists in congestive heart

' Author for correspondence.

failure has also been suggested (Felix et al., 1991). Moreover,
recently, a role for the H2 receptor has been suggested in
some neurological diseases (Kaminsky et al., 1990; Deutsch
et al., 1993; Martinez-Mir et al., 1993), indicating that CNS-
active H2 ligands might also have therapeutic potential. Due
to these perspectives, the search for more potent and selective
H2 receptor agents still continues and has, for instance,
recently resulted in the development of the new and highly
specific H2 receptor agonists, amthamine and amselamine
(Eriks et al., 1991; Timmerman, 1992; Van der Goot et al.,
unpublished observations).

Despite the interesting therapeutic potential of the H2
receptor, detailed studies of the human histamine H2 receptor
have been hampered by the lack of suitable model systems.
Human tissue is not widely available for pharmacological
studies and only a few human cell lines have been reported to
contain histamine H2 receptors (Arima et al., 1991; Emani et
al., 1983; Gespach et al., 1985). Yet, the reported phar-
macology of the histamine receptor present on these cells is
not always clear (Burde et al., 1989; Mitsuhashi et al., 1991;
Reyl-Desmars et al., 1991; Seifert et al., 1992). Only in
human monocytic U937 cells are pharmacologically clearly
defined H2 receptors present, but the density of receptor sites
is too low for detailed receptor binding studies (Smit et al.,
unpublished observations).
The recent introduction of molecular biology in the field of

'." Macmillan Press Ltd, 1994
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G-protein coupled receptor research has greatly improved the
knowledge of molecular aspects of these receptor proteins.
Following the cloning of the gene encoding the hamster
p2-receptor by Dixon et al. (1986), a wide variety of genes
encoding G-protein coupled receptors have been cloned by
various techniques. Also in the field of histamine research the
molecular biological approach has recently been successful.
Using degenerated oligonucleotides based on conserved
transmembrane regions of the receptor family and mRNA of
canine parietal cells, Gantz et al. (1991b) succeeded in clon-
ing the gene encoding a putative canine histamine H2 recep-
tor. Using the canine nucleotide sequence, soon thereafter a
rat (Ruat et al., 1991) and human homologue (Gantz et al.,
1991a) were cloned. The rat gene was expressed in Chinese
hamster ovary cells and was shown to be a typical H2 recep-
tor (Traiffort et al., 1992b). No detailed information is
available yet for the pharmacological profile of the proteins
encoded by the canine and human gene.
A cellular system expressing the human histamine H2

receptor protein would be very useful for the development of
new histamine receptor ligands and would also allow detailed
investigation of the regulation of the histamine H2 receptor
function. For the study of HI receptor regulation isolated cell
systems have already proved to be extremely useful (see e.g.
Smit et al., 1992). In view of the anticipated use of histamine
H2 receptor agonists in congestive heart failure (Felix et al.,
1991) and the reported increase in P-receptor kinase expres-
sion in heart tissue of patients with congestive heart failure
(Ungerer et al., 1993), a detailed study of the molecular
mechanisms underlying the regulation of histamine H2 recep-
tor function is of great importance. Therefore, we decided to
express stably the reported human gene in Chinese hamster
ovary cells and to perform a molecular pharmacological
characterization of the encoded protein. Besides receptor
binding studies with a wide range of agents acting at hista-
mine receptors we also investigated the signal transduction
pathways that can be activated by the receptor protein in
these cells.

Methods

Cell culture

Chinese hamster ovary cells (CHO cells) deficient in dihy-
drofolate reductase were maintained at 37°C in a humified
atmosphere with 5% CO2 in Dulbeco's Modified Eagle's
Medium (DMEM), containing 10% (v/v) foetal calf serum

and supplemented with 2 mM L-glutamine, hypoxanthine,
thymidine, MEM amino acids, 50 iu ml- ' penicillin and
50 lg ml-I streptomycin. CHO cells were stably transfected
with the eukaryotic expression vector pCMVhumH2neo
(Gantz et al., 1991a) and the plasmid pUT626, containing the
Sh ble gene, conferring resistance to the antibiotic phleomy-
cine (Cayla, France), using Lipofectine (Gibco BRL, The
Netherlands). After 2 weeks of selection in the presence of
50 pg ml1- phleomycine, surviving CHO colonies were iso-
lated by ring cloning and further expanded in culture
medium supplemented with phleomycine.
CHO cells expressing the guinea-pig histamine HI receptor

(CHOgpH,, Leurs et al., 1994) were grown at 37°C in a

humified atmosphere with 5% CO2 in DMEM, containing
10% (v/v) dialysed foetal calf serum and supplemented with
2mM L-glutamine, MEM amino acids, 50 iu mli' penicillin
and 50 glg ml1' streptomycin.

Membrane preparation

CHOhumH2 cells were trypsinized and recovered by a 10 min
centrifugation at 500g. Cells were homogenized in ice-cold
50 mM Na2/K-phosphate buffer (pH = 7.4) with a Polytron
homogenizer (5 s, maximal speed). The resulting homogenate
was thereafter centrifuged for 30 min at 18,000 g at 4°C. The

pellet was resuspended in 50 mM phosphate buffer and used
for radioligand binding studies. Protein concentrations were
determined according to Bradford (1976) with bovine serum
albumin used as a standard.

Histamine H2 receptor binding

The radiolabelled H2 receptor antagonist [1251J-iodoaminopo-
tentidine ([125I]-APT) was synthesized as described previously
(Ruat et al., 1990), with some minor modifications. Briefly,
the iodonation of aminopotentidine with Na'25I was per-
formed with H202 and acetic acid (2:1, v/v) instead of
chloramine-T. In this way the [1231l-APT was obtained
carrier-free.

Triplicate assays were performed in polypropylene tubes in
50 mM phosphate buffer containing gelatine (0.1% final
amount) to prevent adsorption of the radioligand. For com-
petition experiments 0.2nM ["25I]-APT was incubated with
5-10 gg of membrane proteins in the presence of increasing
concentrations of the competitor in a total volume of 400 fil.
In saturation studies increasing concentrations of [1251l-APT
were incubated with membrane protein in the absence or
presence of 1 fM tiotidine. After 90 min at 30°C the incuba-
tions were stopped by rapid dilution with 3 ml ice-cold
20 mM Na2/K phosphate buffer (pH = 7.4 at 4°C) supp-
lemented with 0.1% bovine serum albumin. The bound
radioactivity was subsequently separated by filtration with a
Brandel cell harvester (Semat, UK) through Whatman GF/B
glass fibre filters that had been treated with 0.3% polyethyl-
enimine. Filters were washed twice with buffer and radioacti-
vity retained on the filters was counted with a LKB-^y-counter
at an efficiency of 63%. The binding data were evaluated by
use of LIGAND, a non-linear, weighted, least-squares curve-
fitting procedure (Munson & Rodbard, 1980). Fits for one or
two binding sites were tested. Goodness of fit was considered
with an F-test of residual sums of squares corrected for the
differences in degrees of freedom. A more complex model
was accepted if at the P = 0.05 level the F-value was greater
than the critical value for the respective F statistic.

Cyclic AMP production

CHOhumH2 cells were seeded in 24-well plates and cultured
overnight in culture medium. Cells were washed twice with
DMEM, supplemented with 50 mM HEPES (pH = 7.4 at
37°C) and preincubated for 30 min at 37°C. Thereafter the
medium was aspirated, appropriate drugs in DMEM/HEPES
were added and the cells were incubated for the indicated
time at 37'. In most experiments the adenosine 3':5'-cyclic
monophosphate (cyclic AMP) accumulation was measured in
the presence of 300 pM of the phosphodiesterase inhibitor,
isobutylmethylxanthine (IBMX). The reaction was stopped
by the rapid aspiration of the culture medium and the addi-
tion of 200 pl of 0.1 N cold HCl. The cells were kept on ice
and disrupted by sonication (5 s, 50 W, Labsonic 1510,
Braun-Melsungen, Germany). The resulting homogenate was
frozen at - 20°C or directly neutralized with 1 N NaOH and
assayed for the presence of cyclic AMP.

Cyclic AMP assay

The amount of cyclic AMP in the CHO cells was determined
according to Nordstedt & Fredholm (1990), although some
minor modifications were introduced. Briefly, a protein
kinase A containing fraction was isolated from bovine
adrenal glands. Adrenal cortex was homogenized in 10
volumes 100 mM Tris/HCl, 250 mM NaCl, 10 mM EDTA,
0.25 M sucrose and 0.1% 2-mercaptoethanol (pH = 7.4 at
4°C, buffer A) using an Omni-Sorval mixer (30 s, maximal
speed) and a Polytron homogenizer (10 s, maximal speed).
The homogenate was centrifuged for 60 min at 30,000 g at
4°C. The supernatant, containing protein kinase A, was
carefully recovered and frozen in 1 ml aliquots at - 80°C.
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Before use the binding protein was diluted five fold in ice-
cold buffer A without sucrose and 2-mercaptoethanol and
kept on ice. Subsequently, 200 jAl of the binding protein was
mixed with 100 tlI of the CHO homogenate or cyclic AMP
standards and 30,000 d.p.m. [3H]-cyclic AMP. After incuba-
tion for 150 min at 40C the mixture was rapidly diluted with
3 ml ice-cold 50 mM Tris/HCl (pH = 7.4 at 40C) and filtered
through Whatman GF/B filters using a Brandel cell-harvester
(Semat, UK). The radioactivity retained on the filters was
measured by liquid scintillation counting.

[3H]-arachidonic acid release

CHOhumH2 cells were seeded in 24-well plates and cultured
overnight in culture medium, containing 0.5 j1Ci ml-' [3H]-
arachidonic acid ([3H]-AA). To remove unincorporated [3H]-
AA, cells were washed twice with 1 ml DMEM supplemented
with 0.2% bovine serum albumin (fatty acid-free). Thereafter
the cells were incubated at 370C for 30 min with the appro-
priate drugs in 1 ml of DMEM with 0.2% bovine serum
albumin. In some experiments CHOhumH2 cells were prein-
cubated with histamine for 10 min before the release of [3H]-
AA was stimulated. The release of [3H]-AA was determined
by liquid scintillation counting of 0.5 ml sample of the
incubation medium. Previously, it has been shown that over
90% of the released radioactivity corresponds to authentic
[3H]-AA (Traiffort et al., 1992b).

Inositol phosphate production

CHOhumH2 or CHOgpHj cells were seeded in 24-well plates
and cultured overnight in culture medium. Cells were washed
twice with DMEM, supplemented with 50 mM HEPES
(pH= 7.4 at 37C) and preincubated for 30 min at 37C.
Thereafter the medium was aspirated, 100 pM histamine in
100 pil DMEM/HEPES was added and the cells were
incubated for the indicated time at 37°C. The reaction was
stopped by the addition of 100 jl of 10% cold HC1O4. The
cells were disrupted by sonication (5 s, 50 W, Labsonic 1510,
Braun-Melsungen) and kept on ice for 10 min. The cell
homogenate was centrifuged for 5 min in Eppendorf tubes at
11,000g. The supernatant (1901Al) was transfered to another
tube and 47.5 gl 10 mM EDTA (pH = 7.4) was added. The
samples were neutralized with 300fil of a freon:tri-octyl-
amine mixture (1:1, v/v, freshly prepared). The samples were
vortexed and centrifuged for 2 min at 11,000g. The neu-
tralized upper phase (150 Ll) was mixed with 37.5 Ll 1 M
NaHCO3 and assayed for the presence of inositol (1,4,5)
trisphosphate (1P3) using a IP3-mass assay system (Amer-
sham).

In some experiments cells were labelled overnight in cul-
ture medium supplemented with 1 jLCi ml- 1 [3H]-inositol.
Reactions were terminated with 1 ml cold CHCl3/methanol
and the [3H]-inositol phosphates were isolated by anion
exchange chromatography (Godfrey, 1992).

Chemicals

Histamine dihydrochloride, A23187, isobutylmethylxanthine,
cyclic AMP, haloperidol and mepyramine were obtained
from Sigma Chemical Company (U.S.A.). [3H]-cyclic AMP
(40 Ci mmol 1), [3H]-inositol (18.8 Ci mmol- ) were obtained
from Amersham, and [3H]-arachidonic acid (232Cimmol1')
was purchased from New England Nuclear. Dimaprit dihydro-
bromide, amthamine dihydrobromide, amselamine dihydro-
bromide, impromidine trihydrobromide, aminopotentidine and
thioperamide were taken from laboratory stock. Gifts of
burimamide, metiamide, cimetidine, icotidine, zolantidine
(SmithKline Beecham), tiotidine (Imperial Chemical Indus-
tries), ranitidine (Glaxo), famotidine (Merck Sharp & Dohme)
and mianserin (Organon) are gratefully acknowledged.

Results

Pharmacological characterization of the human H2
receptor using ['25I]-APT

Cotransfection of CHO cells with the plasmid pCMVhumH2
and pUT626 resulted after 10-12 days of selection in culture
medium supplemented with 50 g ml-' phleomycine in the
formation of several clonal cell lines, which expressed [1251-
APT binding sites. Untransfected cells did not show any
specific [1251]-APT binding (data not shown). For subsequent
experiments a cell line (CHOhumH2) stably expressing [125I]_
APT binding sites was further analysed. Saturation experi-
ments performed with CHOhumH2 cell membranes indicated
the expression of a single [1251]-APT binding site (nH = 1.0 ±
0.1) with a dissociation constant (Kd) of 0.21 ± 0.02 nM
(n = 3, mean ± s.e.mean) and a maximal density of 565 ± 35
fmol mg- protein (n = 3) (Figure 1).
The specific binding of 0.2 nM [1251]-APT represented more

than 95% of the total binding and was monophasically (nH
not significantly different from unity) inhibited by a variety
of H2 receptor antagonists but was unaffected by the H,- and
H3 antagonists, mepyramine and thioperamide (Figure 2a,
Table 1). The Ki values of the H2 antagonists correlated well
with their biological activities at the H2 receptor of the
guinea-pig right atrium (Leurs et al., 1991) (r2 = 0.920,
n = 10, Table 1) and the Ki-values determined for the H2
receptor on post-mortem human brain membranes (Traiffort
et al., 1992a) (r2 = 0.996, n = 6, Table 1). The antidepressant,
mianserin and the neuroleptic, haloperidol also interacted
with the cloned human H2 receptor protein, although at only
moderate concentrations (Table 1).

Various histamine H2 agonists displaced the specific [1251]
APT binding to CHOhumH2 cell membranes too (Figure 2b,
Table 2). Yet, histamine displacement curves were shallow
(nH = 0.58 + 0.09, n = 5) and could be best analysed accord-
ing to a two site model (Figure 2b). Simultaneous fitting of
the five independent experiments resulted in an affinity of
2.0 ± 1.2 jaM and 81 ± 15 JAM for respectively the high- and
low affinity binding site. The addition of 100 JAM Gpp(NH)p
resulted in a steepening and a rightward shift of the his-
tamine displacement curve (Figure 2b), which was best
analysed according to a single site model, leading to a K1-
value of 45 ± 4 JAM (Table 2). The percentage high affinity
sites for histamine was rather low (Figure 2b, Table 2) and
not always obvious. Similar observations were made for the
other H2-receptor agonists. Under control conditions shallow
displacements curves were obtained, which with the exception

0.4 0.6 0.8

[1251]-APT (nM)

Figure 1 Concentration-dependent binding of ['251]-iodoaminopo-
tentidine (['25I]-APT) to CHOhumH2 cell membranes. Specific
radioligand binding (0) was determined by subtracting the binding
in the presence of 1 tiM of tiotidine (-) from the total binding (@).
Mean values of triplicate determinations of a typical experiment out
of three are shown.
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of the data for dimaprit, were best fitted according to a two
sites model (Table 2). In the presence of Gpp(NH)p the
specific agonists, amthamine (Eriks et al., 1991), amselamine
(Van der Goot et al., unpublished observations), dimaprit
and impromidine all displaced ['25I]-APT binding to CHO
humH2 membranes monophasically and showed a higher
affinity for the human H2 receptor than did histamine (Table
2).
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Figure 2 Pharmacological profile of the ['25I]-iodoaminopotentidine
(['25I]-ATP) binding site on CHOhumH2 membranes. Displacement
of ['25f1-APT binding by (a) APT (@), ranitidine (0), burimamide
(O) or (b) histamine in the absence (0) or presence (0) of 100tiM
Gpp(NH)p is shown. Data shown are the mean values of triplicate
determinations from a typical experiment. Similar results were
obtained in 2-4 other independent experiments.

Cyclic AMP production in CHOhumH2 cells

In untransfected CHO cells, histamine (100 llM) did not affect
the cellular cyclic AMP level (data not shown). Stimulation
of the CHOhumH2 cells in the absence of the cyclic AMP
phosphodiesterase inhibitor, isobutylmethylxanthine (IBMX)
with 1 lM histamine for 10 min resulted in a slight but
significant increase of the basal cyclic AMP level of
6.6 ± 1.0 pmol/well to 10.7 ± 1.1 pmol/well (P<0.05, n = 3).
In the presence of increasing concentrations of IBMX, his-
tamine stimulation resulted in a massive increase of the
cellular cyclic AMP levels, which appeared to be maximal
with 300-600 JM IBMX (data not shown). In subsequent
experiments the cyclic AMP accumulation was measured in
the presence of 3001M IBMX.
Under these conditions addition of 1 gM histamine resulted

in the rapid production of cellular cyclic AMP (inset Figure
3a); already 2min after the application of histamine, in-
creased levels of cyclic AMP were found. Maximal stimula-
tion of the cellular cyclic AMP levels (approximately 10 fold)
was observed after 10min (inset Figure 3a). Stimulation of
CHOhumH2 cells with increasing concentrations of histamine
for 10 min resulted in a concentration-dependent increase in
cellular cyclic AMP levels. At relatively low concentrations,
histamine stimulated the cyclic AMP production (Figure 3a);
the EC"-value of histamine for this response was 7 ± 1 nM
(n = 5). This histamine-induced (0.3 gM) cyclic AMP res-
ponse was effectively inhibited by the H2 receptor antago-
nists, tiotidine and cimetidine (Figure 3b), resulting in K(
values of 8 ± 1 nM and 0.56 ± 0.24 gAM (n = 4) respectively.
These Ki-values correspond well with the Ki-values obtained
from the ['25I]-APT displacement studies (Table 1). The
histamine-induced cyclic AMP response was not affected by
the H.- and H3 receptor antagonists mepyramine and thio-
peramide in concentrations up to 100 jM (Figure 3b).

Arachidonic acid release in CHOhumH2 cells

In CHOhumH2 cells prelabelled with [3H]-AA application of
the Ca2" ionophore A23187 led to a massive increase of
[3H]-AA release (Figure 4). Whereas under basal conditions
the [3H]-AA release was 389 ± 17 d.p.m. (n = 4), stimulation
of CHOhumH2 cells with 1 gM of the Ca2" ionophore
A23187 led to an elevation of the [3H]-AA release to
3156 ± 88 d.p.m. (n = 4). Histamine (1 tM and 100 sM) did
not affect the basal [3H]-AA release, whereas the A23187
(1 gM) induced [H]-AA release was slightly increased by
100 gM histamine (Figure 4). In some experiments CHOhum
H2 cells were preincubated with histamine in order to study
its effect on the A23187-induced [3H]-AA release. Also under

Table 1 Ki-values of various histamine receptor antagonists for competition with [125l-iodoaminopotentidine binding to CHOhumH2
membranes

CHOHumH2
KA

15 ± 5 nM
3.9 ± 1.2 M

0.66 ± 0.22 gM
16 ± 3 nM

0.67 ± 0.16 gM
85 ± 4 nM
17 ±+6 nM
40 ± 8 nM
15 ± 2 nM
1.5 ± 0.3 gM

0.56 ± 0.51 gM
> 10AM
> 100 AM

Human brain
KA

0.99 ± 0.06
- 1.10±0.04
- 0.89 ± 0.02

0.92 ± 0.07
0.95 ± 0.03

- 0.96 ± 0.06
- 0.88 ± 0.01
- 1.05 ± 0.06
-1.01 ± 0.04
- 0.98 ± 0.03
- 1.08 ±0.04

1.6 pM

0.27 JiM

38 nM
5 nM

0.65 gM
0.10 ,M

Guinea-pig atrium
KB

7.8 sM
0.79 ttM
16 nM
0.92 gM
63 nM
15 nM
35nM
60 nM
0.87 pM
0.11 AM

Reported values for ['l25]-iodoaminopotentidine binding to human brain membranes (Traiffort et al., 1991a) and antagonism of
histamine-induced chronotropic responses of guinea-pig right atrium (Leurs et al., 1991) are shown for comparison. Data shown are

mean ± s.e.mean of three to four independent experiments, each performed in triplicate.

Compounds

APT
Burimamide
Cimetidine
Famotidine
Metiamide
Ranitidine
Tiotidine
Zolantidine
Icotidine
Haloperidol
Mianserine
Mepyramine
Thioperamide



STABLE EXPRESSION OF HUMAN H2 RECEPTOR 851

Table 2 Ki-values of various histamine receptor agonists for competition with [I251]-iodoaminopotentidine binding to CHOHumH2
membranes in the absence or presence of 100;LM Gpp(NH)p

- Gpp(NH)p
Ki high (PIM) Ki,0..CuM)

+ Gpp(NH)p
Ki CuM)

Histamine 2.0 1.2 81 15 - 0.58 0.09 45 4 - 0.79 0.02
(32 6%) (68 6%)

Amthamine 0.15 0.14 6.9 0.8 - 0.68 0.03 7.0 1.7 - 0.88 0.01
(23 6%) (76 6%)

Amselamine 0.13 0.09 9.6 0.7 -0.73 0.02 10 I - 1.02 0.11
(18 3%) (82 3%)

Dimaprit ND 25 5 - 0.79 0.02 24 5 - 0.96 0.09
(100%)

Impromidine 0.023 0.028 0.38 0.09 - 0.73 0.04 0.47 0.03 - 0.96 0.04
(31±15%) (69±16%)

Guinea-pig right atrium
EC" CuM)

0.72

0.62

0.39

1.1

0.016

Reported values for agonist-induced chronotropic responses of guinea-pig right atrium (Eriks et al., 1991; Van Der Goot, unpublished)
are shown for comparison. Values in parentheses indicate the relative densities of the respective sites. Data shown are mean ± s.e.mean
of three to five independent experiments, each performed in triplicate.
ND = not detectable.

these conditions histamine had no inhibitory effect on the
A23187 response (data not shown).

Inositol phosphate production in CHOhumH2 cells

In CHOhumH2 cells prelabelled overnight with [3H]-inositol,
application of 00 pM histamine in the presence of 20 mM
LiCl for 10 min at 37°C did not result in an increase of the
intracellular accumulation of [3HJ-inositol phosphates (107 ±
7% of the basal accumulation, n = 3). Yet, stimulation of the
endogenous P2-purinoceptor of CHOhumH2 cells (Iredale &
Hill, 1993; Traiffort et al., 1992b) with 100 ftM of ATP
resulted in an increase of 580 ± 110% (n = 3) of the basal
release of [3H]-inositol phosphates. Since this approach might
be too insensitive for small increases in the levels of IP3 we
analysed the effects of histamine in more detail. Using an IP3
mass assay we measured the intracellular IP3 levels in
CHOhumH2 and CHOgpH1 cells after stimulation with
100 EM histamine. As can be seen in Figure 5, histamine had
no effect on the basal levels of IP3 in CHOhumH2 cells. In
CHOgpHj cells, 100IM histamine rapidly elevated, as
expected, the cellular IP3 levels; within 10 s the IP3 levels were
more than doubled. This rise was transient and dropped to a
lower level, which remained elevated up to 1 min of stimula-
tion (Figure 5). In accordance with these findings we were
unable to find any effect of histamine on the intracellular
calcium levels in fura-2 loaded CH(humH2 cells, although in
the same population of cells 100 tM of ATP resulted in a
rapid rise of the basal level of 97 ± 12 nM to a peak value of
406±55nM (n=3).
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Discussion

In this paper we present evidence that the receptor protein
encoded by the putative human histamine H2 receptor gene
(Gantz et al., 1991a) is indistinguishable from the phar-
macologically characterized H2 receptor of the guinea-pig
atrium (Leurs et al., 1991) or human brain tissue (Traiffort et
al., 1992a). In the initial paper on the cloning of the human
gene (Gantz et al., 1991a), some indications of the H2 nature
of the encoded receptor protein were presented; transfected
cells bound the H2 receptor antagonist, VH]-tiotidine, where-
as histamine was found to induce a cimetidine-sensitive cyclic
AMP accumulation (Gantz et al., 1991a). In view of the
reported pharmacological discrepancies of human H2 recep-
tor-like proteins in various cell systems (Burde et al., 1989;
Reyl-Desmars et al., 1991; Seifert et al., 1992) the observed
actions of cimetidine and tiotidine do, however, not unam-
biguously define the encoded human receptor protein.

In human gastric HGT-1 tumour cells, Reyl-Desmars et al.
(1991) reported the presence of an H2 receptor with a rather

Figure 3 Histamine-induced cyclic-AMP accumulation in CHOhum
H2 cells. (a) CHOhumH2 cells were stimulated with increasing con-
centrations of histamine for 10 min at 37'C in the presence of 300 iM

isobutylmethylxanthine (IBMX). Data shown are the mean values of
a typical experiment out of 6. In untransfected cells histamine did
not alter the intracellular cyclic AMP concentration. Inset: CHOhum
H2 cells were stimulated with DMEM (-) or I gtM of histamine (0)
for various lengths of time at 37-C in the presence of 300 gms IBMX.
Data shown are the mean values of a typical experiment out of 3. (b)
Pharmacological characterization of the histamine-induced cyclic
AMP response in CHOhumH2 cells. Cells were incubated for 10 min
at 37'C with 0.3 LM of histamine in the presence of increasing
concentrations of tiotidine (0), cimetidine (0), mepyramine (-)
and thioperamide (0) and 300 gM IBMX. A typical experiment out
of 4 is shown.

low affinity for tiotidine. The pharmacological profile of the
reported binding site was therefore quite different from the
profile of standard H2 receptor systems (Reyl-Desmars et al.,
1991) and still remains undefined. Nevertheless, functional H2
receptors have been observed in the same cell line (Emani et

Compounds
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Figure 4 Effect of histamine on the basal and A23 187-induced
release of [3H]-arachidonic acid ([3H]-AA) from prelabelled CHOhum
H2 cells. Cells were incubated with DMEM (open column), 1 juM
(hatched column) or 100 LM (stippled column) of histamine in the
absence or presence of 1 pIM A23187 for 30 min at 37°C, after which
the released radioactivity was counted in the medium. A typical
experiment out of 4 is shown. *Significant difference compared to
stimulation with DMEM (ANOVA).

al., 1983). Similar observations are made in human HL-60
promyelocytic leukemia cells. Also in these cells functional
H2 receptors have been described (Burde et al., 1989; Mit-
suhashi et al., 1991; Seifert et al., 1992). However, the phar-
macological definition of the various functional responses is
not always clear. A unique agonist/antagonist profile is
reported for the inhibition of the oxidative burst (Burde et
al., 1989) and the increase of cytosolic calcium in HL-60 cells
(Mitsuhashi et al., 1991; Seifert et al., 1992).

In view of these data and the lack of suitable systems for
the study of the pharmacological properties of the human H2
receptor and the regulation of its function, we stably ex-
pressed the cloned human gene (Gantz et al., 1991a) in CHO
cells. Our detailed pharmacological characterization of the
encoded protein was performed with the highly specific H2
receptor antagonist ['25H]-iodoaminepotentidine (Ruat et al.,
1990). This radiolabel has previously successfully been used
for the labelling of the human H2 receptor in brain tissue
(Traiffort et al., 1992a) and has many advantages over [3H]-
tiotidine. From our results with CHOhumH2 cells, the H2
nature of the encoded receptor protein is clear. Affinity con-
stants calculated from displacement studies with 11 struc-
turally different H2 receptor antagonists perfectly match the
pharmacological profile of the H2 receptor from guinea-pig
right atrium (Leurs et al., 1991) and human brain (Traiffort
et al., 1992a); regression coefficients of 0.92-0.99 are
obtained when the various Ki-values are correlated. It can
therefore be concluded that the cloned gene (Gantz et al.,
1991a) encodes a classical human H2 receptor.

In this study a complicated interaction of histamine with
the ['MH]-iodoaminopotentidine binding site on CHOhumH2
cell membranes is observed, Shallow displacement curves
with Hill-coefficients of 0.58 were obtained, whereas the in-
clusion of the non-hydrolysable GTP analogue Gpp(NH)p
resulted in a steepening of the curves. Approximately 30% of
the ['25H]-iodoaminopotentidine binding sites showed high
affinity for histamine (2pM). The biphasic nature of the
displacement curves of histamine indicate the coupling of the
human H2 receptor to G-proteins.
As far as we know, the coupling of the human H2 receptor

to a G-protein has not been reported before on the basis of
radioligand binding studies. Yet, besides its deduced amino
acid structure, adenylate cyclase studies with human heart
tissue (Bristow et al., 1982) and radioligand binding studies
with the rat H2 receptor expressed in CHO cells (Traiffort et
al., 1992b) also indicate the interaction of the H2 receptor

Figure 5 Effect of 100 gM histamine on the inositol (1,4,5) trisphos-
phate (1P3) production in CHOhumH2 (@) and CHOgpHj cells (0).
Cells were incubated for the indicated times with histamine at 37°C,
homogenized and the IP3 levels were determined by radioreceptor
assay. Data shown are the mean ± s.e.mean of a typical experiment
out of 4.

with G-proteins. There is a remarkable discrepancy between
the results from the displacement studies with histamine
using CHOhumH2 cell membranes and post-mortem human
brain membranes (Table 1). In human brain tissue, histamine
was found to display a 10 fold higher affinity (4wM) com-
pared to guinea-pig brain tissue (Traiffort et al., 1992a). The
affinity of histamine for the high affinity site on CHOhumH2
cell membranes is remarkably close to the reported affinity of
histamine on human brain membranes (Traiffort et al.,
1992a). Unfortunately no data regarding GTP sensitivity was
reported in the latter. Yet, the observed differences between
guinea-pig and human brain tissue were suggested to be
related to species differences or post-mortem or aging-induced
changes in receptor characteristics (Traiffort et al., 1992a).
Based on the present findings we conclude that the previously
reported high affinity of histamine in human brain mem-
branes does not reflect a natural higher sensitivity of the
human H2 receptor to this neurotransmitter, but could be
due to either conservation problems inherent in the use of
post-mortem human samples or due to aging-related changes
in receptor or G protein characteristics; it is possible that
only high-affinity H2 receptor sites have been measured in the
post-mortem human brain membranes (Traiffort et al., 1992a).

Following the characterization of the binding of the ex-
pressed protein we investigated the signal transduction path-
ways of the human H2 receptor in CHO cells. Previously, it
has been reported that H2 receptors can elevate the cyclic
AMP levels in a variety of human tissues (Platshon et al.,
1978; Bristow et al., 1982; Emani et al., 1983; Whitehead et
al., 1988; Arima et al., 1991). We found that in stably
expressed CHO cells stimulation of the human H2 receptor
also results in the rapid intracellular accumulation of cyclic
AMP. Histamine is highly effective in this respect; the high
potency in relation to its low affinity reflects a large receptor
reserve for histamine and therefore a highly efficient coupling
of the H2 receptor to the adenylate cyclase system in the
CHO cells. The histamine-induced cyclic AMP production in
CHOhumH2 cells was pharmacologically characterized as an
H2 receptor-mediated process; the response was not inhibited
by the Hj- and H3-receptor antagonists, mepyramine and
thioperamide but could be inhibited potently by the H2
antagonists, tiotidine and cimetidine. The resulting A.-values
obtained from the cyclic AMP inhibition experiments (8 nM
and 0.56 tLM) were quite similar to the Ki-values obtained
from the radioligand binding studies (17 nM and 0.66 tM) for
tiotidine and cimetidine respectively.
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In some systems it has been suggested that histamine H2
receptor stimulation is linked to other signal transduction
mechanisms (Mitsuhashi et al., 1989; Delvalle et al., 1992;
Seifert et al., 1992; Traiffort et al., 1992b). In HL-60 cells
(Mitsuhashi et al., 1989; Seifert et al., 1992) and rat HEPA
cells transfected with the canine H2 receptor cDNA (Delvalle
et al., 1992) H2 receptor stimulation has been reported to
result in an increase of the intracellular Ca2+ concentration.
In HEPA cells this response was clearly correlated with an
increase of the IP3 levels and appeared to be independent of
cyclic AMP production (Delvalle et al., 1992). Moreover, in
CHO cells rat H2 receptor stimulation inhibited A23187-
induced arachidonic acid release via a cyclic AMP indepen-
dent mechanism (Traiffort et al., 1992b). These data indicate
that H2 receptors might interact with a variety of different G
proteins in the membrane.

In CHOhumH2 cells we were unable to observe a coupling
to the phospholipase C and phospholipase A2 pathway. In
total agreement with our findings, a linkage of the rat H2
receptor with the phospholipase C pathway could not be
found either (Traiffort et al., 1992b). These conflicting obser-
vations can be explained by assuming different G protein
and/or phospholipase C isoenzyme distribution in CHO and
HEPA cells. In contrast to the rat H2 receptor (Traiffort et
al., 1992b) the human H2 receptor was not able to reduce the
A23187-induced arachidonic acid release from CHOhumH2
cells. Instead, a slight stimulation was obtained, which can be
explained by the reported modulation of arachidonic acid
release from CHO cells by protein kinase A (Piomelli & Di
Marzo, 1993). An explanation for the observed lack of
inhibition could be found in the difference in receptor expres-
sion. For the rat H2 receptor a CHO clone expressing
1.4 pmol mg' protein was used for the arachidonic acid
release experiments (Traiffort et al., 1992b), whereas in the
present study, the human H2 receptor was expressed at a
more physiological level ( ± 600 fmol mg ' protein). It is also
possible that the observed sequence differences between the
rat (Ruat et al., 1991) and human gene (Gantz et al.,
1991a,b) are responsible for the difference in signal transduc-
tion. It is known that intracellular receptor domains are

involved in the interaction of G protein coupled receptors
with different G proteins (Probst et al., 1992). Although the
rat and human H2 receptor share a high degree of overall
homology, differences are found especially in the intracellular
parts of the receptor proteins (Gantz et al., 1991a; Ruat et
al., 1991).

In conclusion, we have stably expressed the human H2
receptor in CHO cells. The receptor protein is pharma-
cologically similar to the human H2 receptor in brain tissue
and is very efficiently coupled to the adenylate cyclase
system. The availability of a cell system expressing the
human H2 receptor will play a key role in the development of
new and selective ligands for this protein, an important
target for today's human pharmacotherapy (Felix et al.,
1991; Bertaccini & Corruzi, 1992). Screening of large series of
compounds for their affinities for the human H2 receptor is
possible now, and the regulation of the human H2 receptor
function can be studied in detail.
H2 receptor agonists are investigated for future develop-

ment and application in patients with congestive heart failure
(Felix et al., 1991). In this pathophysiological condition the
cardiac adrenergic neurotransmission is greatly reduced. This
is probably the result of an increase in the expression of the
P-adrenoceptor kinase, which is responsible for the phosph-
orylation and desensitization of the P2-adrenoceptor (Ungerer
et al., 1993). Recently, we observed a rapid desensitization of
the human H2 receptor-mediated cyclic AMP production in
U-937 cells (Smit et al., unpublished observations). Yet, the
use of this cell line for detailed biochemical investigations is
limited since the density of H2 receptors is very low
(+± Ofmol mg-' protein; M.J. Smit, unpublished observa-
tions). The use of the CHOhumH2 cells will therefore also be
of great importance for future mechanistic studies of the
desensitization and regulation of H2 receptor expression.

The authors wish to thank Dr I. Gantz for the gift of the human H2
cDNA and Dr J. Eersels for the synthesis of [125Il-APT. The research
of R.L. has been made possible by a fellowship of the Royal
Netherlands Academcy of Arts and Sciences.
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Covariation of M2-adrenoceptor density and function following
irreversible antagonism with EEDQ

'Michael J. Durcan, Philip F. Morgan, Michelle L. Van Etten & Markku Linnoila

Laboratory of Clinical Studies, DICBR, National Institute on Alcohol Abuse and Alcoholism, 9000 Rockville Pike, Bethesda,
MD 20892, U.S.A.

1 Administration of the irreversible antagonist, N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline,
(EEDQ, 2 mg kg-', i.p.) to mice reduced binding of [FH]-RX 821002 (2-methoxy-idazoxan) to £2-

adrenoceptors in whole mouse brain by 75% 24 h later. The receptor binding returned over time only
being reduced by 25% by 16 days post administration; the time taken for binding to return to 50% of
control levels was estimated to be 5.25 days.
2 EEDQ administration also resulted in the loss of the sedative effect of the a2-adrenoceptor agonist,
medetomidine, measured by the holeboard test of directed exploration and locomotor activity. Agonist-
induced sedation returned to control values by 8 days post EEDQ administration.
3 EEDQ administration also resulted in the loss of the hypothermic response to medetomidine
(0.1 mg kg', i.p.). Medetomidine-induced hypothermia returned to control values by 12 days post
EEDQ administration.
4 Pretreatment with the selective M2-adrenoceptor antagonist, RX 821002 (0.1-3.0 mg kg-', i.p.) 45 min
before EEDQ prevented the loss of a2-adrenoceptors as well as the blockade of medetomide-induced
sedation and hypothermia by EEDQ.
5 The results of these experiments indicate that there is significant receptor reserve for (2-adrenoceptor-
mediated behavioural and physiological responses.

Keywords: N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ); a2-adrenoceptors; RX 821002; medetomidine; sedation;
hypothermia; receptor binding in mice

Introduction

N-ethoxycarbonyl-2- ethoxy-1, 2-dihydroquinoline (EEDQ)
(Belleau et al., 1968; 1969) is a potent and irreversible
antagonist of a number of neurotransmitter receptors (Meiler
et al., 1988; Crocker & Cameron, 1989). Since EEDQ binds
irreversibly to these receptors and they must be replaced for
the return of function, it provides a useful tool for the
investigation of receptor turnover as well as the relationship
between receptor density and behavioural or physiological
function. Additionally, by employing appropriate pharmaco-
logical treatments before EEDQ administration it is possible
to explore the differential contributions of specific receptor
subtypes. EEDQ has been extensively used for the investiga-
tion of the behavioural, neuropharmacological and electro-
physiological effects of irreversible blockade of dopamine
receptors (Hamblin & Creese, 1983; Meller et a-., 1985; Saller
et al., 1989; Cox & Waszcak, 1990). However, EEDQ has
been reported to be more potent in irreversibly blocking
a-adrenoceptors, in particular the ot2-adrenoceptor, than
dopamine receptors (Adler et al., 1985; Meller et al., 1988;
Pilc et al., 1989). For example, the peripherally administered
dose required to maximally block M2-adrenoceptors is report-
ed to be <2 mg kg-' whereas doses of greater than 4mg
kg-l are routinely used in investigation of dopamine recep-
tors (Hamblin & Creese, 1983; Meller et al., 1985; Saller et
al., 1989; Cox & Waszcak, 1990).

In the experiments described here the effect of EEDQ on
radioligand binding to a2-adrenoceptors was explored both
over time following EEDQ treatment and in groups of
animals in which the M2-adrenoceptors were 'protected' by the
prior administration of a selective ac2-adrenoceptor antago-
nist, RX 821002. In addition, the changes in responses to an
M2-adrenoceptor agonist in vivo following EEDQ treatment

were also investigated both over time and in animals
pretreated with RX 821002. The selective a2-adrenoceptor
agonist, medetomidine, was used to investigate X2-mediated
responses i.e., sedation and hypothermia. The dose used
(O.1 mg kg-') was chosen on the basis of previous studies
with this compound (Durcan et al., 1989). The results are
discussed in terms of the rate of X2-adrenoceptor turnover
and the relationship of receptor density to agonist-mediated
function.

Methods

Animals

NIH Swiss male mice were housed in groups of ten on a
12:12 h light:dark cycle with food and water available ad lib.
The mice weighed between 21 and 25 g (approximately 6-7
weeks of age) at the time of testing. All mice were naive to
the testing apparatus.

[3HJ-RX 821002 binding

For binding studies mouse whole brains were rapidly re-
moved and frozen at - 70°C. Individual brains were homo-
genized in 10 ml of buffer (50mM Tris HCl; 0.5 mm MgCl2,
pH 7.4). The homogenates were centrifuged at 35,000 g for
20 min at 4'C, the supernatant discarded and resuspended in
buffer. This procedure was repeated twice more.
For saturation binding tissue homogenates were incubated

with 11 concentrations of (H]-RX 821002 (0.05-20 nM) for
30 min at room temperature. Non-specific binding was deter-
mined with 10 gM phentolamine. Bound and free radioligand
were separated by rapid filtration through Whatman GF/B
filters using a Brandel M-24 cell harvester. Filters were
washed twice with 5 ml ice-cold assay buffer, placed in vials
containing 10 ml scintillation fluid and the radioactivity
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1237, Main Building, Wellcome Research Laboratories, 3030 Corn-
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measured in a liquid scintillation counter. Protein levels were
determined by the Coomassie blue method with gamma
globulin standards using a Bio-Rad microplate reader and
reagents (Bio-Rad, Melville, NY, U.S.A.). When a single
concentration of radioligand was employed 1 nM [3H]-RX
821002 was used under identical assay conditions.

Holeboard testing

The holeboard consisted of a Plexiglas box (40 x 40 x 30 cm)
the floor of which had four equally spaced holes, each 3 cm
in diameter. In two opposite walls, 2 cm above the floor,
were four equally spaced infra-red photobeams to measure
movement in the box. There were also photobeams beneath
each hole to measure the number and duration of head-dips.
The apparatus was interfaced with a PDP- 1I computer run-
ning SKED-l 1 software (State Systems Inc., Kalamazoo, MI,
U.S.A.).
The holeboard testing, which took place in a dimly lit

room, involved placing a mouse in the centre of the floor and
allowing it to explore for 8 min.

Temperature recording

Core body temperatures were measured with a rectal probe
and a digital thermometer (Harvard Apparatus, South
Natick, MA, U.S.A.). The probe was inserted 2.5 cm into the
colon of each mouse.

Data analysis

The maximum number of binding sites (B..,) and the equilib-
rium dissociation constants (Kd) were calculated with Lun-
don-i software (Lundon Software Inc., Chagrin Falls, OH,
U.S.A.). Data were analysed by analysis of variance and post
hoc Tukey tests to determine differences between individual
means.

Effect ofEEDQ on [3H]-RX821002 binding: time
course and receptor protection studies

For the time course experiment, groups of animals (n = 4
each) were treated with EEDQ (2 mg kg') or 5% DMSO
vehicle 1, 2, 4, 8, 12 and 16 days before they were killed.
Whole brain tissue was obtained and the magnitude of [3H]-
RX 821002 binding assessed using a single concentration of
radioligand as described above.
For the receptor protection experiments groups of animals

(n = 4 each) were pretreated with RX 821002 (0.1-3.0 mg
kg-', i.p.) or distilled water vehicle 45 min before treatment
with EEDQ (2 mg kg', i.p.) or 5% DMSO vehicle. Twenty
four hours later whole brain tissue was obtained and the
magnitude of [3H]-RX 821002 binding assessed using a single
concentration of radioligand as described above. In addition
in groups receiving pretreatments with vehicle or 3.0 mg kg-'
RX 821002, saturation binding curve analysis was also per-
formed to obtain Bm. and Kd estimates as described above.

Effect ofEEDQ on medetomidine-induced sedation: time
course and receptor protection studies

For the medetomidine-induced sedation experiments groups
of animals (n = 7-10) were treated with EEDQ (2 mg kg-')
or 5% DMSO vehicle 1, 2, 4, 8, 12 and 16 days before
testing in the holeboard apparatus. On the day of testing the
animals were injected with medetomidine (0.1 mg kg-', i.p.)
or distilled water vehicle 30 min before testing in the
holeboard apparatus as described above.
For the receptor protection experiments groups of animals

(n = 6-8) were pretreated with RX 821002 (0.1-3.0 mg kg-',
i.p.) or distilled water vehicle 45 min before treatment with
EEDQ (2 mg kg', i.p.) or 5% DMSO vehicle. Twenty four
hours later they were tested in the holeboard apparatus. The

animals were injected with medetomidine (0.1 mg kg-', i.p.)
or distilled water vehicle 30 min before testing in the
holeboard apparatus as described above.

Effect ofEEDQ on medetomidine-induced hypothermia:
time course and receptor protection studies

For the medetomidine-induced hypothermia experiments
groups of animals (n = 8-11) were treated with EEDQ
(2mgkg-') or 5% DMSO vehicle 1, 2, 4, 8, 12 and 16 days
prior to hypothermia testing. On the day of testing the core
body temperature of each animal was measured immediately
before it was injected with medetomidine (0.1 mg kg-', i.p.)
or distilled water vehicle. Twenty minutes later the core body
temperature of each animal was measured again.
For the receptor protection experiments groups of animals

(n = 6-8) were pretreated with RX 821002 (0.1-3.0 mg kg-',
i.p.) or distilled water vehicle 45 min before treatment with
EEDQ (2 mg kg-', i.p.) or 5% DMSO vehicle. Twenty four
hours later their core body temperatures were measured
immediately before medetomidine (0.1 mg kg-', i.p.) adminis-
tration. Twenty minutes later the core body temperature of
each animal was measured again.

Drugs

N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ), 2-
[2-(2-methoxy-1,4-benzodioxanyl)] imidazoline hydrochloride
(RX 821002) and phentolamine were obtained from Research
Biochemicals International, Natick, MA, U.S.A., and med-
etomidine was obtained from Farmos Ltd., Turku, Finland.
[3H]-RX 821002 was obtained from Amersham Life Science,
Arlington Heights, IL, U.S.A. EEDQ was dissolved in 5%
dimethylsulphoxide (DMSO) distilled water, RX 821002 and
medetomidine were each dissolved in a distilled water vehicle.
All injections were given i.p. at a volume of 10 ml kg-'.

Results

Effect ofEEDQ treatment on [3H]-RX 821002 binding

Pretreatment with EEDQ (2 mg kg-') significantly reduced
binding of [3H]-RX 821002 in mouse whole brain homogen-
ates obtained 24 h after administration (see Figure 1). The
amount of binding in the EEDQ-treated animals was approx-
imately 25% of that seen in the vehicle-treated animals 1 day
following treatment; binding gradually returned towards con-
trol levels over time (see Figure Ib). By day 16 post EEDQ
treatment the binding in the treated animals was not statis-
tically significantly different from the control animals (Figure
1); however, it was still only approximately 75% of control
levels (Figure lb).

Pretreatment 45 min before EEDQ administration with
RX 821002 dose-dependently protected against the loss of
binding induced by EEDQ seen 24 h later (Figure 2).
Animals pretreated with vehicle 45 min before EEDQ showed
a reduction in [3H]-RX 821002 binding consistent with that
seen previously. Animals receiving 0.3, 1.0 and 3.0 RX
821002 prior to EEDQ all showed significantly greater bin-
ding than unpretreated controls (Figure 2). In the groups
which were not treated with EEDQ, the administration of
RX 821002 did not have any significant effect on receptor
binding 24 h later. Analysis of saturation binding data
revealed a significant (P<0.01) reduction in the maximal
binding (B.) in the EEDQ only treated group as compared
to controls (Table 1) whereas pretreatment with 3 mg kg-
RX 821002 significantly (P <0.01) attenuated the effect of
EEDQ. No statistically significant change in affinity (K) was
observed. Representative Scatchard plots for the four groups
are shown in Figure 3.
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Effect ofEEDQ on medetomidine-induced sedation

Treatment with 0.1 mg kg-I medetomidine produced a mark-
ed behavioural sedation in animals previously treated with
the DMSO vehicle as shown by the reduction in locomotor
activity and exploratory head-dipping in the holeboard
(P<0.01). In animals treated with EEDQ the sedative effect
of medetomidine was attenuated 1, 2 and 4 days after EEDQ
treatment (Figure 4). A significant (P<0.05) attenuation of
medetomidine-induced sedation was also observed on day 12
post EEDQ treatment but animals tested 8 and 16 days post
EEDQ treatment did not differ from DMSO vehicle-treated
controls. Whilst the attenuation seen on day 12 was
significantly different from control (P<0.05 for head-dips,
P<0.01 for locomotor activity), its magnitude was some-
what less than that seen earlier and not significantly different
from values of EEDQ treated animals on days 8 and 16.
Additionally, the medetomidine only treated control groups
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were somewhat more sedated on day 12 than on the other
days. EEDQ treatment alone had no effect on either
locomotor activity or exploratory head-dipping.

In the receptor protection experiment, the sedative effect of
medetomidine was again reversed by administration of
EEDQ 24 h earlier. However, in animals pretreated with
RX 821002 45 min before EEDQ treatment, the sedation was
less marked, an effect which was dose-dependent. For
locomotor activity, groups given either 1 or 3 mg kg-'
RX 821002 treatment prior to EEDQ did not differ signi-
ficantly from the 5% DMSO vehicle pretreated animals in
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Figure 2 Effect of pretreatment with RX 821002 45 min prior to
EEDQ on [3H]-RX 821002 binding 24 h later: (0) animals treated
with 0.1-3.0mgkg-' RX821002 45min before administration of
5% DMSO vehicle; (U) animals treated with 0.1-3.0mg kg-'
RX 821002 45 min prior to administration of 2 mg kg-' EEDQ; (0)
vehicle + vehicle control; (0) vehicle + 2 mg kg- ' EEDQ control.
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Figure 1 Time course of the effect of EEDQ on [3H]-RX 821002
binding in mouse whole brain. (a) Animals were treated with either
vehicle (0) or 2mg kg-' EEDQ (U) on day 0. (b) Stineman inter-
polation of the effect of EEDQ on [3H]-RX 821002 binding expressed
as a percentage of vehicle-treated values.

F;gre 3 Representative Scatchard plots of [3H]-RX 821002 binding
data from animals killed 24 h after EEDQ administration with or
without a pretreatment with RX 821002. (0) Vehicle + vehicle cont-
rol; (0) vehicle +2mg kg'-' EEDQ control; (0) pretreatment with
3 mg kg-' RX 821002 45 min prior to administration of 5% DMSO
vehicle; (U) pretreatment with 3 mg kg-' RX 821002 45 min prior to
administration of 2 mg kg-' EEDQ.

Table 1 Results of Scatchard analysis of [3H]-RX 821002 binding isotherms from whole brain homogenates of animals treated 24 h
previously with either EEDQ or its vehicle

Pretreatment
BTtmTreatment (fmolmg- I protein)

Kd
(nM) n

Vehicle
Vehicle
RX 821002 3 mg kg- '

RX 821002 3 mg kg-'

***P<0.001 vs. vehicle-treated controls.

Vehicle
EEDQ
Vehicle
EEDQ

165.13 ± 6.7
60.55 ± 12.8***
169.20 ± 7.1
141.70 ± 19.2

0.44 ± 0.02
1.13± 0.63
0.43 ± 0.02
0.49 ± 0.10

4
4
4
4

-
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their sedative response to medetomidine (Figure 5a). In the
case of exploratory head-dipping, significant protection from
the effect of EEDQ treatment was seen at doses of 0.3, 1.0
and 3.0 mg kg-' RX 821002 (Figure 5b). Neither EEDQ nor
RX 821002 treatment had any intrinsic effects on holeboard
behaviours, however, animals pretreated with 3 mg kg-'
RX 821002 did show less sedation in response to medetomi-
dine than animals pretreated with lower doses.

a
300 1

C.)

0
0
E
0
0
0
-J

Effect ofEEDQ on medetomidine-induced hypothermia

Medetomidine (0.1 mg kg-') produced a significant (P<0.01)
drop in core body temperature (Figure 6). This hypothermic
effect was significantly reversed by administration of EEDQ
(2 mg kg-') 1, 2, 4 or 8 days prior to testing with
medetomidine. The hypothermic effect of medetomidine
returned by 16 days post EEDQ treatment. EEDQ did not
have any intrinsic effect on core temperature at any time
point during the experiment (Figure 6).

In the receptor protection experiment, pretreatment with
RX 821002 again significantly reversed the effects of EEDQ
on medetomidine-induced hypothermia (Figure 7). Groups
receiving 1 and 3 mg kg' RX 821002 did not differ signi-
ficantly from the 5% DMSO treated controls in the hypo-
thermic response to medetomidine.
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Figure 5 Effect of pretreatment with RX 821002 45 min before
EEDQ on the sedative effects of medetomidine in the holeboard test
24 h later. (a) Locomotor activity; (b) exploratory head-dipping. (0)
Animals treated with 0.0-3.0mg kg-' RX 8210002 45min prior to
administration of 5% DMSO vehicle and tested 24 h later with
vehicle; (l) animals treated with 0.0-0.3 mg kg-' RX821002 45
min prior to administration of 5% DMSO vehicle and tested 24 h
later with 0.1 mg kg-' medetomidine; (0) animals treated with
0.0-3.0mg kg-' RX 821002 45 min prior to administration of
2mg kg-' EEDQ and tested 24 h later with vehicle; (0) animals

20 treated with 0.0-3.0 mg kg-' RX 821002 45 min prior to administra-
tion of 2mgkg-' EEDQ and tested 24h later with O.1mgkg-'
medetomidine. **P<0.01 vs vehicle only control; ttP<0.01, tP<
0.05, vs medetomidine only treated control.
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Figure 4 Time course of the effect of EEDQ on the sedative effects
of medetomidine seen using the holeboard test. (a) Locomotor
activity; (b) exploratory head-dipping. (0) 5% DMSO vehicle
administered on day 0, vehicle administered on test day; (-) 5%
DMSO vehicle administered on day 0, 0.1 mg kg-' medetomidine
administered on test day; (0) 2 mg kg- ' EEDQ administered on day
0, vehicle administered on test day; (0) 2 mg kg-' EEDQ admin-
istered on day 0, 0.1 mg kg-' medetomidine administered on test
day. **P< 0.01 vs vehicle/vehicle controls, ttP<0.01; tP<0.05, vs
medetomidine only treated control.
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Figure 6 Time course of the effect of EEDQ on the hypothermic
effect of medetomidine. (0) 5% DMSO vehicle administered on day
0, vehicle administered on test day; (e) 5% DMSO vehicle
administered on day 0, 0.1 mg kg-' medetomidine administered on
test day; (0) 2 mg kg-' EEDQ administered on day 0, vehicle
administered on test day; (0) 2 mg kg- ' EEDQ administered on day
0, 0.1 mg kg-' medetomidine administered on test day. **P<0.01 vs
vehicle/vehicle control; ttP<0.01, vs medetomidine only treated
control.
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Figure 7 Effect of pretreatment with RX 821002 prior to EEDQ on
hypothermic effect of medetomidine administered 24 h later; the
RX 821002 pretreatment was administered 45 min before EEDQ
administration and the animals were tested for medetomidine-
induced hypothermia 24 h after the EEDQ. (0) Animals treated
with 0.0-3.0mg kg-' RX 821002 45 min prior to administration of
5% DMSO vehicle and tested 24 h later with vehicle; (l) animals
treated with 0.0-3.0 mg kg- RX 821002 45 min prior to administra-
tion of 2 mg kg- ' EEDQ and tested 24 h later with vehicle.
**P<0.01; P<0.05 vs vehicle only control.

Discussion

EEDQ (2mgkg-') significantly reduced the number of a2-

adrenoceptor binding sites labelled by [3H]-RX 821002 in
mouse whole brain, 24h after administration. The binding
sites returned gradually over time, reaching 75% of control
values by 16 days post EEDQ exposure. This finding is
consistent with that reported with similar dosing regimes
(Adler et al., 1985; Pilc et al., 1989; 1992). The effects of
EEDQ on the a2-adrenoceptor binding could be dose-
dependently attenuated by administration of the selective
a2-adrenoceptor antagonist, RX 821002. Similar protective
effects of the a2-adrenoceptor agonist, clonidine and the less
specific a2-adrenoceptor antagonist, yohimbine have also
been previously reported in rats (Pilc et al., 1989; 1992).
RX 821002 did not however produce any intrinsic change in
a2-adrenoceptor binding as has been previously reported for
yohimbine (Pilc et al., 1989). These results support the notion
that EEDQ binds irreversibly to a2-adrenoceptors which can
be protected by the administration of selective ligands for
those sites.
As a consequence of the irreversible binding of EEDQ to

these sites, synthesis of new receptors is required for the
return of functional receptors. In these experiments the time
taken for the binding sites to return to 50% of control levels
was estimated to be 5.25 days. Twenty-four hours after treat-
ment with 2.0 mg kg-' EEDQ the number of binding sites
was reduced by 75-80% and previous studies have suggested
this to be a maximal reduction, i.e. higher doses of EEDQ do
not substantially increase this reduction (Adler et al., 1985;
Pilc et al., 1992). This implies that either some binding sites
return within 24 h or that there are some a2-adrenoceptors
that are unaffected by EEDQ treatment.

If there is an EEDQ-resistant sub-population of a2-

adrenoceptors, resistance may be due to neuroanatomical
location or a particular subtype of receptor (or possibly
both). For example, it has been reported that recovery rates
for a2-adrenoceptors (Bart & Garcia-Sevilla, 1992) and DI
dopamine receptors (Giorgi et al., 1991) following EEDQ
treatment vary according to the brain region examined. A

differential loss of an a2-adrenoceptor subtype following
EEDQ has also been suggested by Agenter et al. (1993).
Investigating only presynaptic receptors, Agenter et al. (1993)
found a much greater receptor inactivation than that
reported for all a2-adrenoceptors (Adler et al., 1985; Pilc et
al., 1992; present study). If a resistant subtype of binding site
does indeed exist, the present study suggests it is not the
non-adrenoceptor imidazoline binding site (Michel & Insel,
1989; Lehmann et al., 1989; Bousquet et al., 1989), a site
which binds a number of a2-adrenoceptor ligands (most
notably idazoxan). RX 821002, the methoxy derivative of
idazoxan, (Stillings et al., 1985) has little or no affinity for
these sites (Langin et al., 1990a,b; Hudson & Nutt, 1990;
Miralles et al., 1993a) and yet a similar proportion of binding
sites labelled by this compound are lost following EEDQ
treatment as seen with other ligands (Pilc et al., 1989). How-
ever, recent evidence suggests that EEDQ may be able to
inactivate at least partially 12-imidazoline sites in vivo, prob-
ably through an indirect action since in vitro administration
has little or no effect on these receptors (Miralles et al.,
1993b).
Although the binding returned towards control values

relatively slowly, reaching 75% by day 16 post EEDQ, the
X2-adrenoceptor agonist effects returned much more quickly.
The sedative effect of the 12-adrenoceptor agonist, medetomi-
dine, was significantly reduced 1, 2 and 4 days post EEDQ
treatment but returned to control levels on days 8 and 16
post EEDQ. There was good agreement between the rate of
return of the sedative effect of medetomidine with the rate of
return of the hypothermia. As in the binding experiments,
pretreatment with the selective a2-adrenoceptor antagonist
RX 821002 dose-dependently protected the animals against
the effect of EEDQ on medetomidine-induced sedation. In
animals not treated with EEDQ, 3 mg kg-' RX 821002
showed some residual effect on the response to medetomidine
administered 24 h later; a somewhat similar effect was also
seen in the hypothermia protection experiment. The binding
experiment did not suggest any change in receptor density
resulting from this pretreatment. One possible explanation
may be that sufficient RX 821002 remains in the animal to
antagonize partially the effect of medetomidine 24 h later,
although if this is the case one might have expected to see a
similar effect in animals treated with EEDQ.
The hypothermic response to medetomidine returned to

control levels by day 16 post EEDQ but the recovery of this
effect was slower'than that seen for sedation. A significantly
reduced hypothermic response to medetomidine was seen for
up to 8 days post EEDQ treatment. The loss of agonist
hypothermic efficacy could also be protected against dose-
dependently by pretreatment with the selective M2-adreno-
ceptor antagonist, RX 821002.

Collectively the above results suggest that there is
significant receptor reserve for the M2-adrenoceptor agonist
effects, at least as they pertain to behavioural sedation and
hypothermia. The time course for the recovery of the sedative
and hypothermic properties of medetomidine in mice is
similar to that seen in rats for the return of the inhibition of
noradrenaline release induced by the a2-adrenoceptor agonist
UK-14304 following EEDQ administration where the max-
imal response returns in 8 days (Adler et al., 1987). For the
measures used in these studies it would appear that they are
largely mediated by c2-adrenoceptors since it was possible to
protect against the effects of EEDQ using a selective a2-
adrenoceptor antagonist. In studies using either this or higher
concentrations of EEDQ to investigate other receptor sys-
tems, particularly if behavioural responses are under inves-
tigation, it is important to protect a-adrenoceptors or clearly
establish the specificity of the effect for the receptor system
under investigation in order to rule out the possibility of
influences by a-adrenoceptors from the results.

. w w -
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The effect of 5-HT1A receptor agonists on locomotor activity in
the guinea-pig
J.L. Evenden

Department of Behavioural Pharmacology, CNS Preclinical R & D, Astra Arcus, S6dertalje, S-151 85 Sweden

1 The present study examined the effects of 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT),
flesinoxan, ipsapirone and buspirone, all agonists at the 5-HTIA receptor, on the locomotor activity of
guinea-pigs. The effects of these drugs were contrasted with those of the non-selective 5-HT agonist,
5-methoxy-N,N-dimethyl tryptamine (5-MeO-DMT) and the dopamine D2 antagonist, raclopride.
2 8-OH-DPAT, flesinoxan and 5-MeO-DMT markedly increased the locomotor activity of naive,
unhabituated guinea-pigs in a dose-dependent manner. Buspirone also did so, although to a lesser extent
and for a shorter time. The doses at which this effect was seen were higher than those normally
employed in rats. Ipsapirone and raclopride had no significant effects on locomotor activity.
3 The locomotor activity increasing effect of 1.0 mg kg-' 8-OH-DPAT was blocked by the selective
5-HTA antagonist (S)-UH-301 (3.0 and 10.0mg kg-'), but not by (-)-alprenolol (15.0mg kg-').
Ipsapirone (30.0mgkg-') and raclopride (3.0mgkg-') antagonized 8-OH-DPAT-induced locomotor
activity but only to a small extent. The 5-HT reuptake inhibitor, zimelidine (10.0 mg kg-') had no effect.
4 The effect of the 5-HTIA agonists in the guinea-pig contrasts with the effects of 8-OH-DPAT on the
locomotor activity of unhabituated rats and mice tested in the same apparatus, but are similar to the
effects of 8-OH-DPAT on habituated rats, which show a low baseline of activity.
5 These results support the suggestion that 5-HTIA agonists may have an intrinsic activating effect
which may be masked by other effects of the drug (e.g. hypothermia, 5-HT syndrome). The rank
ordering of the 5-HTIA agonists also suggests that the degree to which the drugs increase locomotor
activity is related to their agonist efficacy at the postsynaptic 5-HTIA receptor.

Keywords: 5-Hydroxytryptamine agonists; 8-OH-DPAT; locomotor activity in guinea-pig

Introduction

Agonists at the 5-hydroxytryptaminelA (5-HTIA) receptor,
exemplified by the selective agonist, 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT) elicit a characteristic set
of behaviours in the naive rat, including aspects of the 5-HT
syndrome, a long, flat, body posture and fore-paw treading
(Tricklebank et al., 1984), and hypothermia (Goodwin &
Green, 1985). Partial agonists (such as the azapirones, bus-
pirone, ipsapirone and gepirone) have a similar profile (Wil-
kinson & Dourish, 1991). 8-OH-DPAT also has clear effects
on locomotor activity, which, however, are somewhat com-
plex. If naive rats are tested soon after injection, overall
activity is reduced but the proportion of forward locomotion
is increased (Hillegaart et al., 1989; Ericson et al., 1991).
However, if rats are continuously monitored for several
hours, the initial reduction in activity passes over into an
increase in activity (Evenden & Angeby-MWller, 1990).
Evenden & Xngeby-M6ller (1990) found very similar

effects in mice to those in rats, on measures of both
locomotor activity and rearing. In contrast, Buhot et al.
(1989) noted that, in the same dose-range, 8-OH-DPAT did
not alter exploratory activity in the hamster. Other effects of
the drug also show marked species differences. For example,
it has not proved easy to obtain signs of the 5-HT syndrome
in mice in response to 8-OH-DPAT treatment that are seen
in rats, except after intravenous administration of high doses
(Yamada et al., 1988). Bill et al. (1991) have also reported
evidence for a species difference in the 8-OH-DPAT-induced
hypothermic response. A species difference has also been
noted in the effects of 5-HTIA receptor agonists on respon-
ding punished by electric shocks in animal models of anxiety.
In rats and monkeys the increase in punished behaviour after
5-HTlA agonist treatment is inconsistent (Barrett & Witkin,
1990; Gleeson & Barrett, 1990), whereas in pigeons there is

Author for correspondence.

an increase comparable to that produced by benzodiazepines
(Ahlers et al., 1992).

Recently, interest has revived in the behavioural phar-
macology of 5-HT in the guinea-pig, largely due to an appar-
ent difference in the presynaptic receptor mediating 5-HT
release (5-HTIB in the rat vs 5-HTID in the guinea-pig and
man; Hoyer & Middlemiss, 1989). However, differences in
the effects of 8-OH-DPAT have also been reported. In con-
trast to its hypothermia-inducing effects in the rat, the drug
increased body temperature in the guinea-pig, and differences
were noted in the effect of the drug on cortical acetylcholine
release and the electrocortigram (Siniscalchi et al., 1990).
Ryan (personal communication) has found that 8-OH-DPAT
induces wet dog shakes in guinea-pigs but not in rats. As far
as locomotor activity is concerned, a brief report by Skingle
& Bradbury (1989) demonstrated that 8-OH-DPAT increased
locomotor activity in the guinea-pig, in a dose-dependent
manner from 0.1 to 1.0mgkg'I s.c., just such a treatment
that suppresses activity in the rat. The partial agonist,
gepirone, had a similar but weaker effect, and also partially
blocked the effect of 8-OH-DPAT. These authors concluded
that the overt behavioural effect of 8-OH-DPAT in the
guinea-pig, including indices of the 5-HT syndome, were
'quite distinct from the syndrome reported in the rat.'
The present study was designed to provide a direct com-

parison between the effects of 5-HTIA agonist on locomotor
activity in the guinea-pig and rat, by using the same
apparatus and experimental design employed by Evenden &
Angeby-Moller (1990). To explore the relationship between
agonist efficacy and response, the effects of four 5-HTIA
receptor agonists were examined, 8-OH-DPAT, flesinoxan,
ipsapirone and buspirone. Of these, 8-OH-DPAT and
flexinoxan have highest efficacy (although see Millan et al.,
1991), whereas buspirone and ipsapirone are clearly partial
agonists (Schoeffer & Hoyer, 1988; Boddeke et al., 1992).
These drugs were compared with the non-selective 5-HT

'." Macmillan Press Ltd, 1994
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receptor agonist, 5-methoxy-NN-dimethyl-tryptamine (5-
MeO DMT), which is also a full agonist at the 5-HTIA
receptor (Dumuis et al., 1988). The 5-HTIA receptor agonists
also vary in their selectivity vis-a-vis other neurotransmitter
receptors. 8-OH-DPAT is relatively selective for the 5-HTIA
receptor, as is flesinoxan (Van Wijngaarden et al., 1990;
Schipper et al., 1991). Buspirone has a well-documented
affinity for the dopamine D2 receptor, where it acts as an
antagonist, and shares with ipsapirone the active metabolite
1-(2-pyrimidinyl)-piperazine which has a2-adrenoceptor
antagonist activity (Caccia et al., 1986). The structurally
unrelated 8-OH-DPAT and flesinoxan cannot generate this
metabolite. Raclopride, a selective D2 antagonist (Kohler et
al., 1985), was included both as a control for the D2
antagonist activity of buspirone and as an active comparison.
To verify that the effect of 8-OH-DPAT is mediated by

5-HTIA receptors, the 5-HTIA receptor antagonists, (-)-
alprenolol and (S)-UH-301 were used in combination with
8-OH-DPAT. Of the two, (S)-UH-301 is more selective
(Bjork et al., 1991), whereas (-)-alprenolol has affinity for
the 5-HTIB site (Middlemiss et al., 1985) as well as acting as
a P-adrenoceptor antagonist. Comparisons were made with
combinations of 8-OH-DPAT with ipsapirone, raclopride or
the 5-HT reuptake inhibitor, zimelidine.

Methods

Animals

Male Dunkin Hartley guinea-pigs were used in the agonist
experiments these were aged 3-6 months at the time of use,
and weighed 500-1000 g. In the antagonist experiments these
were 2-3 months old and weighed 350-500g. The subjects
were housed in groups of 3 or 4, under a 12:12 h cycle (lights
on at 06 h 00 min), with free access to food and water. All
experiments took place in the light phase of the cycle.

Apparatus

The apparatus consisted of four open field arenas,
70 x 70 cm, equipped with two rows of infra-red photo
beams, each consisting of eight cells on the X- and eight on
the Y-axis. These were situated 4.0 and 12.5cm above the
floor. The individual photocells were spaced 9.0cm apart,
with a gap of 2.5 cm between the end beams and the side
walls of the test apparatus. The apparatus itself was con-
structed with side-walls and floor of clear plastic, and each
was individually housed within an outer chamber, 100 cm
square. These chambers were opaque, but open at the top, so
that the subjects could hear, but not see, each other. During
the experiment the apparatus was illuminated by the normal
fluorescent room lighting. A locomotor count was defined as
a movement which broke two different beams successively.
The data were recorded by an IBM PC-compatible computer
using software provided by Kungsbacka Mat- och Reglertek-
nik, Fjaras, Sweden. A more complete description of the
characteristics of the apparatus may be found in Ericson et
al. (1990).

Procedure

Guinea-pigs were generally tested in groups of three or four.
In the agonist studies, each subject was weighed and then
injected with one of the test drugs or vehicle according to a
pseudo latin-square design. Immediately after injection, it
was placed in one of the arenas: one animal to each arena.
When all subjects had been treated, the session was started.
Each session then continued for 4 h during which time the
subjects were not disturbed. At the end of each session, the
apparatus was cleaned prior to testing the next group. The
antagonist experiment proceeded in a similar manner with
two differences. The subjects were initially injected with one

of the antagonist treatments or saline 30 min before receiving
a second injection of either 1.0mgkg-' 8-OH-DPAT or
saline. During the interval between injections the subjects
remained in their home cage. After the second treatment they
were placed in the locomotor apparatus for a period, in this
case, of 2 h. Eight guinea-pigs received such treatment except
for 3.0 mg kg-' (S)-UH-301 + 8-OH-DPAT (n = 9) and
zimelidine + 8-OH-DPAT (n = 7).

It may be noted that the experiments involving 8-OH-
DPAT, buspirone and 5-MeODMT were carried out in late
1989, the experiments involving ipsapirone, flesinoxan and
raclopride in mid 1992, and the antagonist experiment in late
1993, that is, over a period of four years. Each agonist was
compared to its own vehicle control group. Since the
antagonists were given in only single doses (two in the case
of (S)-UH-301), these were all compared to a single set of
vehicle- and 8-OH-DPAT-treated rats which were tested at
the same time interspersed in the pseudo-latin square design.

Drugs

The drugs used were 8-hydroxy-2-(di-n-propylamino)tetralin
hydrochloride (Research Biochemicals Inc.), flesinoxan hyd-
rochloride (Duphar), buspirone hydrochloride (Sigma
Chemical Co.), ipsapirone (Troponwerke), 5-methoxy-NN-
dimethyl tryptamine (Sigma Chemical Co.), raclopride tart-
rate (Astra Arcus), zimelidine (Astra Arcus), (-)-alprenolol
hydrogentartrate monohydrate (Astra Hiissle) and (S)-UH-
301 hydrochloride (S-5-fluoro-8-hydroxy-2-(di-n-propyl-
amino)tetralin hydrochloride, Dept of Organic Pharma-
ceutical Chemistry, University of Uppsala). All drugs were
injected s.c. in the flank. Ipsapirone was injected in a volume
of 2.0 ml kg-', the other drugs in a volume of 1.0 ml kg-'.
All drugs were dissolved in 0.9% saline, which served as a
control.

Measurements and analysis

A locomotor count was recorded when the subject con-
secutively broke two different beams in the lower series.
Locomotor counts were cumulated into 5 min bins. After
square root transformation to normalize the distribution,
data from these bins were subjected to two-factor analysis of
variance Treatment Group by Ttime Bin (BMDP model 2V).
Dunnett's t test was used post hoc to compare treatment
groups with the saline control in each bin. A 5% level of
significance was used for the analysis of variance, and a 2%
level of significance for the Dunnett's test.

Results

Agonist experiments

The effects of the agonists on the locomotor activity of
guinea-pigs may be seen in Figures 1 and 2. 5-MeO DMT
increased locomotor activity in the first hour after treatment,
but not thereafter (F.,(l41,1128) = 3.06, P<0.0001). Statis-
tically significant increases in activity were obtained with
1.0mgkg'1 in the first 10min, with 3.Omgkg- up to
35 min and with 10.0mg kg-' up to 55 min (Figure la).
8-OH-DPAT had a similar but longer lasting effect (Fin,
(235,1974) = 4.74, P<0.0001). No significant increase in
locomotor activity was seen with 0.01 and 0.1 mg kg-'. A
statistically significant increase in activity was seen with
1.0 mg kg' up to 70 min post injection, with 3.0 mg kg-' up
to 90 min post-injection and with 10.0 mg kg-' up to 145 min
post injection (Figure Ib). Flesinoxan also increased
locomotor activity (Fint(188,1645) = 3.07, P<0.0001). The
minimum effective dose was 3.0 mg kg-' which had
significant effects up to 30 min post-injection. The dose of
10.0 mg kg' had effects up to 90 min post-injection (Figure
lc). In contrast, buspirone had only a weak effect
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(Fint(141,1316) = 1.27, P<0.05). The lowest dose tested, a
higher dose by the standards of rat studies, was 10.0 mg kg-'
which significantly increased locomotor activity in the first
5 min of testing. The two higher doses, 30.0 and 100.0 mg
kg-' significantly increased locomotor activity for a little
longer, up to 20min post-injection (Figure 2a). The weak
effects of buspirone were complemented by the lack of effect
of ipsapirone (Fin,(141,1316) = 0.86, P>0.80, Figure 2b).
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The dopamine D2 receptor antagonist, raclopride, was also
without effect (F,,t(188,1645) = 1.1, P> 0.10, Figure 2c).

Antagonist experiments

The effects of the various drug treatments on 8-OH-DPAT-
induced hyperactivity in the guinea-pig may be seen in Figure
3. Note that the curves for the saline- and 8-OH-DPAT-
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Figure 1 The effects of (a) 5-methoxy-N,N-dimethyltryptamine (5-

MeO-DMT), (b), 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-

DPAT) and (c), flesinoxan on horizontal activity in the guinea-pig.

In all three panels the horizontal axis shows the time since the start

Of testing (substance administered at time 0), and the vertical axis the

number of locomotor counts after square root (sq rt) transformation.

Note that only the first 2 h of the 4 h test are shown in the figure.

The doses used were (a) for 5-MeO-DMT: saline (0), 1.0mgkg-'

(0), 3.0mg kg-' (*) and 10.0mg kg-' (U); (b) for 8-OH-DPAT:

saline (0), 0.01 mgkg-' (0). 0.1 mgkg-' (v), 1.0mgkg-' (U),

3.0mg kg-' (A) and 10.0mg kg-' (+); and (c) for flesinoxan: saline

(0), 0.3 mg kg-' (0), 1.0mg kg- ' (v), 3.0mg kg- ' (U) and

10.0mg kg-' (A). The dashed line shows the level of activity

required to achieve a significant difference from the vehicle-treated

group using Dunnett's t test (P<0.02). Symbols appearing above

this line illustrate a significant increase in activity compared to

saline-treated guinea-pigs. All three drugs significantly increased loc-
motor activity.
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Figure 2 The effects of (a) buspirone, (b) ipsapirone and (c) raclo-
pride on horizontal activity in the guinea-pig. In all three panels the
horizontal axis shows the time since the start of testing (substance
administered at time 0), and the vertical axis the number of
locomotor counts after square root (sq rt) transformation. The doses
used were (a) for buspirone; saline (0), 10.0 mg kg-' (0),
30.0 mg kg- ' (V) and 100.0 mg kg- ' (U); (b) for ipsapirone: saline
(0), 3.0 mgkg-' (-), 10.0 mg kg-' (V) and 30.0 mg kg-' (U); and
(c) for raclopride: saline (0), 0.1 mg kg-' (0), 0.3mg kg-' (V),
1.Omgkg-' (U) and 3.Omgkg-' (A). The dashed line shows the
level of activity required to achieve a significant difference from the
vehicle-treated group using Dunnett's t test (P< 0.02). Symbols
appearing above this line illustrate a significant increase in activity
compared to saline-treated guinea-pigs. Buspirone slightly increased
locomotor activity soon after injection. The other two drugs had no

significant effect.
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treated groups in the two panels represent the same data.
Dunnett's t test was performed after a significant statistical
interaction (Fmt(161,1288) = 4.95, P<0.0001), which
confirms that there were differences amongst the treatment
groups. Zimelidine (10.0mgkg-') had little effect on 8-OH-
DPAT-induced hyperactivity. A significant increase in
activity was noted 50-55min after 8-OH-DPAT treatment
which may represent a slight prolonging of 8-OH-DPATs
effect. Ipsapirone (30.0 mg kg-') and raclopride (3.0 mg
kg-') had very similar effects to each other, in that both
reduced the peak activity of the guinea-pigs. The effect of
ipsapirone was statistically significant from 5-10min and
that of raclopride from 5-15min after 8-OH-DPAT treat-
ment. These statistically significant effects formed part of a
clear trend (Figure 3a). In addition, there was also a slight
increase in the activity of the raclopride + 8-OH-DPAT
treated guinea-pigs compared to the guinea-pigs treated with
8-OH-DPAT alone fi
prolongation of the
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effects of 8-OH-DPAT, in that the animals with the com-
bined treatment were significantly more active than those
treated with 8-OH-DPAT alone from 50-85 min (except
60-65). This difference can be seen in Figure 3b. (-)-
Alprenolol had no effect on locomotor activity when given
alone at a dose of 15.0 mg kg-' (F&t(47,470) = 0.86, NS: data
not shown). In contrast, (S)-UH-301 blocked the effects of
8-OH-DPAT. A dose of 3.0mgkg-1 partially blocked the
increase in activity, with significant effects from 0-35min,
whereas a dose of 10.0 mg kg-' totally blocked the effects of
8-OH-DPAT from 0-55 min after which 8-OH-DPAT itself
did not significantly increase activity compared to the saline-
treated guinea-pigs (see Figure 3b).

Discussion

rom 55-60 min again suggesting a slight In contrast to the effects in mice and rats, 8-OH-DPAT
effect of 8-OH-DPAT. increased locomotor activity in a dose-dependent and straight-
cts were obtained with the two 5-HTIA forward manner. However, the doses required to obtain the
s. However, these were completely greatest effect were around 10 times higher than the doses
(-)-Alprenolol clearly potentiated the previously used in this procedure in rodents (Evenden &

Angeby-Moller, 1990). Flesinoxan had a similar effect. This
drug also reduces locomotor activity in the rat when
monitored in similar apparatus to that used here (Hillegaart
et al., 1989). Likewise, relatively high doses of flesinoxan
were used in the present study to obtain a significant effect.
The partial agonists at the 5-HTIA receptor, buspirone and
ipsapirone, had, respectively, little and no effect on the

VV ,locomotor activity of the guinea-pig. These drugs have also
^5Ah been reported to reduce locomotor activity in the rat (Mitt-
-Ahi5We\ man & Geyer, 1989). The weak effect of buspirone is unlikely

to reflect the D2 antagonist properties of the drug since
ipsapirone does not have a significant affinity for the D2
receptor. Furthermore, the D2 antagonist, raclopride, did not

_____________,______________ itself affect guinea-pig locomotor activity, and only weakly
30 60 90 120 blocked 8-OH-DPAT-induced hyperactivity. Although both

(min) post injectionof 8-OH-DPAT buspirone and ipsapirone are rapidly metabolized giving a
metabolite, I-PP, which has antagonist activity at the a2-
adrenoceptor, this is also unlikely to be the reason for their
lack of effect, since Skingle & Bradbury (1989) have reported
that gepirone, which generates same active metabolite, does
increase locomotor activity in the guinea-pig, but to a lesser
extent than 8-OH-DPAT.

'Y~v The 8-OH-DPAT-induced hyperactivity was clearly blocked
HV\"a by the selective 5-HTA receptor antagonist, (S)-UH-301, but

curiously, not by (-)-alprenolol, which has otherwise been
reported to block 8-OH-DPAT-induced effects in other tests
in rats (Middlemiss et al., 1985; Renyi, 1991). The drug did
not itself increase locomotor activity, and the dose used here
has been found to block 8-OH-DPAT-induced wet dog

______________________ _~,shakes in the guinea-pig (Ryan & Pakh, unpublished). Kalk-
30 60 90 120 man & Soar (1990) found that P-adrenoceptor antagonists
,min) post injection of 8-OH-DPAT enhanced 8-OH-DPAT hyperlocomotion in rats, and it

appears to be this aspect of the pharmacological profile of
of (a) zimelidine, ipsapirone, and raclopride, (-)-alprenolol which predominates in the present experi-
and (S)-UH-301 on the 8-hydroxy-2-(di-n- ment. Ipsapirone, which is a partial agonist at the 5-HTIA

S-OH-DPAT)-induced increase in horizontal receptor, did block the effects of 8-OH-DPAT to a certain
-pig. In all three panels the horizontal axis extent. Previously Skingle & Bradley (1989) noted that
he start of testing (8-OH-DPAT administered *exts lySkinge & Bradly(9)noted that
artical axis the number of locomotor counts gepirone also partially blocked 8-OH-DPAT-induced hyper-
rt) transformation. The treatments were as activity in the guinea-pig, and Kalkman & Soar, (1990)
iline (0); saline +T1.0mgkg-' 8-OH-DPAT found that buspirone blocked 8-OH-DPAT-induced hyper-
imelidine l+ 1.0mg kg-8-OH-DPAT (v); locomotion in the rat. The effect of 8-OH-DPAT was not
mne + 1.0 mg kg-' 8-OH-DPAT (U) and prevented by pretreatment with the 5-HT reuptake inhibitor,
+ 1.0mg kg-' 8-OH-DPAT (A); and (b) zimelidine, which suggests that the hyperactivity in the
saline + 1.0mg kg-' 8-OH-DPAT (0); guinea-pig does not depend upon reduced extracellular levels

Irenolol + 1.0mg kg-' 8-OH-DPAT (V); of 5-HT.
01 + 1.Omgkg-' 8-OH-DPAT (U) and Together, these results suggest that to increase locomotor.301 + 1.0mg kg-'I 8-OH-DPAT (V). The atvt ntegie-ia5H1'itms aehgie level of activity required to achieve a activity i the guinea-pig, a 5-HTA agonist must have high

Ln activity compared to the saline + 8-OH- efficacy at the 5-HTIA receptor, since only drugs that are
using Dunnett's t test (P<0.02). Symbols relatively full agonists had this effect (i.e. 8-OH-DPAT,
ne illustrate a significantly lower activity than flesinoxan and 5-MeO DMT). The prototypical selective

5-HTIA receptor antagonist, 8-OH-DPAT has been tested in
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a range of species. As noted in the Introduction, in addition
to the increase in locomotor activity reported here and by
Skingle & Bradley (1989) in the guinea pig, the drug has been
noted primarily to reduce locomotor activity in the rat and
mouse. However, rats and mice do not necessarily appear to
be sedated by the drug, since Tricklebank et al. (1984) in an
observational study, found an increase in 'ambulation' in the
rat after 8-OH-DPAT treatment. The drug appeared to have
no effect on exploratory activity in the hamster (Buhot et al.,
1989). In the domestic pig, 8-OH-DPAT induced ataxia and
general sedation (Lbscher et al., 1990), with sedation also
being reported in the cynamolgus monkey (Mizuta et al.,
1990). However, these latter two were observational studies
with no quantification of locomotor activity. Flesinoxan has
also been reported to induce a feeling of relaxation and
drowsiness in man (Annsseau et al., 1992). From this list, the
guinea-pig stands out as being the only species so far tested
in which locomotor stimulation has clearly been observed.
The effects of 8-OH-DPAT may depend in part upon

differences in the behaviour of the species. In the present
study there were differences in the way in which guinea-pigs
and rats behave in this apparatus. Guinea-pigs are very much
less active when treated with saline than are rats. In the study
of Evenden & Angeby-M6ller (1990), unhabituated rats made
as many as 800 counts in the first 5 min of testing, falling to
around 100-200 counts per 5 min up to about 80 min. In the
present study, unhabituated guinea-pigs made only around
100 counts in the first 5 min and less than 50 counts per
5 min after around 30 min. In this respect the guinea-pigs
more resembled habituated rats, which had been familiarized
with the apparatus for 2 h before treatment. These rats were
less active than unhabituated rats, and showed a hyper-
activity in response to 1.0 mg kg-' 8-OH-DPAT (Evenden &
Angeby-Mdller, 1990). This suggests that obtaining an inc-
rease in locomotor-activity after 8-OH-DPAT treatment may

depend in part on having a low baseline level of activity i.e.
the effect may be baseline-dependent. This is confirmed by
the findings of Bjork et al. (1992) who tested rats either
unhabituated or habituated in cages similar to the home
cages. In this study (R)-8-OH-DPAT increased locomotor
activity, and this increase was antagonized by (S)-UH-301.

These differences in locomotor activity form only part of
the overall profile of differences between rats and guinea-pigs
(see Introduction). There are also neuroanatomical
differences between the two species (Sijbesma et al., 1991).
Furthermore, sub-chronic treatment of rats with 8-OH-
DPAT induces a tolerance when hypothermia or induction of
the 5-HT syndrome are monitored (Larsson et al., 1990), but
a progessively increasing hyperactivity has been seen in a
two-way avoidance test (Evenden, 1992). Thus, in some
respects, i.e. lack of obvious 5-HT syndrome, lack of
hypothermic response and hyperactivity, the guinea-pig more
closely resembles the '8-OH-DPAT-tolerant' than the '8-OH-
DPAT-naive' rat.

In conclusion, these results lend support to suggestions
that there are important species differences in the response to
treatment with 5-HTIA receptor agonists. They indicate that
it is necessary to take into account differences in the baseline
behaviour between species but leave open the question of the
biochemical mechanisms underlying this behaviour, and
whether these may also be species specific.

The author acknowledges the technical assistance of K. Angeby-
Moller and the comments of C. Ryan and thanks Bayer
Troponwerk, Duphar & Prof U. Hacksell for ipsapirone, flesinoxan
and (S)-UH-301, respectively. These data have been presented in
preliminary form to the European Behavioural Pharmacology
Society, Cambridge, 1992 and the 23rd Annual Meeting of the
Society for Neuroscience, 1993.
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Effects of cyclic GMP and analogues on neurogenic
transmission in the rat tail artery

Sylvin Ouedraogo, Martin Tschopl, Jean-Claude Stoclet & 'Bernard Bucher

Laboratoire de Pharmacologie Cellulaire et Moleculaire, C.N.R.S., URA 600, Universite Louis Pasteur Strasbourg, B.P. 24,
67401 Illkirch, France

1 The effects of membrane permeable analogues of guanosine 3':5'-cyclic monophosphate (cyclic
GMP), and of the NO donor, 3-morpholinosydnonimine-N-ethylcarbamide (SIN-1) were investigated on
[3H]-noradrenaline release and neurogenic vasoconstriction in electrical field stimulated rat tail arteries.
2 Two 8-substituted analogues of cyclic GMP (8-bromoguanosine 3':5'-cyclic monophosphate; 8-
bromo-cyclic GMP and 8-(4-chlorophenylthio)-guanosine 3':5'-cyclic monophosphate; 8-pCPT-cyclic
GMP) concentration-dependently enhanced stimulation-induced [3H]-noradrenaline release. These pre-
junctional effects were antagonized by the cyclic AMP-dependent protein kinase (PKA) inhibitor
N-[2-((3-(4-bromophenyl)-2-propenyl)-amino)-ethyl]-5 isoquinolinesulphonamide dihydrochloride (H-89;
100 nM) but not by the cyclic GMP-dependent protein kinase (PKG) inhibitors, Rp-8-bromoguanosine
3':5'-cyclic monophosphorothioate (Rp-8-bromo-cyclic GMPS; 10I M) or Rp-8-(4-chlorophenylthio)-
guanosine 3':5'-cyclic monophosphorothioate (Rp-8-pCPT-cyclic GMPS; 1O pM).
3 P-Phenyl-l,N2-ethenoguanosine 3':5'-cyclic monophosphate (PET-cyclic GMP) had no effect on
stimulation-induced [3H]-noradrenaline release but concentration-dependently decreased the stimulation-
induced vasoconstriction.
4 The two 8-substituted cyclic GMP derivatives, PET-cyclic GMP and SIN-1, both decreased
stimulation-induced vasoconstriction. In addition, SIN-1 relaxed rat tail arteries precontracted with
phenylephrine (1 JAM). The SIN-i concentration-relaxation curve was shifted in parallel manner to the
right by Rp-8-bromo-cyclic GMPS (10 JAM) and Rp-8-pCPT-cyclic GMPS (10 rM) with no change in the
maximum effect, showing that the relaxation was mediated by a cyclic GMP/PKG-dependent
mechanism.
5 It is concluded that PKA activation is involved in the noradrenaline release enhancing effect of the
two 8-substituted cyclic GMP analogues, whereas a cyclic GMP/PKG-operated pathway accounts for
the inhibitory effects of the cyclic GMP and its analogues on vascular smooth muscle contraction.

Keywords: Neurogenic vasoconstriction; noradrenaline release; cyclic GMP; SIN-1; cyclic nucleotide-dependent protein kinases;
rat tail artery

Introduction

Relaxation of vascular smooth muscle by nitrovasodilators,
atrial natriuretic factor and endothelium-derived relaxing fac-
tor is mediated at least in part by guanosine 3': 5'-cyclic
monophosphate (cyclic GMP) (Schultz et al., 1977; Gruetter
et al., 1979; Winquist et al., 1981; Lincoln & Corbin, 1983;
Ignarro, 1990). However, until recently, the role of this cyclic
nucleotide in smooth muscle physiology has not been clearly
defined. There is evidence indicating that protein kinase G
(PKG) is involved in the cyclic GMP-induced smooth muscle
relaxation (Lincoln & Corbin, 1983; Beebe & Corbin, 1986;
Francis et al., 1988) and in the reduction of intracellular
Ca2" concentration upon elevation of intracellular cyclic
GMP in aortic smooth muscle cells (Cornwell & Lincoln,
1989).
Concerning the regulation of neurotransmitter release, two

main trandsuction mechanisms triggered by receptor activa-
tion operate in sympathetic nerve endings. The activation of
the adenylyl cyclase/cyclic AMP system and of the phos-
pholipase C-inositol 1,4,5-trisphosphate/diacylglycerol system
both result in an enhancement of stimulation-induced nor-
adrenaline release (Starke et al., 1989; Majewski et al., 1990).
The involvement of the guanylyl cyclase/cyclic GMP system
is less clear. Previous studies on the effects of cell permeable
cyclic GMP analogues on field stimulated-evoked release of
noradrenaline have shown either no effect, e.g. in guinea-pig
ileum and vas deferens (Stjirne et al., 1979; Axelsson et al.,
1980; Alberts et al., 1985), a small facilitatory effect, e.g. in

' Author for correspondence.

cat spleen, mouse atria (Cubeddu et al., 1975; Johnston et al.,
1987), or an inhibitory effect, e.g. in rat pineal (Pelayo et al.,
1978). We have recently demonstrated the lack of prejunc-
tional effects of activators of both soluble and membrane
associated guanylate cyclase, despite a large effect of 8-
bromo-guanosine 3': 5'-cyclic monophosphate (8-bromo-cyclic
GMP), in the rat tail artery (Bucher et al., 1992).

Therefore, it was the aim of the present study to examine
further the effects of both cyclic GMP analogues and
endogenously formed cyclic GMP on neurogenic vasocon-
striction and modulation of noradrenaline release from the
nerve terminals innervating the rat tail artery. These effects
were studied in the presence and absence of selective
inhibitors of cylic GMP- and cyclic AMP-dependent protein
kinases.

Methods

Electrically-evoked [3H]-noradrenaline release and
vasoconstriction

The experiments were carried out as described previously
(Illes et al., 1987; Bucher et al., 1992). Briefly, male Wistar
rats (12 weeks old) were killed by cervical dislocation and
exsanguinated. A segment of about 2-2.5 cm of the proximal
part of the ventral tail artery was dissected out and kept in
oxygenated (95% 02/5% C02) medium of the following com-
position (mM): NaCl 118, KCl 4.8, CaC122.5, KH2PO4 0.9,
NaHCO3 25, glucose 11, ascorbic acid 0.3 and disodium

'." Macmillan Press Ltd, 1994
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EDTA 0.03. The arteries were cannulated at one end and
preincubated for 1 h in 1.5 ml of medium of the same com-
position as above containing in addition 2.2 jAM (-)-[3H]-
noradrenaline (specific activity 4.4 Ci mmol l). They were
then suspended vertically and perfused by means of a roller
pump with medium containing in addition cocaine (10 tiM) in
order to block the re-uptake of released [3H]-noradrenaline.
Each artery was subjected to 6 stimulation periods (24

pulses at 0.4 Hz; 0.3 ms; 200 mA; intervals between stimula-
tion periods 16 min) as in previous experiments (Bucher et
al., 1992). The compounds were infused into the perfusion
stream for 8 min before either SI or S3 and this was main-
tained until the end of the experiment when the arteries were
solubilized in 1 ml Soluene 100 (Packard Instrument, Paris,
France).
The fractional rate of tritium outflow and stimulation-

evoked tritium overflow were expressed as a percentage of
the tissue tritium content at the start of the respective collec-
tion period. The effects of drugs added after S2 were
evaluated by calculating the ratio S4/S2 of the tritium
overflow or vasoconstriction evoked during the respective
stimulation periods.

Relaxation ofphenylephrine-preconstricted arteries

Rat tail arteries were dissected as above and experiments
carried out as described previously (Bucher et al., 1992).
Arteries were cannulated at both ends and suspended ver-
tically in an organ bath containing 4 ml of medium main-
tained at 37'C and of the same composition as above but
without ascorbic acid, disodium EDTA and cocaine. After
1 h equilibration, the contractile capacity was tested by
exposing the arterial segment to phenylephrine (3 JiM). The
vessel was then repeatedly exposed to 1 IAM phenylephrine for
10 min followed by washing for 20 min. The presence of
functional endothelium was verified (Bucher et al., 1992).
Once three comparable and stable phenylephrine-elicited con-
tractions were obtained, cumulative concentrations of the
NO donor 3-morpholinosydnonimine-N-ethylcarbamide (SIN-
1, 0.01-30tiM) were applied to arteries precontracted with
1 tiM phenylephrine. After an interval of 2 h during which the
medium was changed every 10 min, a second concentration-
response curve to SIN-i alone, or in the presence of either
Rp-8-bromo-cyclic GMPS 10 jaM or Rp-8-pCPT-cyclic
GMPS 10 JM, was constructed. Tissues were incubated with
Rp-bromo-cyclic-GMPS or Rp-8-pCPT-cyclic GMPS 30 min
prior to the second SIN-i concentration-response curve and
left throughout in the solution. All experiments were carried
out in the dark, due to the light sensitivity of some of the
compounds (SIN-i and Rp-8-pCPT-cyclic GMPS). The
effects of cumulatively added SIN-i concentrations were ex-
pressed as % reduction of precontractions induced by
phenylephrine, and these values were calculated in each indi-
vidual preparation.

Statistical analysis
Results are given as mean ± s.e.mean. n is the number of
experiments. Unless stated otherwise, comparisons were
made by the Mann-Whitney test if Kruskall-Wallis analysis
indicated a significant difference between multiple groups. A
probability level of 0.05 or less was considered significant.
For multiple comparisons with the same control group, the
limit of significance was divided by the number of com-
parisons according to Bonferroni (Wallenstein et al., 1980).

Drugs

The following compounds were used: 8-bromo-guanosine
3':5'-cyclic monophosphate (sodium salt; 8-bromo-cyclic
GMP), (-)-noradrenaline hydrochloride, (-)-phenylephrine
hydrochloride (Sigma, L'Isle d'Abeau Chesnes, France); P-
phenyl-1,N2-ethenoguanosine-3':5'-cyclic monophosphate, (so-

dium salt; PET-cyclic GMP), 8-(4-chlorophenylthio)-guano-
sine 3':5'-cyclic monophosphate (sodium salt; 8-pCPT-cyclic
GMP), 8-bromo-guanosine 3': 5'-cyclic monophosphorothio-
ate, Rp-isomer (sodium salt; Rp-8-Br-cyclic GMPS), 8-(4-
chlorophenylthio)-guanosine 3': 5'-cyclic monophosphoro-
thioate, Rp-isomer (sodium salt; Rp-8-pCPT-cyclic GMPS)
(Biolog, Bremen, Germany); N-[2-((3-(4-bromophenyl)-2-
propenyl)-amino)-ethyl]-5-isoquinolinesulphonamide dihydro-
chloride (H-89) (Calbiochem, Meudon, France); SIN-1 (3-
morpholinosydnonimine-N-ethylcarbamide; kindly donated
by Hoechst, France). Stock solutions of all other substances
were prepared with Milli-Q water (Millipore) and diluted as
required with the exception of SIN-1 which was initially
dissolved in 5% glucose. (-)-[Ring-2,5,6-3H]-noradrenaline,
specific activity 43.7-56.9 Ci mmol-I (New England Nuclear,
Dreieich, Germany), was diluted with unlabelled (-)-
noradrenaline hydrochloride in order to obtain a specific
activity of 4.4 Ci mmol'.

Results

Electrically-evoked [3H]-noradrenaline release and
vasoconstriction

In control as well as in treated arteries, the tritium overflow
and peak of vasoconstriction evoked by S2 amounted respec-
tively to 0.176 ± 0.006% of tissue tritium and 86.7 ± 4.6
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Figure 1 Effect of 8-Br-cGMP (circles), 8-pCPT-cGMP (squares)
and PET-cGMP (triangles) on electrically-evoked overflow of tritium
(open symbols, a) and change in perfusion pressure (solid symbols,
b) in rat tail arteries with functional endothelium preincubated with
[3H]-noradrenaline. Four periods (S,-S4) of field stimulation were
delivered at intervals of 16 min (24 pulses at 0.4 Hz, 200 mA, 0.3 ms
duration). Each concentration of 8&Br-cGMP, 8-pCPT-cGMP and
PET-cGMP or the solvent (control group) was added 8 min before
S3 and maintained in the medium for the duration of the experiment.
The effect of the drug is presented as the ratio of tritium overflow or
change in perfusion pressure evoked by S4 over that evoked by S2.
Each point represents the mean ± s.e.mean from 5-6 arteries.
Significant difference from control values: *P<0.05; **P< 0.01. For
abbreviations, see text.
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mmHg (n = 76; all appropriate experiments pooled). Under
control conditions, these values did not change significantly
upon subsequent stimulations, resulting in S4/S2 ratios which
were not different from unity. The fractional rate of basal
tritium overflow declined with time (bn/b2 < 1) and infusion
of solvent did not cause any change in basal perfusion pres-
sure (not shown). 8-Bromo-cyclic GMP (3-300 pM) and 8-
pCPT-cyclic GMP (1-100 JAM) produced concentration-de-
pendent increases in the electrically-induced tritium overflow
whereas PET-cyclic GMP (1-30 AM) was without effect

(Figure 1). In six experiments, SIN-I (10 AM) had no
significant effect on [3H]-noradrenaline release.

In spite of the enhancement of stimulation-induced tritium
overflow, 8-bromo-cyclic GMP and 8-pCPT-cyclic GMP
produced a concentration-dependent decrease in the vasocon-
strictor response (Figure 1). PET-cyclic GMP also concen-
tration-dependently reduced the stimulation-elicited vasocon-
striction, and it was more potent than 8-pCPT-cyclic GMP
and 8-bromo-cyclic GMP in producing this effect. SIN-i
reduced vasoconstriction by about 50%, compared to the
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Figure 2 Interaction of Rp-8-Br-cGMPS with 8-Br-cGMP (a), 8-
pCPT-cGMP (b) and PET-cGMP (c) on electrically-evoked tritium
overflow (open columns) and change in perfusion pressure (hatched
columns) in rat tail arteries preincubated with [3H]-noradrenaline.
Four periods (S1-S4) of field stimulation were delivered at intervals
of 16 min (24 pulses at 0.4 Hz, 200 mA, 0.3 ms duration). The com-
pounds or their solvents (control group) were added alone or in
combination 8 min before S3. They were maintained in the medium
for the duration of the experiment. The effect of the drugs are
presented as the ratio of tritium overflow or change in perfusion
pressure evoked by S4 over that evoked by S2. Each column
represents the mean ± s.e.mean from 4-8 arteries. The statistically
significant differences between some values are indicated. For abbre-
viations, see text.
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columns) and change in perfusion pressure (hatched columns) in rat
tail arteries preincubated with [3H]-noradrenaline. Four periods
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before S3. They were maintained in the medium for the duration of
the experiment. The effects of the drugs are presented as the ratio of
tritium overflow or change in perfusion pressure evoked by S4 over
that evoked by S2. Each column represents the mean ± s.e.mean
from 6-8 arteries. The statistically significant differences between
some values are indicated. For abbreviations, see text.
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corresponding controls (S4/S2: 0.56 ± 0.04; n = 6 and 1.08 +
0.09; n=6; respectively; P<0.01).
At the concentration tested (10 JM), the membrane per-

meant and metabolically stable competitive inhibitor of
PKG, Rp-8-bromo-cyclic GMPS, did not itself modify the
tritium overflow or the vasoconstrictor response induced by
periarterial nerve stimulation (Figure 2). It significantly
reduced the effects of 8-bromo-cyclic GMP (100 JM), 8-
pCPT-cyclic GMP (30 gM) and PET-cyclic GMP (10 JM) on
the stimulation-induced vasoconstriction, but did not modify
their respective effects on the stimulation-evoked [3H]-
noradrenaline overflow (Figure 2). Rp-8-bromo-cyclic GMPS
(10 JM) also attenuated the inhibitory effect of SIN-I (10 gM)
on the stimulation-induced vasoconstrictor response (S4/S2:
0.56 ± 0.04; n = 6 and S4/S2: 0.76 ± 0.04; n = 4; P<0.05; in
the absence and presence of the PKG inhibitor, respectively).
The electrically-evoked overflow of tritium which was not
modified by SIN-i (see above) was also unaffected in the
combined presence of SIN-I and the PKG inhibitor (n = 4).

Another membrane permeant PKG antagonist, Rp-8-
pCPT-cyclic GMPS, also had no effect by itself. However, at
equimolar concentration (10 JM) it reduced to a slightly
greater extent than did Rp-8-bromo-cyclic GMPS the inhi-
bitory effect of 8-bromo-cyclic GMP (100 JM) on perfusion
pressure (S4/S2: 0.84 ± 0.05; n = 6). By contrast, the facili-
tatory effect of the cyclic GMP analogue on the evoked
tritium overflow (S4/S2: 1.48 ± 0.04; n = 11) was not modified
in the presence of Rp-8-pCPT-cyclic GMPS (S4/S2: 1.55+
0.04; n= 6).
The PKA inhibitor H-89 (0.1 JM), like the PKG blockers

had no effect by itself (Figure 3) but reduced by about 50%
the effect of 8-bromo-cyclic GMP (100 JM) and 8-pCPT-
cyclic GMP (30 JM) on the tritium overflow evoked by elec-
trical field stimulation (Figure 3a, b). By contrast, H-89 did
not modify the inhibitory effect of 8-bromo-cyclic GMP or of
8-pCPT-cyclic GMP on stimulation-induced vasoconstriction,
nor did it change the responses obtained with PET-cyclic
GMP (Figure 3c).

Relaxation ofphenylephrine-precontracted arteries

SIN-1 (0.01-30 JM) produced a concentration-dependent
relaxation of rat tail arteries precontracted with phenyleph-
rine with a maximum relaxation to slightly above the pre-
phenylephrine tension and an EC50 of 1.66 ± 0.51 JAM (n = 7).
A second concentration-response curve constructed 2 h after
the first was not different from the former (n = 7). Rp-8-
bromo-cyclic GMPS (10 JM) and Rp-8-pCPT-cyclic GMPS
(10 JM) antagonized responses to SIN-1, resulting in a
parallel rightward shift in the concentration-response curve
with no depression of the maximum. Rp-8-bromo-cyclic
GMPS shifted the concentration-response curve of SIN-1 by
the factor 2.16 ± 0.22 (n = 7), whereas Rp-8-pCPT-cyclic
GMPS caused a significantly greater shift by the factor
3.17 ± 0.28 (n = 7; P<0.05).

Discussion

It has been previously shown that the presence of endothe-
lium decreased the overflow of endogenous noradrenaline
release from sympathetic nerves in rabbit carotid and canine
pulmonary arteries (Cohen & Weisbrod, 1988; Tesfamarian
et al., 1989; Greenberg et al., 1990a). Nitric oxide, which
accounts for the biological activity of endothelium-derived
relaxing factor (EDRF) (Palmer et al., 1987) originally des-
cribed by Furchgott & Zawadzki in 1980; stimulates soluble
guanylyl cyclase in a variety of cells (Ignarro, 1990; Moncada
et al., 1991). Therefore, one of the postulated mechanisms of
inhibition of noradrenaline release by EDRF was thought to
be an increase of cyclic GMP (Greenberg et al., 1990b).
However, recent observations suggest that altering cyclic
GMP levels has no major role in the prejunctional modula-

tion of noradrenaline release in some arteries (Bucher et al.,
1992; Tesfamarian et al., 1992), and the results of the present
study are compatible with this.
The action of exogenously applied, cell membrane perme-

able, cyclic GMP analogues is thought to be primarily due to
their ability to mimic the intracellular effects of the endo-
genously produced nucleotide. The present results in fact
show that the two 8-substituted analogues of cyclic GMP
were able to induce an increase in nerve-stimulated nora-
drenaline release. However, the derivative modified at the
1,N2-position of the purine ring, PET-cyclic GMP, was with-
out effect. Moreover, the two membrane permeant, metaboli-
cally stable, selective inhibitors of PKG, Rp-8-bromo cyclic
GMPS and Rp-8pCPT cyclic GMPS, an 8-bromo and a
8-(4-chlorophenylthio) derivative of Rp-cyclic GMPS respec-
tively (Butt et al., 1990), had no effect on the enhancement of
stimulated [3H]-noradrenaline release by 8-bromo-cyclic
GMP or 8-pCPT cyclic GMP. Neither poor membrane
permeability nor inadequate concentrations of the PKG
inhibitors could explain their lack of effects since, in the same
conditions, they were able to attenuate cyclic GMP-mediated
relaxation. Therefore, these results are not consistent with
activation of guanylyl cyclase and of PKG being a major
pathway for modulation of noradrenaline release from nerve
terminals in the rat tail artery.

Other possible effects of cyclic GMP analogues on mech-
anisms affecting transmitter release were therefore inves-
tigated. The effects of the two 8-substituted analogues of
cyclic GMP on stimulation-induced noradrenaline release
were inhibited by the selective PKA inhibitor H-89 (Chijiwa
et al., 1990), suggesting an involvement of PKA. In the same
experimental model H-89 significantly attenuates the enhan-
cement of electrically-evoked release of [3H]-noradrenaline by
forskolin, isoprenaline and 8-bromo-cyclic AMP (Ouedraogo
et al., 1994). The cyclic GMP analogue PET-cyclic GMP,
which had no effect on transmitter release is 10 to 20 times
less potent in activating PKA than 8-bromo-cyclic GMP and
8-pCPT-cyclic GMP (Francis et al., 1988). Therefore a
plausible explanation of the lack of effect of PET-cyclic GMP
on transmitter release may be its inability to activate PKA.
There is evidence for cross-activation of PKA and PKG by
adenyl and guanyl 3': 5'-cyclic nucleotides (for review see
Schmidt et al., 1993). Involvement of PKG in cyclic AMP
mediated actions has been reported in rat aortic smooth
muscle cells in culture (Lincoln et al., 1990) and, more
recently, in pig coronary arteries (Jiang et al., 1992). Recip-
rosal cross-activation, i.e. cyclic GMP activation of PKA,
could also occur. Several lines of evidence suggest such a
cross-activation of PKA by cyclic GMP in T84 human intes-
tinal cells (Forte et al., 1992) and in PKG-deficient human
platelets of chronic myelocytic leukaemia (Eigenthaler et al.,
1993).

Cyclic GMP may also exert significant functional effects
through a cyclic GMP-inhibited type III cyclic AMP phos-
phodiesterase (Beavo & Reifsnyder, 1990), an enzyme known
to be present in many cells. It has been suggested (Cubeddu
et al., 1975; Maurice & Haslam, 1990; Bowen & Haslam,
1991) that cyclic GMP or analogues therefore may achieve
their effects by inhibiting this enzyme, resulting in elevated
cyclic AMP levels and activation of cyclic AMP-mediated
signal transduction. However, such effects are not likely to be
involved in these experiments since 8-pCPT-cyclic GMP is
not able to inhibit the cyclic GMP-inhibited phosphodies-
terase (Butt et al., 1992) but did enhance noradrenaline
release. Whether the effects with the two 8-substituted
analogues resulted from direct or indirect activation of PKA
remains to be determined.

Exposure of the arteries to cyclic GMP analogues or to an
NO donor, SIN-1, the active metabolite of molsidomine
(Feelisch & Noack, 1987) which activates guanylyl cyclase
(Bohme et al., 1984), produced an inhibition of the neuro-
genic vasoconstriction. The PKG antagonists but not the
PKA inhibitor attenuated this effect, providing further evi-
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dence that activation of PKG mediates cyclic GMP-induced
relaxation of smooth muscle cells (Cornwell & Lincoln, 1989;
Lincoln et al., 1990). At the postjunctional level, the
efficiency of the three analogues tested in the present study
fits well with that observed in pig coronary arteries (Sekhar
et al., 1992). It has previously been shown that bovine aorta
contains two isozymic forms of PKG, designated type Ia and
type IB (Lincoln et al., 1988; Wolfe et al., 1989). Type la and
type Il have different cyclic nucleotide analogue selectivities
for activation: analogues modified at the 1,N2-position (PET-
cyclic GMP) are equally active on the two isozymes whereas
analogues modified at the 8-position (8-bromo- or 8-pCPT-
cyclic GMP) are much more effective in activating the type Ia
(Sekhar et al., 1992). A good correlation between the poten-
cies of cyclic GMP analogues for PKG Ia and relaxation has
been reported, whereas the correlation was poor with PKG

I (Sekhar et al., 1992). However, in the present study,
PET-cyclic GMP was the most potent relaxing analogue.
Therefore a role for the type I1 isozyme in vascular relaxa-
tion in the rat tail artery cannot be excluded.

Altogether, the results obtained in the current study show
that, in the rat tail artery, the postjunctional action of cyclic
GMP and its analogues involves the activation of a PKG. On
the other hand, they provide no evidence for the existence of
a cyclic GMP-operated mechanism at the prejunctional level.
The prejunctional effect of the two 8-substituted cyclic GMP
analogues tested in this study involves the activation of a
PKA.

We would like to thank Dr R.C. Miller for helpful comments on the
manuscript.
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Comparison between the pharmacology of dopamine receptors
mediating the inhibition of cell firing in rat brain slices through
the substantia nigra pars compacta and ventral tegmental area

B. Bowery, L.A. Rothwell & 'G.R. Seabrook

Merck Sharp & Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park, Eastwick Road, Harlow, Essex
CM20 2QR

1 Electrophysiological recordings were made from presumed dopaminergic neurones in the substantia
nigra pars compacta and ventral tegmental area of rat brain slices. The ability of selective dopamine
receptor agonists to hyperpolarize neurones and inhibit cell firing, as well as the ability of dopamine
receptor antagonists to block responses to quinpirole were compared.
2 Six dopamine receptor agonists were examined for their ability to hyperpolarize neurones within the
substantia nigra pars compacta. Of these, the most potent ligand tested was naxagolide with an EC50
value of 20 nM and estimated maximum of 10 mV. The rank order of agonist potency was naxagolide>
quinpirole>apomorphine>dopamine.
3 Quinpirole was more potent at inhibiting cell firing in the substantia nigra pars compacta
(pIC5o = 7.65 ± 0.06, n = 35) than in the ventral tegmental area (pIC5o = 7.24 ± 0.06, n = 32; P<0.01,
Student's t test). 7-Hydroxy-NN-di-n-propyl-2-aminotetralin (7-OH-DPAT), a putative D3 selective
agonist, had a comparable potency to quinpirole in both the ventral tegmental area (pICv = 7.39 ± 0.26,
n = 4), and substantia nigra pars compacta (pIC5o = 7.71 ± 0.20; n = 4).
4 The inhibition of cell firing by quinpirole was antagonized by haloperidol, S(-)-sulpiride, clozapine,
and ritanserin. S(-)-sulpiride and haloperidol had the highest estimated affinities in the substantia nigra,
with pA2 values of 8.97 (slope = 0.85) and 8.20 (slope = 2.09) respectively. The pA2 values for S(-)-
sulpiride and haloperidol in the ventral tegmental area were 8.07 (slope = 0.87) and 8.11 (slope = 1.48)
respectively. Clozapine had a lower functional affinity than S(-)-sulpiride and haloperidol in both the
substantia nigra (pA2 = 6.47, slope = 1.19) and ventral tegmental area (pA2 = 6.53, slope 0.87). Ritan-
serin, a 5-HT2 receptor antagonist that also binds to D2.u. dopamine receptors, caused a slight but
significant shift in the concentration-effect curve to quinpirole with an estimated pKA of 6.97 ± 0.13
(n =4) in the substantia nigra and pKA of 7.12 ± 0.22 (n =4) in the ventral tegmental area.

5 Comparison of these data with the binding affinity for cloned dopamine receptors demonstrates that
the responses to quinpirole on dopaminergic neurones in both the A9 (substantia nigra) and A10
(ventral tegmental area) brain areas are consistent with the activation of predominantly D2, and not D3
or D4 dopamine receptors. Furthermore, the similarity in functional affinity of antagonists for these
receptors suggest that the mesolimbic selectivity of atypical neuroleptics, like clozapine, may be a

consequence of their actions on other receptors or their effects elsewhere in the brain.
Keywords: Dopamine receptor; schizophrenia; naxagolide [(+ )-PHNO]; quinpirole; clozapine; substantia nigra; ventral tegmen-

tal area; electrophysiology

Introductdon

There are three principal dopaminergic projection pathways
within the mammalian brain: the nigrostriatal system (A9),
the mesolimbic system (AlO), and the tubero-infundibular
system (Fallon & Loughlin, 1985). Dopamine containing
neurones of the nigrostriatal pathway project from the sub-
stantia nigra pars compacta (SNC) to the caudate nucleus-
putamen complex (dorsal striatum). This pathway is involved
in the integration of sensory stimuli and initiation of move-
ment and in man the degeneration of neurones within the
SNC results in the debilitating motor defects associated with
Parkinson's disease. In contrast, the mesolimbic pathway is
comprised of dopaminergic neurones which project princi-
pally from the ventral tegmental area (VTA) to regions which
include the ventral striatum (nucleus accumbens) and pre-
frontal cortex. The mesolimbic system is implicated in emo-
tional behaviour and the hyperactivity of the dopaminergic
neurones in the VTA is thought to underlie some forms of
psychosis (reviewed in Goldstein & Deutch, 1992; Reynolds,
1992). This hypothesis is supported by the fact that most
efficacious antipsychotic agents act as dopamine receptor

I Author for correspondence.

antagonists (reviewed in Seeman, 1992). However, many anti-
psychotic drugs have significant extrapyramidal side effects,
which are thought to be due to the lack of selectivity of
antagonists between the nigrostriatal and mesolimbic systems
(e.g. White & Wang, 1983).

Recently, cloning studies have revealed the existence of
several structural types of dopamine receptors that have a
ligand binding profile similar to endogenous D2 receptors
(hereafter referred to as D2.w,.). These structural subtypes
include the .D2, D3 and D4 subtypes (Bunzow et al., 1988;
Sokoloff et al., 1990; Van Tol et al., 1991). Not only do
neuroleptic drugs like clozapine and sulpiride differ in their
affinity for these receptors, but D3 and D4 receptors appear
to have a more restricted distribution within the brain. In
particular D3 receptors appear to be preferentially expressed
within the mesolimbic system (Bouthenet et al., 1991; Leves-
que et al., 1992) and heterologous expression studies have
shown that these receptors can couple to effector mechanisms
similar to the D2 receptor subtype (Seabrook et al., 1994a,b;
McAllister et al., unpublished observations).

Several in vivo studies have shown that chronic administra-
tion of clozapine (White & Wang, 1983; Skarsfeldt, 1988)
and novel putative antipsychotic agents such as sertindole

'." Macmiflan Press Ltd, 1994
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(Skarsfeldt & Perregaard, 1990), can selectively inhibit the
activity of neurones within the VTA compared to the SNC.
Indeed such activity may explain the atypical profile of cloza-
pine in rodent behavioural assays, as well as its reduced
propensity to induce extrapyramidal side-effects in man.
Whether or not this selectivity reflects the asymmetrical dis-
tribution of dopamine receptor subtypes remains to be deter-
mined.

Conventionally, dopamine receptors have been character-
ized by functional criteria into D1.lik. receptors which activate
adenylate cyclase, and D2 a. receptors which can inhibit
adenylate cyclase activity and exert inhibitory influences
upon neuronal excitability (Kebabian & Calne, 1979). The
action of dopaminergic ligands on catecholamine containing
neurones of the rat midbrain have been extensively charac-
terized both in vitro and in vivo. Dopamine, acting on D2.U,
receptors inhibits cell firing in both the substantia nigra pars
compacta and ventral tegmental area by hyperpolarizing cells
following the activation of G-proteins linked to the activa-
tion of potassium channels (Pinnock, 1983; Lacey et al.,
1987; Mercuri et al., 1992; Momiyama et al., 1993).
Although the receptors that regulate the release of dopa-

mine in the dorsal and ventral striatum have been subject to
extensive pharmacological comparisons, few direct and quan-
titative comparisons of the functional activity of dopamine
receptor ligands on neurones within the VTA and SNC have
been carried out in vitro. In vivo studies have compared the
pharmacology of dopamine receptors that regulate the firing
of A9 and A10 neurones (Bunney & Grace, 1979; White &
Wang, 1983; Skarsfeldt, 1988; Skarsfeldt & Perregaard,
1990), however, the interpretation of these studies may be
complicated by the actions of these drugs elsewhere in the
brain. Indeed, clozapine appears to have little functional
selectivity in its ability to block the dopamine-mediated
inhibition of cell firing in AlO versus A9 neurones in vitro
(Suppes & Pinnock, 1987). To investigate further the phar-
macology of the dopamine receptors present on mid-brain
neurones, this study compared the functional effects of a
range of dopamine receptor ligands using a rat brain slice
preparation and quantitative pharmacological analysis.

Methods

Experimental preparations and recording techniques

Intracellular and extracellular recordings were made from
presumed dopamine-containing neurones in either the medial
substantia nigra pars compacta, or ventral tegmental area
within slices (300-350 pm thick) of rat brain. The techniques
for preparation of, recording from, and application of sub-
stances to these neurones have previously been described
(Pinnock, 1983; Lacey et al., 1988). In brief, coronal slices of
rat substantia nigra and ventral tegmental area (plate 25,
Paxinos & Watson, 1944) were submerged in a tissue
chamber (volume 0.4ml) by a continuously superfused (at
1-2mlmin'1) artificial cerebrospinal fluid (ACSF) kept at
36°C and gassed with 95% 02 and 5% CO2. The ACSF
contained (in mM): NaCl 126, KCl 2.5, NaH2PO4 1.2, MgCl2
1.3, CaCl2 2.4, NaHCO3 26 and glucose 10. Electrophysio-
logical recordings were made with glass microelectrodes filled
either with 3 M KCI (30-70 MQ) for intracellular recordings,
or 3M NaCl (5-1O MQ) for extracellular recording. Care
was taken to ensure that recordings were made from either
the medial substantia nigra pars compacta, lateral and
immediately adjacent to the medial terminal nucleus acces-
sory optic tract (MT), or from within the ventral tegmental
area, identified as medial to the MT and ventral to the
medial lemniscus.

Analytical techniques

Drug effects were expressed as either the % inhibition of cell
firing, or cell hyperpolarization in mV. To quantify the drug-

induced hyperpolarization of spontaneously active cells, the
membrane potential was initially hyperpolarized by a holding
current of ca. 50 pA to approximately -60 mV. Concentra-
tion-effect data were fitted to a logistic equation, A/(1+ (B/
X)9) where A = maximum, B = EC50, C = Hill slope, X =
agonist concentration, by least squares analysis of variance
(Grafit; Erithacus Software). Concentration-effect data for
the hyperpolarization of substantia nigra neurones by
agonists represent the data pooled from several cells as com-
plete concentration-effect data were not always obtained on
the same cell. For these data, values represent the
mean ± s.e.mean of the fitting procedure. Agonist-induced
inhibition of cell firing was determined using cumulative
concentration-effect curves, allowing 7 min for the firing rate
to stabilize in each concentration of the agonist. Agonist
potency was quantified as the negative logarithm of the
half-maximal inhibitory concentration (pICo), and pooled
data are the geometric mean ± standard error. Antagonist
affinities were estimated from pA2 values determined from
Schild analysis (Arunlakshana & Schild, 1959), or from
estimated pKA values at single antagonist concentrations
where stated using the equation, KA = [antagonist concen-
tration]/(concentration-ratio - 1). Concentration-ratio shifts
were determined from the concentration of agonist required
to half-maximally inhibit cell firing in the absence and
presence of each concentration of antagonist. For a more
accurate estimate of the affinity of those antagonists whose
Schild plots had slopes that did not significantly differ from
unity, pKB values were also calculated by fitting a line with a
slope of one to the data (Kenakin, 1990).

Drugs

Drugs were applied in the superfusion medium in known
concentrations, reaching the recording chamber after a delay
of 20-30 s. The following drugs were used: quinpirole hydro-
chloride, R(+)-l-phenyl-2, 3, 4, 5-tetrahydro-(1H)-3-benzaze-
pine-7, 8-diol hydrochloride [R(+ )-SKF 38393], (+ )-bromo-
cryptine methanesulphonate, S(-)sulpiride (Research Bio-
chemicals Inc.), apomorphine, dopamine hydrochloride
(Sigma), haloperidol, ritanserin (Janssen Pharmaceuticals),
and clozapine (Sandoz Pharmaceuticals). 7-Hydroxy-N-N-di-
n-propyl-2-aminotetralin (7-OH-DPAT) was provided by
Research Biochemicals Inc. as part of the Chemical Synthesis
Program of the National Institute of Mental Health, contract
278-90-0007. Naxagolide [(+ )-4-propyl-9-hydroxynaphthoxa-
zine; (+)-PHNO] was synthesized at Merck Sharp & Dohme
Research Laboratories. Where necessary drugs were dissolved
in dimethylsuphoxide (DMSO), and diluted to a final bath
concentration of <0.1% DMSO which alone had no effect
on cell firing rate. Dopamine was applied after treatment of
cells with cocaine (10 YM) to block catecholamine uptake
(e.g. Lacey et al., 1990).

Results

Substantia nigra pars compacta cell properties

Intracellular recordings were made from >40 neurones
within the substantia nigra pars compacta of rat brain slices.
The properties of these neurones were comparable to those of
the principal, presumed dopamine-containing, cells of the
substantia nigra pars compacta described previously (Lacey
et al., 1987; 1989). Most cells were spontaneously active,
firing action potentials at rates of between 1 and 3 Hz.
Spontaneously active cells were hyperpolarized by constant
current injection (typically <-0.1 nA) through the recording
electrode to membrane potentials negative to the firing thres-
hold. The mean membrane potential at which drugs were
tested was -55 ± 2 mV. The mean cell input resistance at
this potential, using hyperpolarizing current of -0.1 to
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-0.2 nA over the ohmic portion of the current-voltage rela-
tionship, was 167 ± 23 MQ.

Effect of dopamine receptor agonists on membrane
potential in the substantia nigra

Naxagolide, quinpirole, apomorphine, and dopamine hyper-
polarized the membrane of substantia nigra pars compacta
neurones in a concentration-dependent manner to a max-
imum of approximately 10 mV, accompanied by a fall in
input resistance (Figure 1). The effects of all the agonists
were maximal within 3 min of their application. As with the
effect of GABAB receptor agonists on these neurones (Lacey
et al., 1988; Seabrook et al., 1990), and particularly with the
more potent agonists at high drug concentrations, responses
occasionally failed to recover completely even following
washout periods of > 15 min. The pooled concentration-
effect curves for each agonist were fitted to a logistic equa-
tion. The most potent agonist was naxagolide with an EC50
of 20 nM and estimated maximum of 9.7 mV. The rank order
of agonist potency was naxagolide<quinpirole<apomor-
phine<dopamine (Table 1). The potency of (+)-bromo-
cryptine was indeterminate because of its low efficacy. When
applied at concentrations ca. 100 fold greater than its affinity
for D2.w receptors, (+)-bromocryptine (10I1M) caused a
hyperpolarization that was only a fraction (13%) of the
maximum hyperpolarization caused by quinpirole. The DI
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Figure 1 Hyperpolarization of neurones within substantia nigra
pars compacta by dopamine receptor agonists. (a) Membrane poten-
tial recorded from an individual cell using an intracellular electrode.
Quinpirole (300 nM), applied for the duration of the horizontal bar,
caused a reversible hyperpolarization of the membrane potential
which was accompanied by a block of spontaneous action potential
firing. The amplitude of spontaneous action potentials in this figure
are truncated by the chart recorder. Negative deflections on the trace
represent the membrane transients in responses to the injection of a
hyperpolarizing current through the recording electrode (0.1 nA for
100 ms duration). (b) Concentration-effect curves for the hyper-
polarization of neurones within the substantia nigra by the dopamine
receptor agonists naxagolide (A), quinpirole (0), apomorphine (0),
dopamine (0), and (+)-bromocryptine (U). Each data point
represents the mean ± s.e.mean of 4 to 6 cells. Solid lines are the fits
of the logistic equation to the data (see Table 1).

agonist, SKF 38393 (1 gsM), when applied alone neither
hyperpolarized nor depolarized these neurones within the
substantia nigra pars compacta.

Effects of dopamine receptor agonists and antagonists on
cellfiring in the substantia nigra

Quinpirole was chosen as the agonist to examine the pharma-
cology of the dopamine receptor on neurones within rat
brain slices because of its high affinity for D3/D4 receptors
compared to D2 receptors, as well as its high functional
potency and reversible effects upon neurones of the substantia
nigra (Lacey et al., 1987; Sheehan et al., 1993). Extracellular
single unit activity was used in preference to intracellular
recording for antagonist studies because a hyperpolarization
of only a few millivolts is necessary to inhibit cell firing. Thus
the inhibition of cell firing would effectively have a higher
receptor reserve. This is consistent with the 3 fold greater
potency of quinpirole at inhibiting cell firing (22 nM) com-
pared to hyperpolarizing cells within the substantia nigra
pars compacta (77 nM; Tables 1 and 2).

In contrast to the effects of high concentrations of naxago-
lide on cell membrane potential, no tachyphylaxis of the
inhibition of cell firing by quinpirole was seen during sus-
tained agonist applications. This was partly because of the
low agonist concentrations required to achieve the maximal
response, typically at a concentration of 100 nm, but also
because the effect of quinpirole was more readily reversible
than that of other agonists. The concentration-effect curve
for the inhibition of cell firing by quinpirole (nH = 1.96)
(Figure 2) was steeper than that for cell hyperpolarizations
(nH = 0.69; Table 1), probably because of the higher receptor
reserve, and was therefore a more sensitive method of deter-
mining concentration-ratio shifts in the presence of antago-
nists.
The inhibition of cell firing caused by quinpirole in the

substantia nigra pars compacta was antagonized in a sur-
mountable manner by haloperidol, S(-)-sulpiride, and cloza-
pine. No agonist-like effects of these compounds were
observed. Antagonists were allowed to equilibrate for 40 min
at each antagonist concentration before repeating agonist
concentration-effect curves. Antagonist affinities were esti-
mated from Schild plots using the concentration-ratio shifts
produced by increasing concentrations of the antagonist. The
Schild plot for haloperidol yielded a pA2 value (the concen-
tration of antagonist required to shift the agonist concen-
tration-effect curve by two) of 8.20. However, the slope of
the Schild plot for haloperidol was greater than unity (2.09;
Table 2) which precluded the determination of pKB values.
The Schild plot for S(-)-sulpiride was 8.97 with a slope not
significantly different from unity, consistent with competitive
antagonism. Constraining the slope of the Schild plot to
unity enabled the determination of the functional affinity of

Table 1 Comparison of the potency and ability of
dopamine receptor agonists to hyperpolarize neurones
within the substantia nigra pars compacta of rat brain

Hyperpolarization
EC50 (nM) maximum (mV)

Naxagolide
Quinpirole
Apomorphine
Dopamine
(+ )-Bromocryptine
SKF 38393

20± 2
77 ± 25

205 ± 20
4389 ± 2136
indeterminate
> 1000

9.7 ± 0.4
11.8 ± 1.0
7.7 ± 0.4
8.9 ± 1.6

1.5 mV at 10 pM
no effect

Slope n

0.97
0.69
1.84
1.07

6
4
8
4
5
4

Cell hyperpolarizations were recorded with intracellular
electrodes and concentration-effect curves were fitted by
least squares analysis of variance. The maximum
hyperpolarization was estimated from the best fit to a
single-site logistic equation.
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Table 2 Inhibition of cell firing in the substantia nigra pars compacta by quinpirole and antagonism of responses by dopamine
receptor antagonists

pIC50 n

Quinpirole 7.65 ± 0.06 35
7-OH-DPAT 7.71 ± 0.20 4

pA2 Slope

8.97 0.85 ± 0.28
8.20 2.09 ± 0.43
6.47 1.19±0.19

pKB

8.60±0.15

6.63 ± 0.08

Estimated Estimated
pKA affinity (nM) n

6.97 ± 0.13

3 8
<6 6
234 4
107 4

Values given ± s.e.mean.
Agonist responses were quantified as the negative logarithm of the half-maximal inhibitory concentration (pIC5o). Antagonist affinities
were determined by Schild analysis, or in the case of ritanserin by estimating the affinity from the concentration-ratio shifts obtained at
a concentration of 300 nm. For drugs which acted in a competitive manner and whose Schild plots did not significantly differ from
unity, the negative logarithm of the antagonist dissociation constant was also calculated. These pKB values were determined by
constraining the slope of the Schild plot to one.
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Figure 2 Inhibition of cell firing by quinpirole in rat substantia
nigra pars compacta using extracellular recording and antagonism by
S(-)-sulpiride. (a) Graph depicting the time course of the decrease
in cell firing rate during the cumulative application of quinpirole in
an individual cell. (b) Concentration-effect curve for the inhibition of
cell firing caused by quinpirole (0), and the surmoutable antagonism
caused by 100 nm (@) and 300 nM S(-)-sulpiride (0). The EC50 of
quinpirole (arrows) was used to determine the concentration-ratio
shift for each concentration of antagonist and this was then used to
construct the Schild plots in Figure 3.

S(-)-sulpride (pKB value; Kenakin, 1990) which was 8.60
0. 15, equivalent to 3 nM. Clozapine also antagonized the
responses to quinpirole in a competitive manner. The Schild
plot for clozapine yielded a pA2 value 6.47 with a slope not

significantly different from unity. The pKB value for clozapine
was 6.63 ± 0.08, equivalent to 234 nM (Table 2). The affinity
of ritanserin was estimated from the shift in the concentra-
tion-effect curve to quinpirole produced by an antagonist
concentration of 300 nM. This estimated pKA value, which
assumes competitive antagonism, was 6.97 ± 0.13, equivalent
to 107 nM. Higher concentrations of ritanserin were not used
because of non-specific effects on ion channels (e.g. Leysen et
al., 1993).

Effects of dopamine receptor agonists on neurones within
the ventral tegmental area

Quinpirole and 7-OH-DPAT inhibited the firing of the
majority of neurones within brain slices of the ventral
tegmental area of rat brain.' The potency of quinpirole,
pIC50 = 7.24 ± 0.06 equivalent to 58 nM (n = 32), was slightly
but significantly lower (P< 0.01, Student's t test) than that
required to inhibit cell firing within the substantia nigra
(pIC50 = 7.65 ± 0.06, n = 35; Tables 2 and 3). 7-OH-DPAT
was equipotent to quinpirole in the VTA (pIC50 = 7.39 +
0.26; n = 4) and the SNC (7.71 ± 0.20, n = 4).
The inhibition of cell firing caused by quinpirole in the

ventral tegmental area was antagonized in a surmountable
manner by S(-)-sulpiride, haloperidol, clozapine, and
ritanserin (Figure 3; Table 3). The pA2 value of haloperidol,
determined from Schild analysis, was 8.11 with a slope
significantly greater than unity (1.48). The Schild plot for
S(-)-sulpiride yielded a pA2 value of 8.24, with a slope not
significantly different from unity (0.87). Constraining the
slope to one gave a pKB value for S(-)-sulpiride of
8.07 ± 0.05, equivalent to an affinity of 9 nM. Like sulpiride,
clozapine also antagonized the responses to quinpirole in a

competitive manner. The Schild plot for clozapine yielded a

pA2 value 6.53 (slope = 0.87; Table 3). The pKB value for
clozapine was 6.38 ± 0.08, equivalent to 417 nM. As for the
experiments in the substantia nigra, the affinity of ritanserin
was estimated from the shift in the concentration-effect curve
to quinpirole produced by an antagonist concentration of
300 nM. The estimated pKA value for ritanserin was
7.12 ± 0.22, equivalent to 76 nM.

Discussion

Using in vitro electrophysiological recording, this study com-
pared the pharmacology of the dopamine receptors that
mediate the inhibition of cell firing on dopaminergic-
neurones within the substantia nigra pars compacta and
ventral tegmental area of rat brain. The effects of several
clinically effective neuroleptic drugs, including clozapine, on

S(-)-sulpiride
Haloperidol
Clozapine
Ritanserin

fulfil I...14
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Table 3 Inhibition of cell firing in the ventral tegmental area by quinpirole and antagonism of responses by dopamine receptor
antagonists

PCs50 n

Quinpirole 7.24 ± 0.06 32
7-OH-DPAT 7.39 ± 0.26 4

pA2 Slope

S(- )-sulpiride
Haloperidol
Clozapine
Ritanserin

8.24 0.87 ± 0.09
8.11 1.48±0.22
6.53 0.87 ± 0.20

pKB

8.07 ± 0.05 -

6.38 ± 0.08 -
- 7.12±0.22

Values given ± s.e.mean.
Data are presented as described in Table 2.
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Figure 3 Comparison between the ability of S(-)sulpiride (@),
haloperidol (U), and clozapine (0) to antagonize responses to quin-
pirole in the rat substantia nigra pars compacta (a, c and e) and
ventral tegmental area (b, d and f). Lines fitted by linear regression
were used to determine antagonist pA2 values (Tables 2 and 3).

A9 and AlO dopamine neurones were contrasted with their
affinity for cloned dopamine receptor subtypes.

Pharmacology of dopamine receptors on A9 and A10
neurones

In binding assays, naxagolide has approximately 50 fold
binding selectivity for D3 over D2 and D4 receptors (Table 4).
Consistent with the high potency and ability of naxagolide to
induce stereotyped behaviour in rodents (Martin et al., 1984;
1985), this ligand was the most potent agonist tested in the

Table 4 Affinities of the ligands used in the present study
for human D2, D3 and D4 dopamine receptors

D2 D3 D4

Putative agonists
(+)-Bromocryptine
Naxagolide
Apomorphine
7-OH-DPAT
Quinpirole
Dopamine
R(+)-SKF 38393
Putative antagonists
Haloperidol
S(-)-sulpiride
Clozapine

9
30
60
600
710
>1000

2
0.2
16
1.6
17
29
> 1000

190
30
0.5
270
39
13
> 1000

3 2 2
6 8 250
38 88 13

Data from Freedman et al., (1994, and unpublished
observations). All data represent mean k1 values from >3
replicates, in nm concentrations.

SNC. Quinpirole also hyperpolarized neurones within the
substantia nigra with a potency similar to that observed in
previous studies (Lacey et al., 1987). However, the ability of
quinpirole to inhibit cell firing in the VTA was approximately
100 fold more potent than that reported by Momiyama et al.
(1993). This can only partly be accounted for by the fact that
the concentration of quinpirole required to inhibit cell firing
is lower than that required to hyperpolarize maximally
dopaminergic neurones. For example in the SNC this was 3
fold lower (Tables 1 and 2). However despite these differ-
ences, in the present study, quinpirole had a significant 3 fold
lower potency in the ventral tegmental area compared to the
substantia nigra. Agonist potency is dependent upon both the
affinity of the ligand for the receptor as well as the number
of receptors that need to be activated for a given functional
response. In this respect, the lower potency of quinpirole in
the ventral tegmental area may simply reflect a lower recep-
tor reserve relative to the substantia nigra and not necessarily
an action at a different receptor subtype. This hypothesis is
supported by the in vivo studies of Cox & Waszczak (1990),
who showed that the inhibition of cell firing caused by the
dopamine receptor agonist R(-)-N-n-propylnorapomorphine
(NPA) in A9 neurones was more sensitive to the actions of
the irreversible receptor inactivator N-ethyoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (EEDQ) than AlO neurones. In
their study, Furchgott analysis revealed that the relative
receptor reserves for responses to peripheral administration
of NPA were 70% and 30%, in A9 and AlO neurones
respectively.

In the present study, the overall rank order of agonist
potency in the substantia nigra was naxagolide>quin-

Estimated Estimated
pKA affinity (nM) n

9 5
<8 8
417 5
76 4

3-

2-

0

0
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pirole>apomorphine>dopamine. This was similar but not
identical to that expected from the binding profile for D2
receptors (naxagolide>apomorphine>quinpirole>dopamine).
Despite minimizing transmitter uptake by blocking cate-
cholamine transporters with cocaine (10tSM), the EC50 for
dopamine was weaker than its binding affinity for D2 recep-
tors. Although an EC50 of 4ILM is consistent with previous
functional studies it should be noted that cocaine may cause
the extracellular accumulation of endogenous dopamine
which would preclude the determination of meaningful
potency values for this agonist (Lacey et al., 1987; 1990).

In vivo studies using fast cyclic voltammetry (Stamford et
al., 1991) have shown that bromocryptine has little effect
upon dopamine release within the striatum, supporting the
hypothesis that this agonist acts preferentially on 'post-
synaptic' D2 receptors (Jenner et al., 1979). In the present
study (+)-bromocryptine (10 pM) produced a hyperpolariza-
tion that was 13% of the maximum produced by quinpirole.
Although (+)-bromocryptine has approximately 100 fold
selectivity for D2 and D3 receptors over D4 receptors, it is
likely that the fractional hyperpolarization obtained with this
agonist was due to its low efficacy rather than an action on
different receptor population since the concentration of
agonist used was more than 100 fold greater than its binding
affinity for D2, D3 or D4 receptors.
The possibility that not all agonists have the same intrinsic

efficacy, and because cells may express more than one type of
dopamine receptor complicates receptor characterization
using just agonist potency. Consequently, to test whether the
dopamine receptors activated by quinpirole were different
between the SNC and VTA, the functional affinity of several
dopamine receptor antagonists were compared.

Antagonists like haloperidol bind with comparable affinity
to the D2, D3 and D4 dopamine receptor subtypes (Table 4)
and consistent with this, its pA2 for dopamine receptors was
similar in both the VTA and SNC. The slope of the Schild
plot for haloperidol was greater than unity in both the SNC
and VTA (2.09 and 1.48 respectively; Tables 1, 2) indicating
that despite an incubation period of 40 min, this antagonist
may not have been at equilibrium with the receptors at the
lower concentrations used. Consequently the pA2 value for
haloperidol may be an underestimate of antagonist affinity.
Non-competitive antagonism of dopamine receptors by
haloperidol in rat substantia nigra was also observed by
Pinnock (1984).
S(- )-sulpiride has a significantly higher binding affinity

for D2 and D3 receptors (6 to 18 nM respectively) compared
to D4 dopamine receptors (250nM; Table 4). In both the
SNC and VTA this antagonist had a functional affinity of ca.
10 nM and thus was more consistent with the effects of
quinpirole being mediated by either D2 or D3 receptors.
Furthermore, the estimated affinity of clozapine in both the
SNC (234 nM) and VTA (417 nM) was more consistent with
its lower binding affinity for D2 and D3 receptors than for D4
receptors (Table 4).
The putative D3 receptor agonist 7-OH-DPAT has approx-

imately 40 fold greater affinity for D3 over D2 receptors and
has been used in behavioural studies to attempt to define a
functional role for the D3 receptor (Daly & Waddington,
1993). In the present study, 7:OH-DPAT was equipotent to
quinpirole in both the VTA and SNC, although like quin-
pirole the potency of 7-OH-DPAT was 2 fold weaker in the
VTA, consistent with a lower receptor reserve in this area.
However, as previously discussed, agonist potency is not
necessarily a good criterion for distinguishing between recep-
tor subtypes. Indeed despite the 10 fold binding selectivity of
7-OH-DPAT versus quinpirole for D3 receptors (Table 4) the
ability of 7-OH-DPAT to inhibit forskolin-stimulated
adenylate cyclase activity in human embryonic kidney cells
that have been transfected with human D3 dopamine recep-
tors was similar to the potency of quinpirole (McAllister et
al., unpublished observations). Furthermore in CHO cells
transfected with rat D3 receptors the functional selectivity of

agonists varies according to whether one examines the inhibi-
tion of adenylate cyclase or cell mitogenesis (Chio et al.,
1994). Consequently confirmation that D3 receptors are not
involved in the function of midbrain dopamine neurones
requires a selective antagonist of rat D3 dopamine receptors,
and these have yet to be described.
The 5-HT2 receptor antagonist, ritanserin (Leysen et al.,

1985; Humphrey et al., 1993) also has high affinity for D2,ik,
dopamine receptors in binding studies (Leysen et al., 1993).
In vivo studies have also shown that ritanserin dose-depen-
dently increases the excitability of midbrain dopaminergic
neurones, an effect that has been attributed to the antagon-
ism of 5-HT2 receptors (Ugedo et al., 1989). However, in the
present study ritanserin when applied alone did not have any
agonist-like activity and antagonized responses to quinpirole
in both A9 and AlO neurones. The estimated functional
affinity of ritanserin was 107 nM and 76 nM in the SNC and
VTA respectively, assuming competitive antagonism. These
affinities are compatible with ritanserin's ability to displace
iodosulpiride binding to cloned rat D2 and D3 dopamine
receptors (Leysen et al., 1993). It is unlikely that the effect of
quinpirole at nanomolar concentrations was mediated by an
action on 5-HT receptors because quinpirole has little affinity
for these receptors and furthermore its effects were blocked
by S(-)-sulpiride which is selective for D2-Ue receptors over
5-HT receptors (Leysen et al., 1993).
The functional affinities of the dopamine receptor anta-

gonists used in the present study were more consistent with
ligand binding profile of the D2 receptor subtype than that of
D3 or D4 receptors. Although the existence of a low density
of functional D3 or D4 receptors in these brain areas cannot
be excluded, these results indicate that they contribute little
to the electrophysiological effects of exogenously applied
quinpirole.

Implications for the mechanism of action of
antipsychotic drugs

The effectiveness of clozapine as an atypical neuroleptic in
the clinic (reviewed in Kane, 1992) has prompted numerous
investigators to try and identify the properties of this com-
pound that give it its antipsychotic profile. In vivo studies in
rats have shown that chronic treatment with clozapine selec-
tively reduces neuronal activity within the ventral tegmental
area compared to the substantia nigra (White & Wang, 1983;
Skarsfeldt, 1988), this preferential action on mesolimbic
neurones is thought to underlie its atypical neuroleptic
profile. The identification of novel D3 and D4 dopamine
receptors that also bind clozapine with high affinity, as well
as their localization in mesolimbic brain areas (Bouthenet et
al., 1991; Levesque et al., 1992) has prompted speculation
that actions on these receptors may account for the selective
effects of clozapine on mesolimbic neurones. However, one
argument that appears to militate against this hypothesis is
that most neuroleptic drugs are functional antagonists of
D2 ,, dopamine receptors. In that the selective antagonism of
dopamine autoreceptors present on neurones in the VTA
would be expected to increase and not decrease the firing rate
of neurones in this area and may thus cause a concomitant
increase in dopamine release. Although such a simplistic
scenario excludes the involvement of feedback regulation of
dopamine neurone activity (reviewed in Kalivas, 1993), it has
been hypothesized that the resultant excitation may lead to a
depolarization-induced block of cell firing, with drugs like
clozapine exerting a preferential effect in the ventral tegmen-
tal area (reviewed in Bunney, 1992). Consistent with this
hypothesis, acute treatment of rats in vivo with neuroleptics
such as clozapine and haloperidol causes a transient increase
in neuronal activity within the ventral tegmental area (Hand
et al., 1987; Skarsfeldt, 1988). However, the mechanism that
underlies the eventual decrease in neuronal activity following
chronic exposure to neuroleptics over a period of several
weeks is less clear.
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To test whether the mesolimbic selectivity of clozapine seen
with in vivo studies was due to a direct and selective effect on
A9 versus AlO dopaminergic neurones, the ability of this
ligand to block the quinpirole-induced inhibition of cell firing
was studied. Quinpirole was chosen as the agonist for this
comparison because it has high affinity for the recently
cloned D3 and D4 receptor subtypes and excellent selectivity
over DI-like receptors. As has previously been reported for
the effects of dopamine on neurones within the substantia
nigra pars compacta (Suppes & Pinnock, 1987; Bull et al.,
1993), clozapine also antagonized responses to quinpirole in
the ventral tegmental area without any agonist-like effects.
Furthermore, the affinity of clozapine for receptors that
mediate the quinpirole-induced inhibition of firing in the
SNC and VTA was indistinguishable. Consequently, the in
vivo mesolimbic selectivity of clozapine in rat brain is not due
to a differential action upon these dopamine receptors. This
observation is supported by studies examining the effects of
clozapine on dopamine release, using in vitro fast cyclic
voltammetry within the striatum. Sheehan et al. (1993) have
shown that clozapine has comparable affinity for dopamine
autoreceptors on A9 and AlO fibres in the ventral and dorsal
striatum respectively. Bull and colleagues have also shown
that action potential firing by dopaminergic neurones in the
SNC can also be inhibited by the dopamine receptor ligand
dpADTN (N,N-dipropyl-2-aminotetralin), an effect which is
antagonized albeit weakly, by haloperidol and (±)-sulpiride
(Bull et al., 1993). Furthermore, in vitro fast cyclic voltam-
metric studies also showed that dpADTN reduces dopamine
release in the striatum (Sheehan et al., 1993), but as with
quinpirole, the estimated affinity of antagonists for these
receptors did not exhibit any selectivity between the dorsal or

ventral striatum. Although this ligand may be acting at a
receptor population different from that of quinpirole, the
absence of mesolimbic selectivity suggests that these receptors
cannot account for atypical neuroleptic drug profiles and in
accord with this the effects of dpADTN were insensitive to
clozapine.
So how do clozapine and other related atypical antip-

sychotic drugs exert their mesolimbic selectivity? Clozapine
also has high affinity for several other types of G-protein
linked receptors, notably 5-HT2-,ke receptors. Antagonism of
these, or actions at other receptor types may be more impor-
tant determinants for atypical antipsychotic activity than
effects on D2-ik dopamine receptors. Alternatively an effect
of clozapine on dopamine receptors in other brain areas, in
particular upon D4 receptors that may be upregulated in
schizophrenics (e.g. Seeman et al., 1993), could contribute
more significantly to its antipsychotic actions.

In conclusion, the pharmacology of the response to quin-
pirole in both A9 (substantia nigra) and AlO (ventral
tegmental area) brain areas was consistent with the activation
of predominantly D2, and not D3 or D4 dopamine receptors.
Furthermore, the comparable affinity of clozapine for recep-
tors on A9 and AlO cell bodies suggest that the mesolimbic
selectivity of this compound seen with in vivo studies of rat
brain function is not due to a preferential affinity for D2.ilce
receptors on dopamine neurones of the rat ventral tegmental
area compared to that of the substantia nigra pars compacta.

We would like to thank Dr J.A. Kemp and Dr M. Tricklebank for
their constructive comments on this manuscript.
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The influence of acetazolamide and amlodipine on the
intracellular sodium content of rat proximal tubular cells
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1 This investigation set out to use 23Na n.m.r. spectroscopy to measure changes in intracellular levels
of sodium in isolated suspensions of rat proximal tubules. The effects of temperature, an inhibitor of the
sodium pump and known natriuretic drugs on intracellular sodium content of such tubular preparations
were measured and compared with calcium channel antagonists where action at this level is unclear.
2 Rat kidneys were perfused with collagenase, roughly chopped, subjected to mechanical dispersion
and washed to remove all traces of the enzyme. The proximal tubules were then purified and concen-
trated by Percoll density gradient centrifugation and then resuspended in buffer containing dysprosium
tripolyphosphate shift reagent.
3 Distinct peaks corresponding to intracellular and extracellular sodium signals were observed when
the tubules were placed into the n.m.r. spectrometer. As the temperature of the suspension rose to 37°C,
there was an exponential decrease in sodium content, with a decay constant of 0.15 ± 0.02 min-', which
reached a stable level within 20 to 25 min. Addition of ouabain, 10-3M, resulted in a significant
(P <0.01) 30% increase in intracellular sodium content within 5 min which peaked at 70% 20 min later.
Although acetazolamide (10-3 M) significantly (P<0.01) increased intracellular sodium content by 45%,
amlodipine (10-4M) had no effect.
4 These data show that changes in the activity of the Na+/K+/ATPase have a considerable influence
on the intracellular levels of sodium in proximal tubule cells. Inhibition of carbonic anhydrase activity
resulted in a rise in intracellular sodium content which is compatible with its action to reduce the
turnover rate of the Na+/(HCO3-)3 symporter. The lack of effect of amlodipine was consistent with the
suggestion that it does not have a direct action on the sodium handling processes at the level of the
proximal tubule.

Keywords: 23Na n.m.r. spectroscopy; proximal tubules; carbonic anhydrase inhibitor; calcium channel antagonist; sodium
transport

Introduction

Currently it is accepted that at the proximal tubule of the
kidney, sodium moves from the tubular fluid into the cells by
a variety of sodium coupled transport systems (SilbernagI et
al., 1975; Krapf, 1989) and leaves at the basolateral surface,
mainly facilitated by the sodium pump and Na+/(HCO3)3
symporter, into the extracellular space, with water being
passively reabsorbed with the sodium. Recent evidence sug-
gests that along the proximal tubule there is a heterogeneity
with respect to sodium handling, insofar as the SI and S2
segments reabsorb the majority of the filtered NaHCO3
whilst the late S2 and the S3 segments are in the main
responsible for the reabsorption of NaCl (Berry, 1982). The
characteristics of sodium transport across the tubular cells
were elucidated by methods such as measurement of the
transepithelial movement of radioactive 22Na or measurement
of potential differences or pH changes between the apical and
basolateral sides of the epithelial cells (Baum, 1987; DuBose,
1990; Gesek & Schoolwerth, 1990). Very little is known of
the dynamic response of sodium within the cell when
challenged with physiological and pharmacological stimuli.
The reason for this has been the difficulty with which in-
tracellular sodium (Naj) can be measured dynamically be-
cause of the lack of available methodologies. One method,
ion selective microelectrodes, has been utilised to measure
intracellular sodium in the face of physiological challenges
(Kondo & Fr6mter, 1990). Another potentially important
way in which intracellular sodium content can be measured is
by 23Na n.m.r. spectroscopy.
Dynamic measurement of changes in Na, content in res-

' Author for correspondence.

ponse to physiological challenges, for example temperature
changes, and following drug administration has recently been
reported in a variety of tissues and cells. 23Na efflux and
influx due to the effect of changing the Na' concentration of
the incubation medium have been measured in dog and
rabbit kidney tubules by Boulanger et al. (1987) and the
effect of changing temperature on Na, has been observed on
the rabbit proximal tubules (Gullans et al., 1985). 23Na n.m.r.
was also used by Kumar et al. (1986) to measure changes in
sodium efflux in the rat proximal tubule when the tubular
suspension temperature was raised from 4C to 370C and
Gullans et al. (1985) induced sodium influx by using nystatin,
a polyene antibiotic.
The transport of sodium across the proximal tubule is

known to be inhibited by a number of drugs which give rise
to natriuresis. One well described compound is acetazolamide
(ACTZ), which is a mild diuretic and natriuretic agent, and
its mechanism of action is inhibition of carbonic anhydrase.
The consequence of its action is to reduce bicarbonate reab-
sorption thereby preventing sodium reabsorption and hence
to increase sodium and water excretion (Preisig et al., 1987).
Calcium channel antagonists (CCA), especially the dihy-
dropyridine variety, cause hyperpolarization of vascular
smooth muscle resulting in vasodilatation. Interestingly, cal-
cium channel antagonists have been reported to have nat-
riuretic and diuretic properties (Struyker-Boudier et al.,
1990). There is a possibility that the calcium channel
antagonists act directly on tubular transport processes to
cause natriuresis, and Rodicio et al. (1990) reported that
nifedipine increased sodium excretion in man without alter-
ing glomerular filtration rate (GFR) and renal plasma flow,
suggesting a tubular action. Similarly, in in vivo experiments,

'." Macmillan Press Ltd, 1994
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amlodipine has been demonstrated to have natriuretic pro-
perties in the absence of changes in renal blood flow or
glomerular filtration (Johns, 1988). The dihydropyridine
class, calcium channel antagonist, felodipine has also shown
direct tubular actions in the kidney of anaesthetized nor-
motensive dogs (DiBona, 1990). However, the site of action
along the tubule has yet to be resolved.
The aim of this study was to use 23Na n.m.r. spectroscopy

to determine intracellular levels of sodium in suspensions of
proximal tubules obtained from rat kidneys and to compare
the effect of two natriuretic agents, acetazolamide and the
calcium channel antagonist amlodipine on this Na, content.
In this way the action of a compound of known proximal
tubular site of action, such as ACTZ, could be compared
with that of a compound whose site of action is unknown
but which could be acting at the proximal tubule.

Methods

General dissection

The methods used to isolate the proximal tubules were based
on techniques described by Balaban et al. (1980), Vinay et al.
(1981) and Gesek et al. (1987). Male Wistar rats, 350-400 g,
were anaesthetized with Sagatal, 60 mg kg-', i.p., the kidneys
were then exposed via a midline incision and the intestines
were displaced to the left. The aorta and vena cava were then
cannulated below the level of the kidneys and 500 u heparin
was immediately injected intravenously to prevent blood
coagulation. Loose ligatures were placed around the aorta
and vena cava above the renal vessels and the mesenteric and
coeliac arteries were tied off. Prior to the perfusion of the
kidneys, the ligatures above the kidneys were tightened to
form a closed system.
Both kidneys were then perfused with the physiological

buffer solution (containing in mM: NaCl 11 5, NaHCO3 25,
KCI 5, glucose 5, MgSO4 1, L-alanine 1, sodium lactate 4,
mannitol 25, CaC12 2, dextran 0.6%, NaH2PO4 2) which was
saturated with 95% 02/5% CO2 and kept at 37°C, through
the aortic cannula. Perfusion pressure was monitored with an
on-line manometer and the perfusion rate adjusted to achieve
a perfusion pressure of approximately 120 mmHg. When the
venous effluent was seen to be clear of blood, the perfusate
was changed to an enzyme solution (containing, in mM:
NaCl 115, NaHCO3 25, KCI 5, glucose 5, MgSO4 1, L-alanine
1, sodium lactate 4, CaCl2 2, dextran 0.6%, NaH2PO4 2,
collagenase 40 u ml -). The enzyme solution was collected
from the venous cannula and reinfused into the kidneys until
the perfusate had infiltrated into surrounding tissue and no
perfusate could be collected at the venous end, which was
typically achieved after approximately 10-15 min. The kid-
neys were immediately removed, placed into a beaker of
ice-cold buffer (containing, in mM: NaCl 115, NaHCO3 25,
KCI 5, glucose 5, MgSO4 1, L-alanine 1, sodium lactate 4,
CaC12 2, dextran 0.6%, NaH2PO4 2). The kidneys were then
decapsulated, placed on a glass petri dish, which was kept on
ice, and sliced into transverse sections approximately 2 mm
thick. The medulla was dissected away and the cortical slices
were minced with a razor blade and placed into 15 ml of the
enzyme solution. This suspension was incubated at 37°C for
35 min under an atmosphere of 95% 02/5% CO2. At 7 min
intervals during the incubation, the tubules were gently
dispersed by pulling the suspension through a long Pasteur
pipette. After 35 min the enzyme solution containing the
suspension of dissociated tubules was centrifuged at 120 g at
4°C for 1 min (MSE Mistral 3000). The collagenase solution
was decanted away and the tubules were placed into 10 ml of
fresh ice-cold buffer solution. The new suspension was
filtered through 3 layers of surgical gauze to remove any
undissociated tissue and the centrifugation process was
repeated 3 times.
The proximal tubules were then purified by differential

centrifugation in Percoll. Fresh Percoll was made isotonic
with a buffer solution (containing in mM: NaCl 1150,
NaHCO3 250, KCl 50, MgSO4 0.5, mannitol 350, NaH2PO4
20) in a 9:1 ratio of undiluted Percoll to buffer. The isotonic
Percoll was adjusted to pH 7.4 with HEPES. This isotonic
Percoll was taken as 100% and subsequent dilutions were
made from this isotonic stock. A 45% Percoll solution was
prepared by diluting the 100% stock with a dilution solution
(containing, in mM: NaCl 115, NaHCO3 25, KCl 5, MgSO4
0.05, mannitol 35, NaH2PO42). This was kept at 4°C and
under an atmosphere of 95% 02/5% CO2 for at least 30 min
before use.
The tubules were washed twice by low speed centrifugation

(500 r.p.m. for 1 min) in 10 ml of the dilution solution and
then placed into 30 ml of the 45% Percoll in a 50 ml cen-
trifuge tube. Five millilitres of undiluted isotonic Percoll was
then injected carefully into the bottom of the tube. This
suspension was then centrifuged at 18,000 g at 4°C for 10 min
(8 x 50 fixed head rotor on a MSE superspeed 50 or 17,540 g
with a SS-34 rotor head on a Sorvall refrigerated centrifuge).
The resulting four to five layers were then removed sep-
arately with a Pasteur pipette. The upper two thirds were
discarded, whilst the bottom two layers, which contained the
proximal tubules, were washed three times by low speed
centrifugation (500 r.p.m. for 1 min) in 10 ml solutions of the
ice-cold buffer solution to remove any remaining Percoll and
then resuspended in the ice-cold buffer and kept on ice until
use.

Physiological viability

The viability of the tubular suspensions was estimated by the
trypan blue exclusion test and by ATP measurements of the
tissues at the end of the preparation procedure. ATP concen-
trations were determined with an ATP analysis kit (Sigma
UK, procedure No. 366-UV). At the same time samples were
also taken for protein determination, which was performed
with a Sigma kit (procedure No. P5656), utilising the prin-
ciples of the Lowry procedure (Lowry et al., 1951).

Nuclear magnetic resonance methods

The shift reagent, dysprosium tripolyphosphate, (Dy(PPPi)27'),
was prepared, prior to use, by making up 100 mM DyCl3 in a
50 mM HEPES-buffered solution containing 200 mM sodium
tripolyphosphate. The working solution of the shift reagent
was prepared by diluting the stock shift reagent with a low
sodium buffer (containing, in mM: NaCl 85, NaHCO3 25,
KC1 5, glucose 5, MgSO4 1, L-alanine 1, sodium lactate 4,
CaC12 2, dextran 0.6%, NaH2PO4 2) in a ratio of 1:25 with
respect to the buffer. This gave a final concentration of 4 mM
of Dy(PPPI)27-. The proximal tubules were then suspended in
the buffer/shift reagent to give a protein concentration of
approximately 40 mg protein ml-'.
The n.m.r. spectra were collected using a Bruker 250 spec-

trometer operating at 66 MHz which accumulated 5000 scans
for each spectrum using an acquisition time of 70 ms per
scan; a total accumulation time of approximately 5.8 min.
Application of 900 pulses every 70 ms ensured that the spec-
tra were fully relaxed. In some experiments a Jeol JNM-
GX270 was also used, operating at 71 MHz and 1024 scans
were performed for each spectra with an acquisition time of
102 ms, plus a pulse delay of 150 ms, giving an accumulation
time of approximately 4.5 min.

Between 1.5-2.0 ml of the suspension was placed in a
10mm diameter n.m.r. tube. The shift reagent, containing
10% deuterium oxide to act as a frequency lock, and one
drop of antifoam reagent B was added to the suspension
prior to placing it in the n.m.r. probe. A single bubbling
system was arranged to give very gentle agitation of the
suspension during the experiment. The probe was kept at
37°C and acquisition was begun immediately after the tubule
suspension was placed in the probe. The spectral peaks were
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analysed by integration, using Bruker software, which gave
an area under the curve for each peak.

It took approximately 10 mm for the sample temperature
to rise to 37°C after placing the n.m.r. tube, which had been
kept at 0-40C, in the probe. Agents with known effects on
the sodium transport in the kidney were then infused into the
suspension via an infusion line, 25-30min after the suspen-
sion had been placed into the probe. The temperature of the
probe was monitored by an internal thermometer.

More accurate measurements were provided by the ATP
analysis of the tubule suspensions. The ATP levels for these
experiments (Table 1) were between 6-12nmol ATP mg'
protein. No treatment group was significantly different from
the proximal tubules incubated in buffer alone, which
indicated that the tissues were still undergoing active respira-
tion.

n.m.r. results

Drug treatments

Ouabain (10-3 M), acetazolamide (10-3 M) or amlodipine
(10-4 M) or vehicle alone (physiological buffer), was added to
the suspension 25-30 min after the tubule suspension had
been placed into the probe. The drugs were dissolved in the
buffer solution and added to the suspension via the infusion
line in a volume of 0.5 ml to give the final concentrations
quoted above. After the test drug or vehicle only had been
delivered to the suspension, further spectra were acquired
over the subsequent 25-30 min to establish whether there
was any effect on the intracellular sodium content. Changes
were recorded as deviations from the steady state level
(100%) just prior to the addition of the drug.

Calculations

Assuming that the intracellular sodium is 100% visible, the
sodium content within the cells of the rat proximal tubules
can be calculated by comparison of the intracellular sodium
peak integral (area underneath the curve) with the integral of
the extracellular peak, together with knowledge of the extra-
cellular sodium concentration, which was determined by
flame photometry, and the protein content of the sample, as
described by Gullans et al. (1985). This ensures the derivation
of the sodium content of the sample in a specific n.m.r.
spectrum, with units of nmol mg-' protein. Assuming that
there is 0.75 mg protein mg-' dry wt (Balaban et al., 1980)
the sodium content can be converted to units of nmol mg-
dry wt.

Statistical analysis

The n.m.r. data were tested by one way analysis of variance
followed by Bonferoni post-hoc analysis, comparing steady
state intracellular sodium levels with changes due to the effect
of the drug over time. All statistical computations were
obtained with statistical software, Superanova (Abacus).
Significant differences were taken when P was less than 5%.

Chemicals

Heparin was supplied as Multiparin (Fisons UK). Antifoam
reagent B, ouabain, acetazolamide, collagenase (type IV,
1000 u ml-') and Percoll, supplied as 23% w/w colloidal
solution were purchased from Sigma UK. Amlodipine was
supplied by Pfizer UK.

Results

Proximal tubule morphology

Microscopic examination indicated that the fraction retained
from the bottom two layers of the 45% Percoll purification
step consisted of greater than 95% of proximal tubules.
Examination by phase-contrast microscopy indicated that the
proximal tubules were 250-400 gm in length and they had a
characteristic brush border with open lumens.

Tubular viability

The majority of the tubules sampled excluded trypan blue for
up to 15 min which indicated that the cells were still alive.

A typical 23Na n.m.r. spectrum of a proximal tubule suspen-
sion is shown in Figure 1. The smaller peak (Ai) is the
intracellular sodium signal and the larger peak (A,), which
has been shifted to the right, is the extracellular sodium
signal. The horizontal scale is given in p.p.m. In all n.m.r.
experiments, the shift difference between the intra- and extra-
cellular peaks was between 7-10p.p.m. which provided a
good resolution between the two peaks.

Effect of temperature on sodium content in suspensions
ofproximal tubules

Figure 2 shows the effect on the intracellular sodium content
due to warming suspensions of proximal tubules from 4°C to
37C. On placing the suspension in the probe, which was at
37°C, sodium content fell significantly (P<0.001) over the
subsequent 15 min. The sodium efflux followed an exponen-
tial rate which gave a value of k = 0.15 ± 0.02 min'. The
rate constant, k, was calculated from the gradient of the
graph by regression analysis. Steady state levels of intracel-
lular sodium, at 37°C, were calculated to be 79.9 ± 5.1 nmol
mg-l protein which was equivalent to 60.0 ± 3.8 nmol mg-'
dry wt and 19.0 ± 1.2 mM (n = 57) and this level was chosen
as the 100% level from which deviations due to drug applica-
tion would be recorded.

Table 1 ATP levels in proximal tubule suspensions

Control

11.1 ±0.9
n = 22

Ouabain ACTZ Amlodipine

10.7±1.9 13.1±2.7 10.4±1.5
n=3 n=3 n=4

All ATP concentrations given as nmol ATP mg ' protein.
No treatment group was significantly different from the
proximal tubules incubated in buffer alone when tested
using analysis of variance. ACTZ = acetazolamide.

Ae

Ai

26 24 22 20 18 16 14 12 10 8
p.p.m.

L
6 4

Figure 1 A typical "Na n.m.r. spectra of intra- and extracellular
sodium intensities in a suspension of rat proximal tubules. Ai
represents the intracellular sodium peak and A, represents the extra-
cellular sodium peak. The horizontal scale is given in p.p.m. In all
n.m.r. experiments, the shift difference between the intra- and extra-
cellular peaks was between 7-10 p.p.m. which provided a good
resolution between the two peaks.
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The effect ofpharmacological agents on [Na]i using
n.m.r.

In the 7 experiments performed for the control study, in
which the vehicle was added once steady state was reached,
the intracellular sodium content of the proximal tubules did
not change significantly from the baseline level over the
subsequent 20-30min (Figure 3).

In a further set of 4 experiments, addition of ouabain
10- M, once steady state had been reached, caused a rapid
and significant (P <0.01) increase in intracellular sodium
content, by approximately 30% of the steady state, after
5 min and the effect was seen to plateau at about 70% after
30 min (Figure 3). The increase in [Na]i after addition of
ouabain, over 30 min was significantly different from the
steady state level (P<0.01).

Following the addition of ACTZ 10-3 M, in 5 experiments,
the steady state intracellular sodium content of the proximal
tubule suspension was seen to increase by approximately
35% within 5 min and thereafter increased in a time-
dependent manner, peaking at about 45% after 30 min
(Figure 4). The rise in intracellular sodium content due to
ACTZ was significantly different from the steady state level
(P<0.001) but the magnitude of increase was smaller than
that seen with ouabain after 30 min (P <0.05).

150 -

> 140-

> 130-'a

0
s 120-

-0
C 110

z
100-

5 10 15 20 25 30
Time (min)

Figure 2 The effect of increasing temperature on intracellular
sodium content in proximal tubules. The points are means of 17
experiments. At time 0 the tubule suspension was at 0-4'C and
when placed in the n.m.r. probe it was warmed to the ambient
temperature of the probe which was kept at 37C. Steady state was
reached after 15-20min and was designated 100%. *P<0.001 for
the decrease in intracellular sodium.
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Figure 3 The effect of vehicle alone, in seven experiments (0) and
ouabain 10-3 M, four experiments (0) on intracellular sodium con-
tent in proximal tubules. Steady state was reached after 15-20 min
and was designated 100% and intracellular sodium was plotted as a
percentage of this steady state. The profile of response seen over
30 min in the presence of vehicle alone was significantly different
from that seen in the presence of ouabain (P<0.01).
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Figwe 4 The effect of acetazolamide (ACTZ, 10-3 M) in five
experiments (0) and amlodipine 10-' M, in four experiments (0) on
intracellular sodium content in proximal tubules. Intracellular
sodium was plotted as percentage change in steady state, which was
designated 100%. The profile of response seen in the presence of
ACTZ was significantly different from that seen with the control
study (P<0.001). The response seen with amlodipine was not
significantly different from the baseline levels.

In a group of 4 experiments, addition of amlodipine to a
final concentration of 10-4 M to the proximal tubule suspen-
sion appeared to have no effect on the steady state intracel-
lular sodium level (Figure 4). The intracellular sodium
content remained relatively constant after the addition of
amlodipine over 30 min and did not vary by any significant
amount from the level prior to drug treatment, nor was it
significantly different from that observed when the vehicle
was given alone.

Discussion

The purpose of this study was to follow changes in intracel-
lular sodium content within the epithelial cells of suspensions
of rat proximal tubules using 23Na n.m.r. spectroscopy. The
paramagnetic shift reagent, Dy(PPPi)27-, permitted the reso-
lution of intra- and extracellular sodium in the n.m.r. spec-
trum (Figure 1), thus providing the possibility of assessing
changes in intracellular sodium due to changes in the external
environment and application of drugs. The concentration of
Dy(PPPi)27- chosen, 4 mM, had been previously reported to
be non-toxic (Gullans et al., 1985) and the initial trypan blue
exclusion test supported this. Moreover, ATP levels in the
tubules (Table 1) were similar to or greater than levels
reported in the literature (Gesek et al., 1987) and this pro-
vided further evidence to support the view that the tubules
were functionally normal. Thus the tubules were respiring
and able to generate and retain their intracellular ATP con-
tent at a level comparable to other studies (Balaban et al.,
1980). At 4 mM, Dy(PPPi)27- also provided a shift between
the two sodium peaks (about 8 p.p.m.) which was sufficient
to permit accurate resolution of the intra- and extracellular
sodium signals.
The study with ACTZ was aimed at examining whether it

was able to change intracellular sodium and to this end a
high dose was used which would completely block both
luminal and cytosolic carbonic anhydrase. ACTZ increased
intracellular sodium content in suspensions of proximal
tubules by 45% compared to the steady state level after
30 min of incubation with ACTZ, which was taken to
indicate a reduction in the rate of sodium flux. This action of
ACTZ was probably achieved as the consequence of the
blockade of the enzyme, carbonic anhydrase. Carbonic
anhydrase (CA) has been positively identified by histological
staining throughout the kidney and extensively in the prox-
imal tubule in both the luminal membrane and cytosol
(Lonnerholm & Ridderstale, 1980; Dobyan et al., 1982). The
enzyme facilitates the conversion of HCO3- and H+ to H20
and CO2 at the luminal membrane and the regeneration of
intracellular HCO3- and H+. The consequence of the luminal
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action of ACTZ would be to inhibit CA-catalysed HCO3-
transport across the luminal membrane. In the cytosol, CA
inhibition by ACTZ would reduce the intracellular levels of
HCO3- and hence the total basolateral NaHCO3 transport
via the Na+/(HCO3)3 symporter (Preisig et al., 1987).
Moreover, in other studies, ACTZ has been shown to
decrease the activity of the Na+/(HCO3-)3 symporter on the
basolateral membrane of rabbit isolated perfused S2 prox-
imal tubules (Sasaki & Marumo, 1989). This could result in a
reduction in the rate of total intracellular sodium efflux since
it has been suggested that the Na+/(HCO3)3 symporter is
responsible for up to i of the total sodium transported across
the basolateral membrane (Moe et al., 1990) while Sasaki &
Marumo (1989) suggested that the symporter could account
for 50% of the sodium removed from the proximal tubule
cell at the basolateral membrane. Thus, in this present study
the basolateral sodium exit could have been inhibited by
ACTZ reducing the activity of the Na+/(HCO3j)3 symporter,
the outcome of which was an increase in intracellular sodium
content. NaHCO3 transport into the cell would also have
been inhibited but sodium entry would still occur via other
transporters. The observed increase in intracellular sodium
due to ACTZ was of a smaller magnitude than that seen by
ouabain after 30 min (P<0.05) which suggests that the Na+/
K+/ATPase provides the greater driving force for basolateral
Na+ transport.

Increasingly, calcium channel antagonists (CCA), espec-
ially the dihydropyridine variety, have been reported to have
natriuretic and diuretic properties (Struyker-Boudier et al.,
1990). There is a possibility that the calcium channel
antagonists act directly on tubular transport processes to
cause natriuresis and Rodicio et al. (1990) reported that
nifedipine increased sodium excretion in man without alter-
ing GFR and renal plasma flow, which suggested a tubular
action. Figueiredo et al. (1982) also demonstrated that
verapamil, a phenylalkylamine CCA, attenuated sodium
reabsorption in rabbit isolated perfused proximal tubules
when it was added to the bathing solution and felodipine has
been shown to cause natriuresis and diuresis, without
affecting renal haemodynamics, in anaesthetized normoten-
sive dogs when administered via the renal artery (DiBona,
1990). Amlodipine is a recently developed dihydropyridine
class CCA (Burges et al., 1987) which has been demonstrated
to have natriuretic properties in vivo (Johns, 1988). In this
present study, amlodipine 10-4 M, a concentration which has
been shown to block Ca2"-induced contractions in rat
isolated aorta (Burges et al., 1987), was utilised to determine
whether it had effects at the level of the proximal tubules.
The addition of amlodipine to the proximal tubule suspen-
sion did not alter the Na+ content from the steady state level
which remained constant throughout the experiment, even
30 min after amlodipine was added. The present observations
were in agreement with functional studies on rats, using
lithium clearance as a measure of proximal Na+ reabsorption
(Johns, 1988) which found that amlodipine at concentrations
of 200 pg kg-' and 400 tLg kg-' did not have any significant
action on Na+ transport at the proximal tubule segment
which suggested that the natriuretic action was due to an
effect further along the tubule. This conclusion supports the
findings that in this preparation amlodipine does not act
directly at the proximal tubule to alter intracellular sodium
content. Conversely studies have been conducted which
indicate that the dihydropyridine class of calcium channel
antagonists do have an influence on proximal tubule func-
tion. McCarty & O'Neil (1991) determined that rabbit prox-
imal straight tubule had nifedipine-sensitive Ca2` channels
on the basolateral membrane which were activated during
cell swelling. The reasons for these conflicting findings are

not clear but it may be that these channels only become

apparent under conditions of chemiosmotic stress and were
not functional under the conditions of the present study.
We have used 23Na n.m.r. spectroscopy to follow changes

in intracellular sodium content in rat proximal tubular cells.
The results presented in this study demonstrate that intracel-
lular sodium levels are temperature-dependent, which prob-
ably reflects a dependency on the activity of Na+/K+/ATPase
enzyme. This view was supported by the observation that,
following blockade of the Na+/K+/ATPase with ouabain,
sodium content gradually rose. Administration of the nat-
riuretic agent ACTZ also increased intracellular sodium
which was consistent with ACTZ's known action of blocking
carbonic anhydrase activity. By contrast, the dihydropyridine
calcium channel antagonist, amlodipine, appeared to have no
effect on sodium transport at the proximal tubule suggesting
that the compound does not act at this site.
The tubular cells became sodium-loaded during the pre-

paration at 0-4TC and when allowed to warm to 37C
intracellular sodium decreased in an exponential way (Figure
4). The sodium efflux followed an exponential decay over
15-25min. The rate constant, k=0.15±0.02minI , was
similar to that reported by Gullans et al. (1985) (k=0.14
min-') whose team used a similar approach, but with rabbit
proximal tubules. In their case, the suspension warmed to
37C over approximately 10min whereas the [Na]i reached
steady state after approximately 20 min which was similar to
the results reported here. Gullans et al. (1985) undertook
detailed metabolic studies to provide evidence that suggested
that this time course and rate of efflux of intracellular sodium
corresponded closely with the rate of ATP regeneration,
which indicated that the re-energization of the cells involved
an increase in ATP at the same time as a decline in intracel-
lular sodium content.
The steady state intracellular sodium content of the prox-

imal tubules prepared in the present study was about
80 nmol mg-' protein, which corresponded to approximately
60 nmol mg-' dry wt and by using cell volume estimation
(Grantham et al., 1977) gave a real intracellular sodium
concentration of 19 mm. This value of intracellular sodium
derived in the present study corresponded closely to those
obtained by Kumar et al. (1986), 17 mM versus 19 mM, who
also used suspensions of rat proximal tubules and Rayson &
Gupta (1985) reported a n.m.r. visible [Nali of 23 mM at 37C
in rat outer medullary tubules. In tests by Beck et al. (1980)
using electron probe microanalysis, in vitro, reported values
were 22.4 mM for the intracellular sodium content in the rat
proximal tubule, which corresponds closely with the values
obtained in the current study.
Ouabain was chosen as an accepted tool for blockade of

the sodium pump in this tissue and was used at a high
concentration, comparable to that utilised by Gullans et al.
(1985) and by Kumar et al. (1986). Incubation with ouabain,
a sodium pump inhibitor, rapidly increased [Na]i by 30% in
the first 5 min and finally reached a plateau at 70% over the
next 25 min. This pattern of response was comparable to
results obtained by Gullans et al. (1985), who reported a
rapid increase of 45% over the initial 2.5 min and then a
more steady rise to 78% over the next 30 min and those
observed by Boulanger et al. (1987), using the dog cortical
tubules. The results of the present study clearly showed
application of a known inhibitor of the sodium pump lead to
appropriate and meaningful changes in sodium content in the
proximal tubular epithelial cell.
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Effects of selective ETB-receptor stimulation on arterial, venous
and capillary functions in cat skeletal muscle
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1 This paper describes, in quantitative terms, the in vivo effects of two selective ETB-receptor agonists
(IRL 1620 and BQ 3020) on vascular resistance (tone) in the following consecutive sections of the
vascular bed of sympathectomized cat skeletal muscle: large-bore arterial resistance vessels (>25 gm),
small arterioles (<25 Jtm) and the veins. The effects on capillary pressure and transcapillary fluid
exchange were also recorded.
2 Both IRL 1620 and BQ 3020, infused i.a. to the muscle preparation, evoked an initial transient
dilator response followed by a moderate dose-dependent constrictor response, both being preferentially
confined to the small arterioles. The dilator response was associated with a transient increase, and the
constrictor response with a sustained decrease, in capillary pressure, the latter causing net transcapillary
fluid absorption. The capillary filtration coefficient decreased during the constrictor response, indicating
constriction of terminal arterioles/precapillary sphincters.
3 The vascular responses to the ETB-receptor agonists were unaffected by blockade of endothelium-
derived nitric oxide (NW-nitro-L-arginine methyl ester) and by selective ETA-receptor blockade
(FR139317). However, blockade of prostacyclin production with indomethacin decreased the amplitude
of the dilator response, and decreased the time required to reach a steady-state vasoconstrictor response
to the ETB-receptor agonists.
4 The effect of ETB-receptor stimulation on vascular tone was also evaluated in vitro on the cat
femoral artery and vein. IRL 1620 had no effect on the femoral artery but caused a weak dose-
dependent relaxation in the femoral vein. This large vein relaxation response seemed to be mediated by
endothelium-derived nitric oxide and not by prostacyclin.
5 It may be concluded that ETB-receptor stimulation is responsible for the dilator response, and can
contribute to the constrictor response, elicited by endothelins in cat skeletal muscle in vivo.

Keywords: Arteries; capillaries; capillary pressure; endothelins; ETA-receptor; ETB-receptor; microcirculation; prostacyclin;
veins

Introduction

Endothelin- 1, -2 and -3 exert their actions in the cardiovas-
cular system via at least two different receptor subtypes, the
ETA- and ETB-receptors (Rubanyi & Parker Botelho, 1991;
Sakurai et al., 1992). Binding to ETA-receptors on vascular
smooth muscle cells elicits contraction, whereas binding to
ETB-receptors, considered to be located on the endothelial
cells, causes relaxation, as evidenced by in vitro experiments
(for references see Sakurai et al., 1992). The latter effect has
been attributed to a secondary release of endothelium-derived
nitric oxide (EDNO) and/or prostacyclin (see Rubanyi &
Parker Botelho, 1991; Sakurai et al., 1992). In vivo, activation
of the vascular ETA-receptor elicits a vasoconstrictor res-
ponse (see Sakurai et al., 1992; Masaki et al., 1992), whereas
the contribution of the ETB-receptor to the vascular effect
evoked by the endothelins in the peripheral circulation is
more uncertain. Some recent in vivo studies of the effects of
ETB-receptor agonists suggest that the ETB-receptor can
mediate not only a vasodilator, but also a vasoconstrictor
response (Bigaud & Pelton, 1992; Gardiner et al., 1994).
These results were based on observations of ETB-induced
effects on blood flow velocity in some major arteries in the
systemic circulation in the presence of ETA-receptor block-
ade.
To elucidate further the possible role of the ETB-receptor

in vascular regulation in vivo, there is a need for more
detailed information about the effects of selective ETB-
receptor agonists on volume blood flow in homogeneous
tissues, instead of composite organs. Further, their control of
different vascular functions, and their site(s) of action in the

I Author for correspondence.

consecutive segments of the vascular bed, need to be defined.
In the present study an attempt was made to provide such

information by studying the circulatory effects of two
different newly described selective ETB-receptor agonists,
IRL 1620 (Takai et al., 1992) and BQ 3020 (Ihara et al.,
1992) in a pure lower leg muscle preparation in the cat. The
technique used permitted quantitative analyses of the resis-
tance responses to these agonists in the whole vascular bed,
and its consecutive segments: large-bore arterial resistance
vessels (>25 JAm), small arterioles (<25 gm) and the veins.
The associated effects on hydrostatic capillary pressure and
transcapillary fluid exchange were also recorded. To elucidate
the mechanisms underlying the vascular responses to IRL
1620 and BQ 3020, comparative observations were made in
the absence and presence of selective ETA-receptor blockade
(FR139317; Sogabe et al., 1992; 1993), blockade of the pro-
duction of EDNO (N0-nitro-L-arginine methyl ester; L-
NAME) or prostacyclin (indomethacin). As a complement to
the in vivo study, effects of the ETB-receptor agonists on
vascular tone were analysed in vitro in large conduit vessels
supplying the cat hindlimb, i.e. the femoral artery and vein.

Methods

In vivo experiments on the skeletal muscle circulation

Skeletal muscle preparation and recordings The study was
performed on young adult male cats (mean body wt 4.2 kg),
anaesthetized intravenously with a-chloralose (50 mg kg-'
body wt, if necessary later supplemented by 20 mg kg-' body
wt) applied via a venous catheter inserted under local anaes-

fi-". MacmiHan Press Ltd, 1994
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thesia (lignocaine). After anaesthesia, a tracheal cannula was
inserted to facilitate spontaneous respiration. Expiratory
Pco2 and body temperature were monitored continuously
and stayed within normal limits during the experiments.

Observations were made on the acutely sympathectomized
lower leg muscles of the right hindlimb, a preparation des-
cribed in detail elsewhere (Mellander et al., 1987). In brief,
the muscle region was auto-perfused in situ via an arterial
shunt placed between the femoral and popliteal artery. The
muscle preparation, with intact arterial and venous supply,
was enclosed in a Ringer fluid-filled plethysmograph, using
special cannulation and instrumentation techniques described
in detail elsewhere (Mellander et al., 1987; Bjornberg et al.,
1988). With this method, it is possible to obtain reliable
continuous recordings of the following circulatory variables:
arterial, arteriolar, capillary and venous pressures, regional
blood flow, net transcapillary fluid flux, and resistances in the
whole muscle vascular bed (RT) and in the following con-
secutive vascular sections: large-bore arterial resistance ves-
sels (>25 ,sm; Raprox), small arterioles (<25 gsm; a and
the veins (Rv). All parameters were recorded on a 10-channel
Grass Polygraph.

After completion of surgery and instrumentation, the
animals were left to equilibrate so as to permit the recovery
of intrinsic myogenic vascular tone to a normal and stable
level (Maspers et al., 1990b) before the start of the experi-
mental interventions.

Calculations and experimental protocols Total and segmental
vascular resistances in the muscle preparation were derived as
follows from the recorded regional blood flow (Q) and the
relevant driving pressures obtained from the four pressure
signals, arterial inflow pressure (PA), pressure in arterioles of
a size of about 251tm (Partejoi), capillary pressure towards the
venous end of the capillaries (Prv) and the venous outflow
pressure (Pv): RT = (PA-PV)/Q; Ra,prox = (PA-Panrjoje)/Q;
Ramicro = (Parterioic-Pcv)/Q; Rv = (Pcv-Pv)/Q. Implicit in this
methodological approach is that the sum of the three
segmental resistances always equals the simultaneously re-
corded RT value. These vascular resistances were contin-
uously recorded with the aid of electronic divider circuits (for
technical details see Bjornberg et al., 1988). All resistances
are expressed as PRU values (peripheral resistance units;
mmHg ml-' min 100 g tissue).
The arterial versus venous resistance responses, i.e. changes

in the pre- to postcapillary resistance ratio ((Raprox +
Ra,mjcro)/Rv) evoked by the ETB-receptor agonists led to
changes in hydrostatic capillary pressure and net transcapil-
lary fluid exchange. Net transcapilary fluid movement during
ETB agonist infusion was assessed from the observed net
change in tissue volume, after correction for the tissue
volume change caused by the initial vascular capacitance
response.
The capillary filtration coefficient (CFC) was used as an

index of overall hydraulic conductivity across the exchange
vessels in the muscle preparation, in turn reflecting the size of
the functional capillary surface area available for fluid
exchange (Folkow & Mellander, 1970). CFC (ml min' 100
g- mmHg- 1) was determined by raising venous outflow
pressure by 5 mmHg and was calculated from the rate of the
resulting net transcapillary fluid filtration divided by the
directly observed increase in capillary pressure (PC)

In vitro experiments on femoral vessels

Vessel preparation When the in vivo experiments were com-
pleted, the cat femoral artery and vein were rapidly removed,
and placed in a 4°C aerated standard Na+-Krebs buffer
solution until use. The buffer solution contained (in mM):
NaCl 119, NaHCO3 15, KCl 4.6, MgCl2 1.2, NaH2PO4 1.2,
CaCl2 1.5 and glucose 11. The vessels were cut into small ring
segments (1 mm long) under a dissecting microscope. For
examination, each segment was carefully mounted on two

L-shaped metal prongs (0.2 mm in diameter), one of which
was connected to a Grass FT-03 transducer for continuous
recordings of isometric tension. A basal tension of 5 mN was
applied to the arterial segments, and of 1.5 mN to the venous
segments, after which they were allowed to equilibrate for
2 h.

Experimental protocol The contractile capacity of the vessel
segments was examined before the experimental interventions
by a brief exposure to a high potassium (6 X 10-2 M) buffer
solution (Hogestitt et al., 1983). In most cases precontraction
of the vascular segments was produced with noradrenaline
(3 x 10-'M). To ascertain the specificity of the ETB-induced
vascular effects, paired experiments were always performed,
one of the segments receiving the agonist, the other serving
as a control. In some cases the response to ET-1
(10-IIl0-6 M) was tested at the end of the experiments.
The functional integrity of the endothelium was confirmed

by the presence of a pronounced relaxation induced by
acetylcholine (10-6 M), administered during stable precon-
traction with noradrenaline.

Endothelium denudation was performed by injection of
0.01% Triton X-100 through the vessel lumen for 10 s, fol-
lowed by rinsing with buffer solution.

E.,, was calculated as the maximum contractile effect com-
pared to potassium-induced contraction and pD2 as the
negative logarithm of the molar concentration at half max-
imum of the response. The relaxant effect of the ETB agonist
was expressed as a percentage of the precontraction tension
level. n refers to the number of segments tested.

Drugs

In the in vivo experiments, drugs were administered close-
arterially to the muscle region via slow (0.01-0.2 ml min1')
infusions (Harvard Apparatus, model 11) in the shunt
between the femoral and the popliteal artery. The tip of the
infusion needle was placed in the retrograde direction to
facilitate the mixture of the drugs in the bloodstream. Con-
trol experiments in which isotonic saline was infused at the
same rates demonstrated that infusion artifacts were neglig-
ible.
The following drugs were used: acetylcholine (Sigma, St

Louis, MO, U.S.A.), BQ 3020 ([Ala""5]Ac-ET-1(6-21), Aus-
pep, Parkville, Australia); endothelin-I (Auspep); indometha-
cin (Dumex, Denmark); IRL 1620 (Suc-[Glu9,Ala""3J5]-ET-
1(8-21), Saxon Biochemicals, Hannover, Germany, and a
generous gift from Ciba-Geigy, Japan); N0-nitro-L-arginine
methyl ester (L-NAME, Sigma); prazosin hydrochloride
(Sigma); noradrenaline hydrochloride (Sigma); propranolol
hydrochloride (ICI, Macclesfield, UK) and FR139317 ((R)2-
[(R)-2-[(S)-2-[[1-(hexahydro-1H-azepinyl)] carbonyl]amino-4-
methyl-pentanoyl]amino-3- [3- (1-methyl-lH-indolyl)]propi-
onyl]amino-3-(2-pyridyl) propionic acid, Fujisawa Phar-
maceutical Co., Osaka, Japan).

In previous studies (Ekelund et al., 1993; Ekelund, 1994)
on this muscle preparation in vivo, we have demonstrated
that FR139317, administered i.a. at the dose of lmgkg-'
min-', entirely abolished the vasoconstrictor response to ET-
1 (400 ng kg' min'1, i.a.). This dose of FR139317 was
therefore used in the present study. The dose of indome-
thacin used (10 mg kg-') can be considered to block
effectively vascular cyclo-oxygenase and hence the production
of prostacyclin in this muscle preparation (Ekelund, unpub-
lished observations). Similarly, the dose of L-NAME (10 mg
kg-', i.a.) used in this study is sufficient to inhibit EDNO
formation (Ekelund et al., 1992). Moreover, the doses of
prazosin (1 mg kg-', i.a.) and propranolol (1.5 mg kg-', i.a.)
used here are sufficient to block the al- and P-adrenoceptors
(as evidenced by agonists in supramaximal doses) in this
muscle preparation.

All drugs were dissolved in saline, and the solutions, when
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necessary, were adjusted to isotonicity. Time data for the
effects of the drugs given in Results are corrected for dead
space delay in the tubings.

Statistics

Data are expressed as mean values ± s.e.mean. Group com-
parisons were performed by analysis of variance (ANOVA)
followed by Bonferroni's test with a significance level of 5%,
or by using paired (unless stated otherwise) Student's t test,
differences being considered significant at P values <0.05.

Results

Vascular responses to ETrreceptor agonists in skeletal
muscle in vivo

General patterns of resistance response The two selective
ETB-receptor agonists, IRL 1620 and BQ 3020, were infused
close-arterially in stepwise increasing doses (0.4, 0.8, 1.6, 3.2,
6.4 and 12.8 pg kg-I muscle tissue min-') to determine the
dose-response characteristics and the smooth muscle effector
sensitivity in the consecutive sections of the muscle vascular
bed. The threshold dose for vascular response was 0.8 fg
kg' min-' for both IRL 1620 and BQ 3020, and this res-
ponse was found to be a constriction, not a dilatation. For
both agonists, the constrictor response was clearly dose-
dependent in the dose range up to 6.4 pg kg-' min', higher
doses eliciting no further vasoconstriction. The maximal con-
strictor responses to IRL 1620 and BQ 3020 seemed to be
equally great, implying that the two agonists had similar
constrictor efficacy. In these experiments with stepwise
infusion up to 12.8 jg kg-' min', a vasodilator response to
these agonists was never observed. In addition, close-arterial
(local) infusion of IRL 1620 or BQ 3020 did not result in any
change in blood pressure (systemic effect).
The pattern of overall and segmental vascular resistance

responses in the muscle preparation to IRL 1620, as well as
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their time characteristics, are exemplified by the original trac-
ings depicted in Figure 1, in which the ETB agonist was
administered at a dose of 3.2 pg kg- ' min'l in a single
infusion experiment. It can be seen that, under these circum-
stances, IRL 1620 elicited after some delay a biphasic re-
sponse, consisting of an initial short-lasting vasodilator
component, followed by a gradually developing moderate
vasoconstriction. The latter reached an approximate steady
state after about 6 min. Upon cessation of the infusion, the
resistance responses, with some segmental variation, disap-
peared gradually, complete recovery being attained not until
some 10min after the end of the infusion. The vascular
response to IRL 1620, both with regard to the vasoconstric-
tor and vasodilator component, was present in all three
consecutive segments of the muscle vascular bed, yet with a
preferential site of action in the small arterioles (<25fpm;
Raepro)-
The corresponding pattern of vascular response to BQ

3020 (3.2 pg kg-' min-'), both with regard to amplitude and
time course, was very similar, with an initial short-lasting
vasodilatation and a subsequent more sustained vasoconstric-
tion, both being preferentially confined to the small arter-
ioles.

Compiled data for the resistance responses to ETrreceptor
agonists Compiled data for resistance responses to 'IRL
1620 (n = 6) and BQ 3020 (n = 7), infused close-arterially' to
the muscle region at the dose of 3.2 pg kg-' muscle tis-
sue min-', are illustrated in Figures 2 and 3. This dose
corresponds to about 1.8 nmol kg-' min' for IRL 1620 and
1.6 nmol kg IminI' for BQ 3020. The infusions were made
when basal vascular tone, after recovery from the prepara-
tory surgery, had reached a normal steady-state level. In the
experiments with IRL 1620, vascular tone in the control state
(Figure 2) corresponded to an average overall vascular resis-
tance (RT, total height of the bar) of 19.8 ± 2.0 PRU, of
which 9.5 ± 1.0 PRU resided in the large-bore arterial resis-
tance vessels (Raprox), 8.3 ± 1.0 PRU in the small arterioles
(Ramjcro) and 2.0 ± 0.2 PRU in the veins (RV). In the BQ 3020
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Figure 1 Pattern of vascular response in cat skeletal muscle to an i.a. infusion of IRL 1620 (3.2 pg kg-Imin-) on vascular
resistance in the whole vascular bed (RT) and its consecutive sections, large-bore arterial resistance vessels (>25 pm; Ra.), small
arterioles (<25 pm; R.11,j) and the veins (Rj). Note initial transient dilatation, followed by a slowly developing moderate
vasoconstriction. Upon cessation of the infusion, the constrictor responses disappeared slowly.
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Figure 2 Compiled data (n = 6) for the initial transient peak dilator,
and subsequent steady-state constrictor, response to IRL 1620 (3.2
pg kg- ' min-', i.a.) on total regional vascular resistance (total height
of the columns), and its segmental distribution to the Ra.prox (open
area of column), R.,,r,, (hatched area of column) and Rv (stippled
area of column) sections in cat skeletal muscle in vivo. Note that the
vasodilator and subsequent vasoconstrictor responses were preferen-
tially confined to the Radi, section.
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Figure 3 Compiled data (n = 7) for the initial transient peak dilator,
and subsequent steady-state constrictor, response to BQ 3020 (3.2 fg
kg-' min-', i.a.) on total regional vascular resistance (total height of
the columns), and its segmental distribution to the Ra.po. (open area
of column), Ra.,, (hatched area of column) and R, (stippled area of
column) sections in cat skeletal muscle in vivo. Note that the
vasodilator and subsequent vasoconstrictor responses were preferen-
tially confined to the Rmi(jO section.

experiments, performed on another group of cats, RT in the
control state was 15.3 ± 0.7 PRU (Figure 3), of which
6.4 ± 0.7, 7.3 ± 0.7 and 1.7 ± 0.2 PRU resided in the Ra.prox,
the Rami,,o and the R, sections, respectively.

Vasodilator component At the start of the infusions, both
IRL 1620 and BQ 3020 elicited, after a delay of about 1 min,
a clear-cut vasodilator response with its peak occurring about
90 s after the start of the infusion. For both agonists, the
total duration of the dilator response was about 70 s. Com-
piled data for the total and segmental vascular resistance
changes at the peak of these dilator responses to IRL 1620
and BQ 3020 are illustrated in Figures 2 and 3. The transient
dilator response to IRL 1620 corresponded to an average
decrease in RT from the control value of 19.8 to 11.2 ± 2.0
PRU (- 43%; P< 0.05), in turn caused by a decrease in
Ra,prox of 36%, Rakicro of 57% and R, of 25%. The initial
dilator response to BQ 3020 was not significantly different,
and corresponded to a decrease in RT from 15.3 to 7.8 ± 0.8
PRU (- 49%; P<0.001), in turn caused by a decrease in
Ra.prox by 36%, Ra.ro by 64% and Rv by 35%. The
vasodilator component to both ETB agonists was thus pre-
sent in all three consecutive sections, though preferentially
confined to the small arterioles. From separate experiments
in which single infusions of the ETB agonists in doses other
than 3.2 gg kg- min-' were made, the amplitude of this
dilator response seemed to be dose-dependent.

In experiments (n = 11) in which a second infusion of
either IRL 1620 or BQ 3020 was given after an interval with
full recovery of vascular tone, the amplitude of the second
dilator response was attenuated by about 55% compared to
the first one, probably reflecting tachyphylaxis. The dilatation
was further reduced during a third, and absent during a
fourth, infusion. Moreover, cross-tachyphylaxis between the
two ETB-receptor agonists was observed. The data in Figures
2 and 3 refer to results from the first infusion in each animal.

Vasoconstrictor component After the initial dilator response
to the ETB agonists (3.2 jig kg-' min -'), a gradually develop-
ing constrictor response always occurred, which, on average,
reached a steady state after about 6.9 min for IRL 1620 and
5.6 min for BQ 3020. Compiled data from these experiments
for the steady-state overall and segmental constrictor res-
ponses to IRL 1620 and BQ 3020 are shown in Figures 2 and
3. The constrictor response to IRL 1620 corresponded to a
rise in RT from the preinfusion control value of 19.8 to
27.3 ± 4.4 PRU (+ 38%; P<0.01), explained by a resistance
increase in the large-bore arterial resistance vessels to 12.3
PRU (+ 29%), in the small arterioles to 12.7 (+ 53%) and in
the veins to 2.3 PRU (+ 15%). The steady-state vasocon-
striction elicited by BQ 3020 corresponded to an increase in
RT from 15.3 to 20.6 ± 2.3 PRU (+ 35%; P<0.05), in turn
caused by an increase in Ra.prox to 7.2 (+ 13%), Ra.micro to
11.4 (+ 56%) and Rv to 2.1 PRU (+ 24%). These resistance
changes were not significantly different from those evoked by
IRL 1620. Thus, the vasoconstrictor response to both ETB-
receptor agonists was generalized, affecting all three con-
secutive vascular sections, yet with a preferential action,
again, on the small arterioles.

Effects of ETB-receptor agonists on capillary pressure and
transcapillary fluid exchange Observations of ETB-induced
effects (3.2 fig kg-' min-1) on hydrostatic capillary pressure
(PC,V) and transcapillary fluid movement were made on the
same material as presented in Figures 2 and 3. P,,, in the
control state averaged 19.5 ± 0.4 mmHg in the IRL 1620
experiments, and 19.5 ± 0.8 mmHg in the experiments with
BQ 3020. An approximate transcapillary Starling fluid equi-
librium (isovolumetric state) prevailed under these circum-
stances.
During the initial transient vasodilator response, IRL 1620

elicited an average peak increase in PC V to 24.1 mmHg, due to
its preferential dilator action on the precapillary vessels, in
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turn decreasing the pre-/postcapillary resistance ratio (Ra/R,)
from 8.9 to 6.4. BQ 3020 infusion raised PCV to 24.6 mmHg
(decrease in Ra/Rv from 8.1 to 6.1).
During the steady-state constriction phase, IRL 1620

evoked a decrease in P, to 16.6 (- 2.9) mmHg (P<0.01),
owing to an increase in Ra/Rv (from 8.9 to 10.9). BQ 3020
elicited a similar decrease in PC,, (to 16.7 mmHg; P <0.01).
PC, was maintained low as long as the vasoconstriction per-
sisted, leading to a net transcapillary fluid absorption. The
fluid absorption was, however, comparatively small, since
there was a concomitant decrease in the capillary filtration
coefficient (CFC). Thus, in separate experiments (n = 11),
CFC was found to decrease from 0.010 ± 0.001 to 0.007 +
0.001 (P<0.05, unpaired t test) during steady-state vasocon-
striction evoked by IRL 1620.

Effects of blockade of cyclo-oxygenase, ETA-receptors, EDNO
production and adrenoceptors on vascular responses to ETr
receptor agonists In separate experiments, the vascular resis-
tance responses to IRL 1620 or BQ 3020 (3.2 jg kg-' min-')
were analysed in the absence and presence of blockade of
prostacyclin with indomethacin, of EDNO with L-NAME, of
ETA-receptors with FR139317, of a,-adrenoceptors with
prazosin and of P-adrenoceptors with propranolol.

Illustrated in Figure 4a are the compiled data for the
amplitude of the initial dilator response to IRL 1620 in the
absence and presence of indomethacin (n = 7). Blockade of
prostacyclin production attenuated (P <0.05; unpaired t
test), but did not abolish (P<0.05), the initial dilator res-
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Figure 4 (a) Initial vasodilator response to IRL 1620 in the absence
(left columns) and presence (Indo) of blockade of prostacyclin pro-
duction with indomethacin (n = 7). (b) Initial vasodilator response to
BQ 3020 in the absence (left columns) and presence (Indo) of
blockade of prostacyclin production with indomethacin (n = 7).
Prostacyclin blockade attenuated, but did not abolish, the dilator
response to both ETB-receptor agonists. Other details as in Figure 3.

ponse to IRL 1620. However, the duration of the dilatation
was unaffected by indomethacin.

Blockade of EDNO formation (n = 7) had no effect on the
dilator response to IRL 1620. The dilatation in the presence
of L-NAME (RT -44%) was not significantly different
(P<0.05; unpaired t test) from that in the absence of L-
NAME (RT - 58%). Further, blockade of ETA-receptors
(n = 3) or P-adrenoceptors (n = 6) did not affect the initial
dilator response to IRL 1620. The amplitude of the vasocon-
strictor response (RT) to IRL 1620 was not significantly
different (unpaired t tests) in the absence and presence of
indomethacin (n = 13), L-NAME (n = 9), FR139317 (n = 10)
or prazosin (n = 2). However, the time required to reach
steady-state constriction was significantly shorter in the
presence (4.4 ± 0.3 min), than in the absence (7.2 ± 0.3 min),
of indomethacin. L-NAME, FR139317 or prazosin had no
effect in this respect. In the described experiments, L-NAME
per se increased basal vascular tone (RT) in the control state
before IRL 1620 administration, due to inhibition of the
basal endogenous release of EDNO, in agreement with
previous results (Ekelund & Mellander, 1990). Therefore, an
additional statistical analysis was made using matched con-
trols with a corresponding level of basal vascular tone. The
results from this analysis were not different from those des-
cribed above.
Analogous experiments were performed with BQ 3020 in

the absence and presence of indomethacin (n = 7), FR139317
(n = 3), L-NAME (n = 6) and prazosin (n = 2). The results
were principally the same as those obtained with IRL 1620.
As can be seen in Figure 4b, indomethacin attenuated
(P< 0.05; unpaired t test), but did not abolish (P <0.05), the
vasodilator response to BQ 3020.

In vitro study ofsmooth muscle effects of ET,-receptor
agonists in femoral artery and vein
In the absence of precontraction, IRL 1620 (10-10 10-6 M)
elicited no response in the femoral artery (n = 12) or vein
(n = 15), nor did it induce a response in the noradrenaline-
precontracted femoral artery (n = 20). These results were the
same in the absence and presence of an intact endothelium.

Illustrated in Figure 5 is the effect of IRL 1620 (10-11-
10-6 M; n = 16) in the precontracted femoral vein. With
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Figure 5 Concentration-response curve to IRL 1620 in cat isolated
femoral vein precontracted with noradrenaline (3 x 10-' M). Depic-
ted are mean ( ± s.e.mean) responses in the control state (0, n = 16),
in the presence of N0-nitro-L-arginine methyl ester (L-NAME,
i0-S M; A, n = 7) or indomethacin (10-i M; 0, n = 7), and of the
response to IRL 1620 in the absence of the endothelium (0, n = 5).
The relaxation is expressed as a percentage of the precontraction
tension level.
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intact indothelium, the ETB agonist elicited a dose-dependent
relaxation, at a dose of 106M reducing the precontraction
tension by 17% (P<0.01). The relaxation to IRL 1620 was
absent in endothelium-denuded vein segments. Segments with
intact endothelium were also examined during blockade of
EDNO and prostacyclin production (Figure 5). The relaxa-
tion response to IRL 1620 was abolished (P<0.05) by L-
NAME at a dose of 10-5 M (n = 7), but not at 10-6 M. The
relaxation response was unaltered (P>0.05) in the presence
of indomethacin (10-5 M; n = 7).

In the femoral vein with intact endothelium, BQ 3020
(10- "- 10-6; n = 3) elicited a relaxation response which was
similar to that evoked by IRL 1620, decreasing precontrac-
tion tension by an average of 22% at 10-6 M.

In both the femoral artery and vein, ET-1 (10-11- 10-6 M)
elicited strong dose-dependent contractions. FR139317 (10-6
M) caused parallel shifts to the right of the concentration-
response curves (pD2 significantly different for both artery
and vein) but did not affect the E,,, values.

Discussion

In some recent studies (Ekelund et al., 1993; Ekelund, 1994),
the vascular effects in vivo of ET-1, ET-2 and ET-3 were
analysed in cat skeletal muscle with the same technical ap-
proach as was used in the present investigation. The results
showed that all three endothelins elicited a transient dilata-
tion followed by a slowly developing pronounced vasocon-
strictor response. The constrictor response was preferentially
confined to the small arterioles, and was mediated via the
ETA-receptor only, as indicated by abolition of the response
by selective ETA-receptor blockade (FR1393 17), and the
observed rank order of constrictor activity, ET-l > ET-
2> ET-3. The initial transient dilator response, however, was
not mediated via the ETA-receptor, but more likely via the
ETB-receptor. The present in vivo investigation aimed at
defining, in quantitative terms, the site(s) of action of selec-
tive ETB-receptor agonists on vascular resistances in the con-
secutive sections of the muscle vascular bed, and the effects
on capillary pressure and transcapillary fluid exchange. The
following results might warrant some comments.
The results demonstrated that both IRL 1620 and BQ

3020, infused i.a. to the muscle preparation, evoked an initial
short-lasting dilator response and a subsequent dose-depen-
dent vasoconstrictor response. The ETB-receptor in the vas-
cular bed of skeletal muscle thus mediates not only a
vasodilator, but also a constrictor response. Although vas-
cular smooth muscle adjustments in all three consecutive
sections contributed to these responses, the effector reactivity
in functional terms was greatest in the small arterioles
(< 25 aim). Larger vessels were less responsive to ETB-
receptor stimulation, which was further supported by our in
vitro observations on the femoral artery and vein. The pat-
tern of segmental resistance response was thus similar to that
evoked by the endothelins (Ekelund, 1994). These results,
taken together, might suggest that both the ETA- and the
ETB-receptors are especially abundant in the small arterioles.
There was no significant difference in the amplitude (peak

resistance change) and time characteristics of the vascular
responses between the two ETB-receptor agonists. Moreover,
the responses were unaffected by ETA-receptor blockade. The
effects of the two different ET.B agonists were thus strikingly
similar, and the present comparative results indicate that,
from a functional point of view, IRL 1620 and BQ 3020 can
be considered equally effective and highly selective ETB-
receptor agonists in the vascular bed of skeletal muscle in
vivo. Hence, these compounds might become useful as spe-
cific pharmacological tools for future functional investiga-
tions of the role of the ETB-receptor in circulatory regulation
in physiological and/or pathophysiological situations.
The initial transient vasodilator responses to IRL 1620 and

BQ 3020 were not significantly different from those elicited

by the endothelins (Ekelund et al., 1993; Ekelund, 1994) with
regard to amplitude, duration and time to peak dilatation.
This finding seems to support our previous tentative con-
clusion (Ekelund, 1994) that the dilator responses to the
endothelins are mediated via the ETB-receptor.
The dilator response to ETB-receptor stimulation by both

agonists was attenuated, but not abolished, in the presence of
indomethacin. On the assumption that the dose of indometh-
acin used completely blocked vascular cyclo-oxygenase, this
observation indicates that the transient dilator response to
ETB-receptor stimulation in skeletal muscle is partly, but not
entirely, mediated by secondary release of vasodilator cyclo-
oxygenase products, most probably endothelium-derived pro-
stacyclin. Thus, the findings in cat skeletal muscle seem to be
compatible with the previous postulate (e.g. Sakurai et al.,
1992) that ETB-receptor stimulation is responsible for endo-
thelin-induced prostacyclin production. However, both the
ETA- and ETB-receptor subtypes have been claimed to be
capable of mediating endothelin-induced metabolism of
arachidonic acid (Aramori & Nakanishi, 1992), and prosta-
glandin production. Hence the specific receptor subtype res-
ponsible for prostacyclin release may vary in different vessels
and/or species. For instance, in the rat lung and rabbit
kidney, the release of prostacyclin by ET-1 seems to be
mediated by the ETA-receptor (D'Orleans-Juste et al., 1992;
T6elmaque et al., 1992), whereas in the rat kidney both
receptor subtypes (Warner et al., 1993) may mediate the
release of prostanoids.
The mechanism underlying the remaining ETB-mediated

dilator response in vivo during prostacyclin blockade is un-
clear, but could involve a direct effect of ETB-receptors
situated on the vascular smooth muscle, or an ETB-mediated
release of vasodilator substances other than those synthesized
by vascular cyclo-oxygenase. EDNO did not seem to be
involved in this mechanism, since the vasodilator response to
ETB-receptor stimulation was not significantly modified by
EDNO blockade with L-NAME. This finding is in agreement
with previous in vivo results obtained with ET-1 during
EDNO blockade (e.g. Gardiner et al., 1989; Ekelund et al.,
1993), and provides further evidence against the hypothesis
derived from in vitro experiments (see Rubanyi & Parker
Botelho, 1991; Sakurai et al., 1992), that the vasodilatation
and the consequent hyperaemic response to the endothelins is
caused by ETB-mediated release of EDNO.
The amplitude of the vasoconstrictor response was found

not to be modified by indomethacin, which indicates that the
ETB-induced vasoconstrictor response was not due to the
release of vasoconstrictor cyclo-oxygenase products. It is pos-
sible that the vasoconstrictor response to IRL 1620 and
BQ 3020 is elicited by ETB-receptors situated on the smooth
muscle cells proper (cf. Moreland et al., 1992).

Endothelin-1, at least in vitro, shows an about equal
affinity for ETA- and ETB-receptors (Saeki et al., 1991; Takai
et al., 1992). The present result, demonstrating that ETB-
receptor stimulation leads to a constrictor response, could a
priori suggest that the vasoconstrictor response to ET-1 can
be mediated by both receptor subtypes in skeletal muscle in
vivo. However, we have previously demonstrated that the
ET-1-mediated vasoconstriction in muscle in vivo can be
abolished by selective ETA-receptor blockade alone (FR
139317; Ekelund et al., 1993). Further, in the present in vitro
study, FR139317 competitively inhibited the ET-l-induced
contraction of the femoral artery and vein. Future experi-
ments with selective and true antagonists to the ETB-receptor
might permit more definite conclusions about the receptor
mechanisms underlying the endothelin-induced vasoconstric-
tor response.

In the feline isolated femoral vein, IRL 1620 elicited a
weak dose-dependent relaxation. This finding is one of the
first demonstrations of a sustained relaxation to selective
ETB-receptor activation in a vein. The results indicated that
this relaxation response was endothelium-dependent and
abolished by L-NAME, which suggests that an endothelial
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ETB-receptor relaxed the vessel via EDNO release. Similar
results with IRL 1620 have been reported for other large
vessels, e.g. the rat aorta (Fujitani et al., 1993). Thus, the
ETB-receptor-mediated vasodilator response in skeletal mus-
cle in vivo (Figures 2 and 3), and the relaxation of the
femoral vein in vitro (Figure 5), seem to be elicited via
different postreceptor mechanisms, which in fact have been
reported to differ considerably in different vessels (for
references see Masaki, 1993; Simonson, 1993). The functional
importance of the ETB-mediated relaxation response in the
femoral vein for blood flow regulation in vivo is probably
very small, since the contribution of large conduit vessels to
the overall vascular resistance regulation is almost insigni-
ficant. If the in vivo constrictor response to ETB-receptor
stimulation is caused by receptors situated on the vascular
smooth muscle cells proper (see above), the absence of a
constrictor response in the femoral vein could suggest a lack
of such receptors in this vessel. The cat femoral artery might
lack both types of ETB-receptors, since it was non-reactive to
ETB-receptor stimulation.

It appears that the haemodynamic significance in vivo of
the described vasodilator response to ETB-receptor stimula-
tion in skeletal muscle must be rather trivial in view of its
transient nature. The subsequent sustained constrictor res-
ponse may be more important in this respect. This response
was also associated with a decrease in capillary pressure
which seemed to be more pronounced per unit resistance
increase than that to most other vasoconstrictors, e.g.
neurally released noradrenaline (Maspers et al., 1990a). As
indicated by the observed decrease in CFC, this response

further involved a maintained constriction of the terminal
arterioles/precapillary sphincters, and a consequent reduction
of the size of the functional capillary surface area. The
decrease in CFC implies that the net transcapillary fluid
absorption evoked by the capillary pressure drop becomes
attenuated. A maintained constriction of precapillary sphinc-
ters is usually not evoked by other constrictor agents (e.g.
neurally released noradrenaline), due to secondary metabolic/
myogenic counteraction as a result of the associated decrease
in blood flow and vascular transmural pressure. The sus-
tained precapillary sphincter constrictor response to ETB-
receptor stimulation may thus present further evidence in
support of the view of an abundance of ETB-receptors in the
microcirculation.
Our previous investigations, demonstrating quite unusual

haemodynamic and capillary effects of the endothelins in
muscle tissue (Ekelund et al., 1993; Ekelund, 1994), suggested
that they might be of importance in long-term, rather than
short-term, regulation of vascular tone in vivo, perhaps
especially during pathophysiological conditions. From the
present results, it may be concluded that ETB-receptor
stimulation is responsible for the dilator response, and can
contribute to the constrictor response, elicited by the
endothelins in skeletal muscle in vivo.
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Poly-L-arginine-mediated release of acetylcholine from
parasympathetic nerves in rat and guinea-pig airways

'D. Spina & R.G. Goldie

Department of Pharmacology, University of Western Australia, Nedlands 6009, Australia

1 The synthetic cationic polypeptide, poly-L-arginine (0.03-1 mg ml-') induced concentration-
dependent contraction of guinea-pig and rat isolated trachea. In guinea-pig isolated trachea, this
response was attenuated in the presence of the muscarinic cholinoceptor antagonist, atropine (0.1 gM)
and augmented by the acetylcholinesterase inhibitor, ecothiophate (0.1 M). The neuronal sodium
channel blocker, tetrodotoxin (3 .M) failed to alter the contractile response to poly-L-arginine and
acetylcholine.
2 The contractile response to poly-L-arginine in rat isolated trachea was inhibited in the presence of
atropine (0.1 ILM) and the 5-hydroxytryptamine (5-HT) receptor antagonist, methysergide (1 g.M). Treat-
ment of rat tracheal preparations with capsaicin (1 00 M) or tetrodotoxin (3 gM) failed to alter the
contractile response to poly-L-arginine. In contrast, ecothiophate (0.1 JLM) augmented the contractile
response to poly-L-arginine in rat isolated trachea.
3 Electrical field stimulation (5 Hz, 2 min) of epithelium-denuded guinea-pig tracheal preparations
preloaded with [3H]-choline resulted in a contractile response and the simultaneous efflux of radioactivity
into the superfusate. Both these responses were abolished in the presence of tetrodotoxin (L.5 gM).
Poly-L-arginine (1 mg ml-') also increased the efflux of total radioactivity from epithelium-denuded
guinea-pig isolated tracheal preparations preloaded with [3H]-choline, but this response was
tetrodotoxin-insensitive. The negatively charged polyanion, heparin (1 mg ml-') failed to increase
significantly the efflux of radioactivity from epithelium-denuded preparations.
4 In conclusion, the synthetic cationic polypeptide, poly-L-arginine, caused contraction of guinea-pig
isolated tracheal preparations via the release of acetylcholine from parasympathetic nerves. Similarly,
poly-L-arginine-induced contraction of rat isolated trachea is secondary to the release of acetylcholine
from parasympathetic nerves and/or the release of mast cell-derived 5-HT.

Keywords: Poly-L-arginine; airway smooth muscle; isolated trachea of guinea-pig, rat; tetrodotoxin; [3H]-choline release;
capsaicin; parasympathetic nerves; acetylcholine

Introduction Methods

We have recently demonstrated that synthetic polypeptides
rich in arginine and lysine residues contract guinea-pig
isolated tracheal smooth muscle. The exact mechanism of this
effect is not known but might involve a direct effect on
airway smooth muscle and/or the involvement of other cell
types within this tissue (Spina & Goldie, 1994).

It has recently been demonstrated that the naturally occur-
ring cationic polypeptide, eosinophil-derived major basic
protein (MBP) mediated bronchoconstriction in primates
(Gundel et al., 1991) and contracted guinea-pig trachea in
situ (White et al., 1990). The contractile response to MBP
was epithelium-dependent, although the chemical mediator
involved was not identified. It has also been suggested that
MBP and poly-L-lysine might mediate the release of sensory
neuropeptides from neonatal rat dorsal root ganglion
neurones in culture (Garland et al., 1993). However, we
found no evidence to suggest the involvement of sensory
neuropeptides in the contractile response to poly-L-arginine
in guinea-pig isolated trachea (Spina & Goldie, 1994).
The present study further investigated the mechanism of

poly-L-arginine-induced contraction of isolated airway pre-
parations.

Tissue preparation

Male Albino guinea-pigs (300- 500 g) and Wistar rats
(250-350 g) were killed by cervical dislocation and the
trachea removed and placed in cold (4°C) Krebs-Henseleit
solution, aerated with 95% 02 and 5% CO2. Since it has
previously been shown that the epithelium can influence
guinea-pig tracheal smooth muscle sensitivity to spasmogens
(Goldie et al., 1986), the epithelium was removed from all
preparations with a cotton wool probe.

Tracheal rings (2 mm) were suspended in dimethyldi-
chlorosilane (40%)-treated I ml organ baths under an
optimal tension of 1 g (guinea-pig trachea) and 0.5 g (rat
trachea) in Krebs-Henseleit solution aerated with 95% 02
and 5% CO2 at 37TC. Tissues were allowed to equilibrate for
30 min with changes in Krebs-Henseleit solution made at
10min intervals. Methacholine (0.2 and 10tM) was added
cumulatively to the bath and after the contractile response
had reached plateau, the tissues were washed 5 times over a
15 min period and allowed to equilibrate for a further
30min. This procedure was repeated a second time.

Guinea-pig trachea

Contraction studies Cumulative concentration-effect curves
to poly-L-arginine (mol.wt. 8900; 0.03-1 mg ml') were con-
structed in epithelium-denuded guinea-pig isolated tracheal
preparations treated with the cyclo-oxygenase inhibitor,
indomethacin (5 IM). In some experiments, guinea-pig
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of Pulmonary Pharmacology, Department of Thoracic Medicine,
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London SE5 9PJ.
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tracheal preparations were incubated with the acetyicholin-
esterase inhibitor, ecothiophate (0.1 AM) for 20 mn followed
by repeated washout over a 15 min period. Tissues were
allowed to equilibrate for a further 30min before concen-
tration-effect curves to poly-L-arginine were obtained. In
other experiments, contractile responses to poly-L-arginine
were elicited in the absence or presence of the non-selective
muscarinic cholinoceptor antagonist, atropine (0.1 gM; 30
min preincubation). Contractile responses to poly-L-arginine
and acetylcholine were elicited in the absence or presence of
the sodium channel blocker, tetrodotoxin (3 1M; 30 min
preincubation).

In other experiments, guinea-pig isolated trachea was
placed between 2 platinum electrodes and electrically
stimulated at 10 Hz or 30 Hz (current = 600 mA, 0.5 ms
pulse width, lOs duration) in the absence or presence of
tetrodotoxin (3 JM).

Release of radioactivity derived from [3H]-choline incorpora-
tion The efflux of radioactivity from [3H]-choline preloaded
parasympathetic nerves was monitored by a modification of a
previously described method (Wessler et al., 1990). Male
SRC tricolour guinea-pigs (300-650 g) were killed by cervical
dislocation and the trachea removed and placed in cold (40C)
Krebs-Henseleit solution, aerated with 95% 02 and 5% CO2.
The epithelium was removed and the trachea was cut lon-
gitudinally along its ventral surface. Zig-zag preparations
consisting of 6-9 cartilagenous rings (200-400 mg) were
suspended under 1 g tension (for the simultaneous measure-
ment of isometric force) between two parallel platinum elec-
trodes placed 2.5 mm apart. Tracheal preparations were
superfused at 2 ml min'l with Krebs-Henseleit solution
previously aerated with 95% 02 and 5% CO2 at 37C con-
taining indomethacin (5 JM). Tissues were allowed to equili-
brate for 30 min. During the last 10 min of this equilibration
period, the preparations were stimulated electrically at 1 Hz
(current = 600 mA, 1 ms pulse width) to elicit contraction.

Following this period, superfusion was stopped and the
tissue and electrode assembly was immersed in Krebs-
Henseleit solution aerated with 95% 02 and 5% CO2 at 37°C
containing indomethacin (5 JM) and approximately 30 nM
[3H]-choline chloride (86.6 Ci mmol -) and continuously
stimulated at 10 Hz for 60 min. Electrical stimulation was
then terminated and the tracheal preparations were super-
fused at 2 ml min-' with Krebs-Henseleit solution containing
the choline uptake blocker, hemicholinium-3 (10 JM) and the
muscarinic M2-receptor antagonist, gallamine (100 JM) to
inhibit M2-autoreceptors.

Labelling was followed by a 90 min washout period. After
the washout period, the efflux of radioactivity derived from
[3H]-choline was measured by collecting the superfusate at
3 min intervals and taking 1 ml aliquot for liquid scintillation
counting. The release of radioactivity (d.p.m. g-' 3 min-')
from the tissue was also measured during periods of electrical
field stimulation, SI (5 Hz, 2 min, 12th- 14th min after the
washout period) and S2 (42nd-44th min after the washout
period). In some experiments, tetrodotoxin (1.5 gM) was
added between SI and S2, 24 min before S2.

In other experiments the labelling protocol was followed
by a washout period of 60 min. Thereafter superfusion was
stopped and the tissue and electrode assembly placed in 2 ml
organ baths containing Krebs-Henseleit solution together
with indomethacin (5 JM), hemicholinium-3 (10 gM) and gal-
lamine (100 JM). The bath solution was removed under
vacuum and replaced 3 times with fresh Krebs-Henseleit
solution. The bath solution was then changed at 5 min inter-
vals for a further 60 min and 0.8 ml aliquots taken at each
change for liquid scintillation counting. The release of
radioactivity (d.p.m. g'1 ml-') from the tissue was then
measured in the presence of 1 mg ml' poly-L-arginine or
heparin (60th-65th min after washout period, S1). The
release of radioactivity in response to poly-L-arginine was
also measured a second time (S2, 100th- 105th min after

washout period). In some experiments, tissues were incubated
for 30 min prior to S2 in the presence of tetrodotoxin
(1I.5 JM).

Rat trachea

Cumulative concentration-effect curves to poly-L-arginine
(mol.wt. 8900; 0.03-1 mg ml-') were constructed in epithe-
lium-denuded rat tracheal preparations in the absence or
presence of the 5-HT receptor antagonist, methysergide
(1 JM; 30 min preincubation), atropine (0.1 JAM; 30 min prein-
cubation) or tetrodotoxin (3 JAM; 30 min preincubation). In
other experiments, rat isolated tracheal preparations were
incubated with ecothiophate (0.1 JAM) for 20 min followed by
a 15 min washout. Tissues were allowed to equilibrate for a
further 30 min before concentration-effect curves to poly-L-
arginine were obtained.
The response to poly-L-arginine was also evaluated in

epithelium-denuded rat isolated tracheal preparations follow-
ing acute desensitization to capsaicin. Tracheal rings were
incubated with capsaicin (100 JM) for 15 min, then washed
every 5 min over a 15 min period and allowed to equilibrate
for a further 15 min. Rat tracheal preparations did not con-
tract in response to capsaicin. The contractile response to
poly-L-arginine was then investigated in capsaicin-treated
tracheal preparations.
Rat isolated tracheal preparations were also placed

between 2 platinum electrodes and electrically stimulated at
10 Hz and 30 Hz (current = 600 mA, 0.5 ms, 10 s duration)
in the absence or presence of ecothiophate (0.1 JAM) and/or
tetrodotoxin (3 JM).

Analysis of results

The concentration of poly-L-arginine causing 25% (EC25) and
15% (EC,5) of the maximum response to methacholine
(100 JM) in the guinea-pig and rat respectively, was taken as
a measure of potency and was expressed as the geometric
mean together with 95% confidence limits. The concentration
of acetylcholine causing 50% (EC~v) of the maximum response
in the guinea-pig was taken as a measure of potency and was
expressed as the geometric mean together with 95%
confidence limits. In other cases, the arithmetic mean and
s.e.mean was used. Contractile responses to poly-L-arginine
were expressed in terms of the maximal contractile response
(E,.) to methacholine (100,JM). Differences between means
were assessed by Student's non-paired t test and considered
significant if P<0.05.

Drugs

Indomethacin, atropine, acetylcholine chloride, methacholine
chloride, poly-L-arginine (mol.wt. 8900), capsaicin, hemi-
cholinium-3, gallamine triethiodide, tetrodotoxin (Sigma);
ecothiophate (Wyeth, Aust.); methysergide (Sandoz, N.J.,
U.S.A.); standard unfractionated heparin (Delta West); [3H]-
choline chloride (86.6 Ci mmol'-, New England Nuclear). All
drugs were dissolved in Krebs-Henseleit solution. The com-
position of Krebs-Henseleit solution was as follows (mM):
NaCl 117.6, KCI 5.4, MgSO4.7H20 0.57, KH2.PO4 1.03,
NaHCO3 25.0, glucose 11.1 and CaC12.2H20 2.5. The stock
concentration (0.01 M) of indomethacin was prepared in
0.5% Na2CO3. The stock concentration of capsaicin (0.01 M)
was prepared in 100% ethanol. The appropriate dilution was
then made in Krebs-Henseleit solution.

Results

Guinea-pig trachea

Contraction induced by poly-L-arginine, acetylcholine and elec-
trical field stimulation Poly-L-arginine (0.03-1 mg ml-')



POLY-L-ARGININE AND PARASYMPATHETIC NERVES 897

caused concentration-dependent contraction in epithelium-
denuded guinea-pig isolated trachea (Figure 1). The contrac-
tile response to 1 mg ml-' poly-L-arginine (% methacholine
Ema_ = 31 + 5%, n = 7, Figure 1) was significantly attenuated
in the presence of 0.1 gIM atropine (8 ± 3%, n = 6, P<0.05
cf. control). In contrast, the acetylcholinesterase inhibitor,
ecothiophate (0.1 tiM) significantly increased the contractile
potency of poly-L-arginine (EC25 95% confidence limits; con-
trol: 758 jig ml-' (263-2188) n = 7 vs ecothiophate: 174 gg
ml-' (100-302) n= 7, P<0.01; Figure 1). The neuronal
sodium channel blocker, tetrodotoxin (3 giM) did not
significantly alter the contractile response to 1 mg ml' poly-
L-arginine (E,,,. control = 34 + 8%, n = 4 vs Emax tetrodotox-
in = 38 + 7%, n = 4, P> 0.05). In contrast, electrical field
stimulation (EFS) of guinea-pig isolated tracheal prepara-
tions resulted in a contractile response (E,,. 10 Hz =
35 + 5%, n = 4; Emax 30Hz=48± 6%, n = 7) that was
abolished in the presence of tetrodotoxin. The contractile
potency of acetycholine (EC5o; 95% confidence limits) was
not significantly altered by 3 giM tetrodotoxin (control,
1.3 tiM (0.5-3.4), n = 3 vs tetrodotoxin 1.4fiM (0.6-3.3),
n=3, P>0.05, paired t test).

Release of radioactivity derived from [3H]-choline incorpora-
tion The efflux of radioactivity decreased in a time-
dependent manner, reaching a plateau by 60 min and
remained stable over the next 60 min. Electrical field stimula-
tion (5 Hz, 2 min) of guinea-pig superfused isolated trachea
evoked a significant efflux of radioactivity during S1
(baseline = 4429 ± 657 d.p.m. g-' 3 min-'; EFS = 10 267 ±
1549 d.p.m. g-' 3 min-', n = 4, Figure 2a). The ratio S2:S1
was 0.67 ± 0.04 (n = 4). Furthermore, the tracheal prepara-
tions contracted (% methacholine Em.) in response to EFS
(5 Hz, 2 min) during SI (21 + 5%, n = 4) and S2 (23 ± 4%,
n = 4). The neuronal origin of the radioactivity from
epithelium-denuded trachea was confirmed by the significant
reduction in efflux in the presence of the sodium channel
blocker, tetrodotoxin (1.5 gM) (ratio S2:S1 = 0.15 ± 0.06,
n = 3, P< 0.05 cf. control, Figure 2b). The contractile res-
ponse to EFS was also significantly reduced by tetrodotoxin
(1.5 giM) (% methacholine E.; SI = 35 ± 5% vs S2 = 0.7±
0.7%, n = 3, P<0.05).

Poly-L-arginine (1 mg ml-', Figure 3a) also significantly
increased the efflux of radioactivity above baseline during SI
(baseline = 3456 ± 413 d.p.m. g-' ml-', poly-L-arginine stim-
ulation = 5376 ± 464 d.p.m. g-' ml-', n = 3). The ratio S2:SI
was 0.72 ± 0.09 (n = 4). Furthermore, tracheal preparations
contracted (% methacholine Emax) in response to 1 mg ml-'
poly-L-arginine during SI (21 + 3%, n = 4) and S2 (14 ± 2%,
n = 4). Tetrodotoxin (1.5 gM) failed to alter significantly the
increase in the efflux of radioactivity (ratio S2:S1 =
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0.74 ± 0.12, n = 3, P>0.05 cf. control, Figure 3b) or the
contractile response (% methacholine Em.X; S1 = 21 + 8% vs
S2 = 14 ± 6%, P>0.05) to poly-L-arginine (1 mgmlh').
Poly-L-arginine (1 mg ml1) did not significantly alter the pH
of the Krebs-Henseleit solution (control; 7.487 + 0.056, n = 4
vs 1 mg ml' poly-L-arginine; 7.540 ± 0.041, n = 4, P>0.05).
The negatively charged polyanion, heparin (1 mg ml-),

failed to alter significantly the efflux of radioactivity derived
from [31H]-choline in guinea-pig preparations (baseline =
2534 ± 134 d.p.m. g-' min-', heparin = 2205 ± 150 d.p.m. g-'
ml-', n=3, P>0.05).

Rat trachea

Contraction induced by poly-L-arginine and electrical field
stimulation. Poly-L-arginine (0.03-1 mg ml-') caused con-
centration-dependent contraction in epithelium-denuded pre-
parations (Figure 4). The contractile response to 1 mg ml1'
poly-L-arginine (% methacholine E.,X: 35 ± 4%, n = 7) was
significantly attenuated in the presence of atropine (7 ± 1%,
n = 5, P< 0.05 cf. control) and methysergide (7 + 6%, n = 5,
P<0.05 cf. control). In contrast, acute desensitization with
capsaicin (100I1M) did not alter significantly either the con-
tractile potency of poly-L-arginine (EC15; 95% confidence
limits: control 148 fig ml-' (71-309), n = 7 vs capsaicin-
treated 219jigml ' (117-407), n=7; P>0.05) or the maxi-
mum contractile response (Emax control = 35 ± 4%, n = 7 vs
Emax capsaicin-treated = 40+ 7%, n = 7, P> 0.05).

Ecothiophate significantly augmented the contractile po-
tency of poly-L-arginine (EC15; 95% confidence limits: con-
trol 214Lggml-I (111-410), n = 6 vs ecothiophate: 76jig
ml-' (43-135), n = 6; P< 0.05 cf. control) and Emax to poly-
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Figure 1 Concentration-dependent contraction of epithelium-de-
nuded guinea-pig isolated trachea to poly-L-arginine in the absence
(0) or in the presence of atropine (0.1I M; *), or in the presence of
ecothiophate (0.1 gIM; *). Each point represents the mean
s.e.mean of between 4-5 values. Indomethacin (51iM) was present
throughout all experiments.

Figure 2 (a) The effect of electrical field stimulation (S1 and
S2 = 5 Hz, I ms) on the efflux (d.p.m. g-' 3 min-') of radioactivity
derived from [3H]-choline in superfused, epithelium-denuded guinea-
pig isolated trachea. Each point represents the mean of 4 observa-
tions and vertical lines represent s.e.mean. (b) The effect of
tetrodotoxin (1.5 gIM) on electrically-induced efflux of radioactivity
(n = 3). Tissues were superfused with Krebs-Henseleit solution con-
taining indomethacin (5 giM), gallamine (100 gM) and hemicholinium-
3 (IOgM).
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Figure 4 Concentration-dependent contraction of epithelium-de-
nuded rat isolated trachea to poly-L-arginine in the absence (0) or

presence of atropine (0.1 $M; 0), or methysergide (1 #LM; *) or
following acute desensitization to capsaicin (100 JLM; *). Each point
represents the mean ± s.e.mean of 5-8 values.

x 50

cZ 40
C

UZ 30
Co =

20

ED
E lo

0 10 20 30 40 50 60 70 80

Time (min)

Figure 3 (a) The effect of poly-L-arginine (SI and S2 = 1 mg ml-')
on the efflux (d.p.m. g' ml') of radioactivity derived from [3H]-
choline in epithelium-denuded guinea-pig isolated trachea. Each
point represents the mean ± s.e.mean of 4 observations. (b) The
effect of tetrodotoxin (1.5ItM) on poly-L-arginine (1 mg ml')-
induced efflux of radioactivity (n = 3). Tissues incubated in Krebs-
Henseleit solution containing indomethacin (5 gM), gallamine (100
pM) and hemicholinium-3 (101M).
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Figure 5 Concentration-dependent contraction of epithelium-de-
nuded rat isolated trachea to poly-L-arginine in the absence (0) or
presence of terodotoxin (3 AM; *) or following treatment with
ecothiophate (0.1 pM) in the absence (0) or presence (U) of tetro-
dotoxin (3 saM). Each point represents the mean ± s.e.mean of 3-6
values.

L-arginine (E.,, control = 25± %, n = 6 vs E. ecothio-
phate = 47 ± 4%, n = 6, P<O.05 cf. control; Figure 5). In
contrast, tetrodotoxin failed to alter significantly the contrac-
tile potency of poly-L-arginine in the absence (127 jig ml-'
(35-455), n = 3, P>0.05 cf. control) or presence of
ecothiophate (69ligml'- (41-117), n= 3, P>0.05 cf.
ecothiophate).

Electrical field stimulation of rat isolated trachea resulted
in a contractile response (Em. 10 Hz: 41 ± 4%, n = 7; E.
30 Hz: 60 + 5%, n = 7) that was abolished by tetrodotoxin.
Furthermore, ecothiophate significantly increased the con-

tractile responses to EFS at 10 Hz (78 ± 5% methacholine
Emt; n = 3) and 30 Hz (88 ± 3% methacholine E., n = 7).
Tetrodotoxin significantly attenuated the response to EFS at
these frequencies (10 Hz: 1.4 ± 1.4%, n = 3, P<O.01 cf.
ecothiophate control; 30 Hz: 2.9 + 2.9%, n = 3, P<0.01 cf.
ecothiophate control).

Discussion

We have previously shown that synthetic cationic polypep-
tides including poly-L-arginine caused charge-dependent,
epithelium-independent contraction of guinea-pig isolated
tracheal preparations. The contractile response was not
mediated by products of cyclo-oxygenase pathway, mast cell-
derived histamine or sensory neuropeptides (Spina & Goldie,
1994). The present study has demonstrated that the contrac-
tile response to poly-L-arginine was mediated via the release
of acetylcholine from parasympathetic nerves. Furthermore,

we have demonstrated that a similar mechanism underlies
poly-L-arginine-induced contraction of rat isolated trachea,
although mast cell derived mediators may also be involved.

In guinea-pig isolated trachea, atropine significantly
attenuated the contractile response to poly-L-arginine
whereas the acetylcholinesterase inhibitor, ecothiophate,
augmented contraction, supporting the view that this res-
ponse was dependent upon the release of acetylcholine from
parasympathetic nerves. However, this effect did not involve
the activation of neuronal sodium channels since tetro-
dotoxin failed to alter the contractile response to poly-L-
arginine. In further support of this concept, the present study
shows that poly-L-arginine stimulated the release of radioac-
tivity derived from [3H]-choline labelled parasympathetic
nerves in guinea-pig isolated trachea. Electrical stimulation of
epithelium-denuded guinea-pig isolated trachea resulted in a
significant efflux of total radioactivity that was tetrodotoxin-
sensitive, indicating the neuronal origin of the released
radioactivity. Previous studies have demonstrated that the
radioactivity derived from [3H]-choline released by parasym-
pathetic nerve stimulation was predominantly attributed to
acetylcholine (D'Agostino et al., 1990; Wessler et al., 1990).
Furthermore, we have shown that the poly-L-arginine-
induced increase in the efflux of radioactivity was associated
with smooth muscle contraction. This provides direct
evidence for an interaction between poly-L-arginine and
parasympathetic nerves leading to the release of acetylcholine
and is consistent with the ability of atropine to inhibit and
for ecothiophate to augment the contractile response to poly-
L-arginine. The poly-L-arginine-induced increase in the efflux
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of radioactivity from these preparations was tetrodotoxin-
insensitive and was thus independent of the activation of
neuronal sodium channels and neuronal depolarization.

Poly-L-arginine also caused contraction of rat isolated
trachea. As in the guinea-pig, the contractile response to
poly-L-arginine was augmented in tissues treated with the
acetylcholinesterase inhibitor, ecothiophate, providing further
evidence for the release of acetylcholine from parasym-
pathetic nerves by poly-L-arginine. This response was
abolished by atropine and by the 5-HT-antagonist, methyser-
gide. These data suggest that poly-L-arginine caused contrac-
tion of rat trachea following the release of acetylcholine from
parasympathetic nerves and/or release of mast cell derived
5-HT. This is consistent with the finding that poly-L-arginine
mediated the release of 5-HT from rat peritoneal mast cells
(Coleman et al., 1981) and that 5-HT facilitated the
electrically-induced contraction of rat isolated bronchi
(Szarek et al., 1993).
The possible role of sensory neuropeptides in the contrac-

tile response elicited by poly-L-arginine was also investigated.
Recently, it has been shown that MBP and the synthetic
cationic polypeptide, poly-L-lysine induced the release of
substance P from neonatal rat dorsal ganglion neurones in
culture (Garland et al., 1993). Neuropeptides failed to con-
tract rat isolated trachea, but mediated an epithelium-
dependent, cyclo-oxygenase-sensitive relaxation of contracted
rat trachea (Frossard & Muller, 1986; Devillier et al., 1992).
This is consistent with the localization of substance P binding
sites to airway epithelium and blood vessels in the rat (Sertl
et al., 1988). In contrast, bronchoconstriction induced by
intravenous administration of sensory neuropeptides, includ-
ing, neurokinin A and substance P, in the rat was dependent
on the release of acetylcholine from parasympathetic nerves
and/or mast cell degranulation (Joos et al., 1988). It was
suggested that the receptors for the sensory neuropeptides
were present on cells other than airway smooth muscle in-
cluding, mast cells and parasympathetic nerves (Joos et al.,
1988). However, in epithelium-denuded rat isolated trachea,
acute desensitization of sensory nerves with a high dose of
capsaicin failed to alter the contractile potency to poly-L-
arginine. It is of interest that the MBP-induced contraction
of guinea-pig trachea in situ is not augmented following
epithelium removal (White et al., 1990). These findings sug-
gest that the MBP-induced contraction of guinea-pig trachea
is independent of the release of sensory neuropeptides. We
have previously demonstrated that poly-L-arginine caused
contraction of guinea-pig isolated trachea that was insensitive
to acute desensitization with capsaicin and which was not
augmented in the presence of the neutral endopeptidase
inhibitor, phosphoramidon (Spina & Goldie, 1994). Thus,
either poly-L-arginine did not induce the release of neuropep-

tides from airway sensory neurones, or neuropeptides
released by poly-L-arginine failed to mediate contraction.
The mechanism of action of the poly-L-arginine-induced

release of acetylcholine from parasympathetic nerves is not
clear. Synthetic cationic polypeptides appear to increase cell
membrane permeability as a consequence of binding to
negatively charged residues on the cell membrane surface
(Larsen, 1967), whereas ECP, but not MBP form transmem-
brane pores in plasma bilayers (Young et al., 1986). At
higher concentrations, MBP increases the permeability of the
bilayers as a result of physical damage to the structural
integrity of the membranes (Young et al., 1986). It is thought
that the charged nature of MBP facilitates binding to the cell
surface, whereupon the hydrophobic regions of the molecule
penetrate the lipid bilayer (Wasmoen et al., 1989) and/or
promote clustering of negatively charged components of the
cell membrane (Abu-Ghazaleh et al., 1992), thereby increas-
ing cell membrane permeability. Whether poly-L-arginine inc-
reases neuronal cell membrane permeability or binds to a
specific protein on the neuronal cell surface is not currently
known.
A number of studies have demonstrated that synthetic

cationic polypeptides including, poly-L-arginine (Hu et al.,
1992) and the related eosinophil-derived cationic polypeptide
MBP (Jacoby et al., 1993), behave as allosteric antagonists at
cardiac muscarinic M2-receptors. It has been suggested that
during inflammation, the interaction of highly charged
polypeptides, including MBP, with M2-receptors located
presynaptically on parasympathetic nerves in the lung, might
account for the increase in airways sensitivity to spasmogens
which activate vagal nerves in asthma (Jacoby et al., 1992).
We have previously shown that poly-L-arginine (1I00 g ml-')
failed to augment the contractile response to electrical field
stimulation in guinea-pig isolated trachea (Spina, 1992). This
concentration of poly-L-arginine has previously been shown
to produce near maximal deceleration of atropine-induced
displacement of [3H]-N-methylscopolamine ([3H]-NMS) bind-
ing to rat cardiac M2-receptors and to impair significantly
[3H]-NMS binding to rat cardiac M2-receptors (Hu et al.,
1992). The findings in the present study support the view that
the increased vagal activity observed during inflammation
might also be a consequence of the ability of cationic
polypeptides to facilitate the release of acetylcholine from
parasympathetic nerves.
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The effect of allosteric antagonists in modulating muscarinic
M2-receptor function in guinea-pig isolated trachea
'D. Spina, *E. Minshall, R.G. Goldie & *C.P. Page
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1 We have assessed the influence of a range of synthetic cationic polypeptides with putative inhibitory
actions at prejunctional muscarinic M2-receptors on electrical field stimulation-induced contraction of
guinea-pig isolated tracheal preparations. Electrical field stimulation of epithelium-denuded guinea-pig
trachea resulted in frequency-dependent contractile responses. As expected, tracheal smooth muscle
sensitivity to electrical field stimulation was increased in tissues pretreated with the muscarinic M2-
receptor antagonist, gallamine. In contrast, gallamine did not significantly alter the contractile potency
to acetylcholine.
2 Unlike gallamine, the synthetic cationic polypeptides, poly-L-arginine, poly-L-lysine, poly-D-lysine,
the cationic dye ruthenium red and the anionic polysaccharide, heparin, failed to increase significantly
tracheal smooth muscle sensitivity to electrical field stimulation.
3 Poly-L-arginine, ruthenium red and heparin had no effect on the contractile response to exogenously
applied methacholine.
4 These data are consistent with the concept that in guinea-pig tracheal smooth muscle, gallamine is an
allosteric antagonist of guinea-pig tracheal muscarinic M2-receptors, whereas the various cationic
polypeptides and the polyanion, heparin, are not.

Keywords: Muscarinic M2-receptor, ruthenium red;. poly-L-arginine; heparin; guinea-pig trachea

Introduction Methods

It has recently been demonstrated that a number of cardio-
selective muscarinic receptor antagonists including gallamine
(Lee & El-Fakahany, 1991; Ellis et al., 1991), the cationic
polypeptides protamine and poly-L-arginine (Hu et al., 1992),
eosinophil-derived major basic protein (MBP, Jacoby et al.,
1993) and the polyanion, heparin (Gerstin et al., 1992) are
allosteric antagonists at cardiac muscarinic M2-receptors.
This is of particular interest given that activation of prejunc-
tional muscarinic M2-receptors inhibits acetylcholine release
from cholinergic nerves and that the function of these recep-
tors in the lung is attenuated in virus-infected (Fryer &
Jacoby, 1991) and ovalbumin-sensitized (Fryer & Wills-Karp,
1991; Fryer & Jacoby, 1992) guinea-pigs in vivo. Further-
more, muscarinic M2-receptor function appears to be altered
in asthma (Minette et al., 1989).

It would appear that the function of muscarinic M2-
receptors might be modulated during an inflammatory re-
sponse (Jacoby & Fryer, 1990). It has been suggested that the
alteration of receptor function following an inflammatory
stimulus might be a consequence of the removal of sialic acid
residues present on the extracellular domain of the mus-
carinic M2-receptor, presumably mediated by the action of
viral and/or inflammatory cell-derived neuraminidase (Fryer
et al., 1990; Fryer & Jacoby, 1991; Fryer & Wills-Karp,
1991). Alternatively, cationic proteins released from inflam-
matory cells, notably eosinophil-derived MBP might act as
allosteric antagonists at prejunctional muscarinic M2-
receptors (Fryer & Jacoby, 1992; Jacoby et al., 1993).
We have therefore investigated the influence of drugs that

are purported to act either as allosteric inhibitors at the
muscarinic M2-receptor on airway smooth muscle responses
in vitro to electrical field stimulation. Some of the data
presented in this paper have been communicated previously
(Spina, 1992).

Tissue preparation

Albino guinea-pigs (300-500 g) were killed by cervical dis-
location and the trachea removed and placed in cold (4'C)
Krebs-Henseleit solution, aerated with 95% 02 and 5% Co2.
Since it has previously been shown that the epithelium can
influence guinea-pig tracheal smooth muscle sensitivity to
spasmogens (Goldie et al., 1986), the epithelium was removed
from all preparations with a wooden probe. To confirm the
removal of the epithelium, paraffin embedded tracheal sec-
tions (8 jim) were stained with haematoxylin-eosin and
examined at the light microscopic level.

Tracheal rings (2 mm) were suspended in dimethyldichloro-
silane (40%)-treated 1 ml organ baths under an optimal ten-
sion of 1 g in Krebs-Henseleit solution aerated with 95% 02
and 5% CO2 at 37°C. Tissues were allowed to equilibrate for
30 min and changes in Krebs-Henseleit solution were made
every 10 min. Methacholine (10 pM) was added to the bath to
induce maximal contraction. After the contractile response
had reached plateau, the tissues were washed 5 times over a
15 min period and allowed to equilibrate for a further
30 min.

Electricalfield stimulation studies

In order to obtain a predominantly cholinergic response to
electrical field stimulation, epithelium-denuded tracheal rings
were incubated in Krebs-Henseleit solution containing, the
cyclo-oxygenase inhibitor, indomethacin (5 jiM), the non-
selective 1-adrenoceptor antagonist, propranolol (1 AM) and
the nitric oxide synthetase inhibitor, N0-nitro L-arginine
methyl ester (L-NAME, 50 fLM), 30 min prior to and during
electrical field stimulation. Tracheal rings were placed
between 2 platinum electrodes and electrically stimulated for
10 s (current = 600 mA, pulse width = 0.5ms, 0.1-30 Hz) at
3.5 min intervals. Unless otherwise specified, tracheal rings
were also incubated for 15 min with a-chymotrypsin (Type
I-S; 2 units ml-') to degrade neuronally released vasointes-
tinal peptide, before and during electrical field stimulation.

1 Author for correspondence at current address: The Sackler Institute
of Pulmonary Pharmacology, Department of Thoracic Medicine,
King's College School of Medicine and Dentistry, Bessemer Road,
London SE5 9PJ
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Under the conditions described above, frequency-response
curves were obtained in the absence or following 30 min
incubation in the presence of the muscarinic M2-receptor
antagonists, gallamine (30 and 100 gM) or methoctramine
(1 9M), or 1 h incubation with the cationic dye, ruthenium
red (1-10 AM), the cationic polypeptides, poly-L-arginine
(mol. wt. 1600, 30 and 100 fig ml '), poly-L-lysine (mol. wt.
12000, 100 fig m1'), poly-D-lysine (mol. wt. 12000, 100 fig
ml-1) or the polysaccharide, heparin (1000 units ml '). These
agents were also present during the construction of fre-
quency-response curves. In the case of experiments with poly-
L-arginine, poly-L, poly-D-lysine and heparin, tracheal rings
were not incubated with a-chymotrypsin.

Spasmogen studies

In some experiments, acetylcholine cumulative concentration-
response curves were constructed in tracheal tissue in the
absence or presence of gallamine (30 and 100 1M). In other
experiments, methacholine cumulative concentration-response
curves were constructed in tracheal tissue in the absence or
presence of poly-L-arginine (10OIgml-'), ruthenium red (3
and 10 AM), or heparin (1000 units ml-').

Analysis of results

Results have been expressed as the geometric mean together
with 95% confidence limits or represented as the arithmetic
mean and standard error of the mean. The linear portion of
frequency-response curves (between 1 and 30 Hz) was analys-
ed by one-way analysis of covariance (ANCOVA, Kenakin,
1987). Two way analysis of variance with repeated measures
was also used to analyse the responses to electrical field
stimulation. Where appropriate, data were analysed by an
analysis of variance and a non-paired t test was performed to
test significance between means. The Bonferroni correction
was used in cases where multiple comparisons were made
(Wallenstein et al., 1980). Data were considered statistically
significant if P <0.05.

Drugs

The following drugs were used: indomethacin, (±)-pro-
pranolol hydrochloride, a-chymotrypsin (Type I-S), NG-nitro
L-arginine methyl ester, acetylcholine, methacholine,
ruthenium red, poly-L-arginine, poly-L-lysine, poly-D-lysine,
gallamine triethiodide (Sigma); standard unfractionated
heparin (Delta West); methoctramine (Research Biochemicals
Inc). All drugs were dissolved in Krebs-Henseleit solution of
the following composition, mM: NaCl 117.6, KC1 5.4,
MgSO4.7H20 0.57, KH2.PO4 1.03, NaHCO3 25.0, glucose
11.1 and CaCl2.2H20 2.5.

Results

Gallamine

Epithelium-denuded guinea-pig trachea contracted in a
frequency-dependent manner in response to electrical field
stimulation, this response was abolished in the presence of
atropine (0.1 9AM). At the maximum frequency tested (30 Hz),
the contractile response was 73.7 ± 4.9% (n = 6) of the
maximal response (E..,s) to methacholine (100 9AM). The
muscarinic M2-receptor antagonist, gallamine, significantly
increased airway smooth muscle sensitivity to electrical field
stimulation in a concentration-dependent manner (P<0.001,
Figure la). This was reflected in 3.4 fold (2.8-4.0, 95%
confidence limits, n = 5), and 6.6 fold (5.3-8.1) leftward
shifts in the frequency-response curve in the presence of
gallamine 30 AM and 1001M, respectively. Furthermore, the
potentiating effect of gallamine on the contractile response
to electrical field stimulation was frequency-dependent

(P< 0.01). In contrast, no change in smooth muscle sen-
sitivity (EC50, 95% confidence limits; control, 2 9M (0.6-7),
n = 3; gallamine 309AM, 2.1 9M (0.5-8.5), n = 3, P>0.05
paired t test; gallamine 100I1M, 2.3 9M (0.4-12.6), n=3,
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Figure 1 Effect of (a) electrical field stimulation and (b) exogenously
applied acetylcholine on guinea-pig isolated tracheal smooth muscle
tone in the absence (0) or presence of gallamine (U; 30 jtM; 0
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Table 1 The effect of ruthenium red, poly-L-arginine and heparin on the contractile potency (ECm) and maximum response (Em,,) of
methacholine in epithelium-denuded guinea-pig trachea

Control
Poly-L-arginine (30 fg ml- l)
Poly-L-arginine (100 ,g mlV')
Control
Ruthenium red (3 pM)
Ruthenium red (10I1M)
Control
Heparin (1000 unitsml')

EC50 ( x 10-')

3.4 (1.3-8.5)
3.6 (2.2-5.8)
2.5 (0.9-6.8)
2.2 (1.1-4.6)
2.3 (1.0-5.4)
3.4 (2.2-5.2)
2.4 (1.0-5.6)
2.8 (0.9-8.8)

E.. (mg)

1648±446
1352 ± 184
1250 ± 203
1566 ± 187
1649 ± 196
1375 ± 156
1411 ± 398
1142 ± 229

n

3
3
3
5
4
3
4
4

Results are expressed as geometric mean of n observations. Shown in parentheses are the 95% confidence limits. Poly-L-arginine,
ruthenium red or heparin had no significant effect on the contractile potency or E=,, to methacholine compared with control
(P>0.05). Indomethacin (5SM) was present throughout the experiment.
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Figure 3 Graph representing the response to electrical field stimula-
tion at 3, 10 and 30 Hz in the absence (open column) or presence of
methoctramine (I jIM; solid column), poly-L-lysine (100 pg ml -; stip-
pled column) and poly-D-lysine (100 ttg ml-; hatched column). Each
column represents the mean ± s.e.mean change in tone (% control);
n = 5. * P< 0.01 versus control.

P<0.05 paired t test) or maximal contractile response (E.u;
control 1305 ± 112 mg, n = 3; gallamine 30 AM,
1149±177mg, n= 3, P<0.05 paired t test; gallamine
1001iM, 912± 182mg, n=3, P<0.005 paired t test) to
acetylcholine was observed in gallamine-treated guinea-pig
tracheal rings (Figure lb).

Cationic polypeptides

Unlike gallamine, the synthetic cationic polypeptide, poly-L-
arginine (Figure 2a) failed to increase smooth muscle sen-
sitivity to electrical field stimulation. A reduction in airways
sensitivity to electrical field stimulation was observed with
poly-L-arginine (100 fig ml-') which was not statistically
significant (P>0.05). Poly-L-arginine (100lggml-') induced
a small increase in baseline tension of 13 ± 2% methacholine
Emax (n = 4) but had no significant effect on airway smooth
muscle sensitivity to methacholine (Table 1).

Similarly, neither poly-L-lysine nor poly-D-lysine augment-
ed contractile responses to electrical field stimulation (Figure
3). In contrast and as expected, the muscarinic M2-receptor
antagonist, methoctramine (1 1AM) significantly increased con-
tractile responses to electrical field stimulation of tissue
preparations from the same animals (P<0.01).

In the absence of L-NAME, poly-L-arginine (100pgml-')
failed to augment the contractile response to electrical field
stimulation (10 Hz; -39 + 8%, n = 3). In contrast, in tissue
preparations from the same animals, methoctramine en-
hanced the contractile response to EFS (10 Hz; 50 ± 8% of
control, n = 3, P <0.05 paired t test). The negatively charged
polyanion, heparin (1000unitsml-') was also without effect
on the contractile response to electrical field stimulation
(10 Hz; - 10.3 + 11%, n = 3).

Ruthenium red

Capsaicin (10 jtM) caused a contraction of guinea-pig isolated
trachea equivalent to 67± 2% methacholine Em.
Tachyphylaxis to capsaicin occurred such that a second
challenge with this agonist resulted in a significantly reduced
response (18 ± 4%, n = 6, P<0.05). However, significant
protection against capsaicin-induced desensitization was
afforded in the presence of the cationic dye ruthenium red
(3 tiM) which is known to bind to sialic acid residues on the
surface of cell membranes (first dose; 53 ± 6%; second dose
46 ± 2%, n = 5, P> 0.05). In contrast, ruthenium red failed
to enhance airway smooth muscle sensitivity to electrical field
stimulation (Figure 2b) or to exogenously administered
methacholine (Table 1).

Discussion

Increases in contractile responses to electrical field stimula-
tion induced in the presence of the muscarinic M2-receptor
antagonists, gallamine and methoctramine were observed,
consistent with inhibition of muscarinic M2-receptors located
prejunctionally on postganglionic parasympathetic nerves
and/or parasympathetic ganglia (Fryer & Maclagan, 1984;
Faulkner et al., 1986; Minette & Barnes, 1988; Yang &
Biggs, 1991a). However, under conditions where we were
able to demonstrate the presence of inhibitory muscarinic
M2-receptors, we Were unable to demonstrate any effect on
the function of these receptors by substances purported to
behave as allosteric inhibitors of such receptors.

These results are not consistent with the suggestion that
reduced muscarinic M2-receptor function accompanying air-
way inflammation in vivo, might be a consequence of the
removal of sialic acid residues present on the extracellular
domain of the receptor (Fryer et al., 1990; Fryer & Jacoby,
1991; Fryer & Wills-Karp, 1991) and/or an allosteric anta-
gonist effect of MBP at prejunctional muscarinic M2-receptors
in the airways (Fryer & Jacoby, 1992; Jacoby et al., 1993).
Interestingly, no alteration in muscarinic M2-receptor func-
tion was observed in guinea-pig trachea taken from oval-
bumin challenged sensitized animals in vitro (Watson et al.,
1991; Yang & Biggs, 1991b) where an eosinophilia and
elevated MBP levels might also be expected.
The cardiac muscarinic M2-receptor contains 21 sialic acid

residues (Peterson et al., 1986). The cationic dye, ruthenium
red is known to bind to neuraminidase-sensitive sites, i.e.
sialic acid, in rat heart as assessed histologically (Woods et
al., 1982). It has been postulated that ruthenium red binds to
sialic acid residues present on sensory nerves and protects
them from damage by capsaicin (Amann & Maggi, 1991).
Thus, it was expected that sialic acid residues present on the
extracellular domain of the muscarinic M2-receptor would
have been a target for ruthenium red. However, ruthenium
red failed to potentiate cholinergic responses in guinea-pig
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isolated trachea despite protecting tracheal preparations from
capsaicin-induced desensitization.
A number of studies have demonstrated that gallamine can

act as an allosteric antagonist at muscarinic M2-receptors, an
action that is significantly enhanced in low ionic strength
buffers (Lee & El-Fakahany, 1991; Ellis et al., 1991). It has
recently been demonstrated that the synthetic cationic poly-
peptide, poly-L-arginine (Hu et al., 1992) and MBP (Jacoby
et al., 1993) also behave as allosteric antagonists at cardiac
muscarinic M2-receptors. However, we were unable to dem-
onstrate this effect of poly-L-arginine as assessed by detect-
able changes in neuronal M2-receptor mediated modulation
of airway smooth muscle contraction. The reasons for the
discrepancy between the binding data and our results might
be attributable to the differences in the strengths of ionic
buffers used. This seems unlikely given that both gallamine
and methoctramine significantly inhibited airway muscarinic
M2-receptor function. It is also possible that the concentra-
tion of poly-L-arginine used in this study was not sufficiently
high to antagonize M2-receptor function. Both poly-L-
arginine (Hu et al., 1992) and gallamine (Ehlert, 1992) dis-
placed 0.5 nM [3H]-N-methylscopolamine ([3H]-NMS) binding
to M2 receptors from rat cardiac membranes with similar
affinity of 0.4 pM (approx. 5 pg ml-') and 1.1 iM, respec-
tively. Furthermore, poly-L-arginine (Hu et al., 1992) and
gallamine (Ellis et al., 1991; Ellis & Seidenberg, 1992) caused
the deceleration of atropine-induced displacement of [3H]-
NMS (1 nM) binding from rat cardiac membranes with
similar potency (IC50 value of 0.5 jLM and 0.1-0.6 j4M, respec-
tively). Moreover, both poly-L-arginine (10lM, approx.
100 agml-') and gallamine (10-100JLM) produced similar
maximal effects (Ellis & Seidenberg, .1989; Hu et al., 1992)
with respect to deceleration of atropine-induced displacement
of [3H]-NMS binding to rat cardiac membranes. Poly-L-
arginine and gallamine also have a similar negative co-opera-
tivity value (Stockton et al., 1983; Hu et al., 1992; Ehlert,
1992). Thus, the concentration of poly-L-arginine used in this
study should have influenced M2-receptor function if it were
behaving as an allosteric antagonist. We could not use higher
concentrations of poly-L-arginine due to the ability of this
synthetic polypeptide to contract airway smooth muscle
(Spina & Goldie, 1994a). Indeed, we have demonstrated that
the poly-L-arginine-induced contraction of guinea-pig isolated
trachea is mediated via the release of acetylcholine from
parasympathetic nerves (Spina & Goldie, 1994b).
The anionic polysaccharide, heparin can also behave as an

allosteric antagonist and thus, modulates the binding of the
muscarinic antagonist [3H]-NMS to cardiac muscarinic M2-
receptors in low but not high ionic strength buffer (Gerstin et
al., 1992). Furthermore, oxotremorine-induced inhibition of
adenylate cyclase activity in myocardial homogenates was
antagonized by heparin in a concentration-dependent manner
(Gerstin et al., 1992). In contrast, in the present study,
heparin failed to augment the contractile response to elec-
trical field stimulation in vitro. The difference between these
studies is most likely due to the inability of heparin to
penetrate nerve cells in vitro. This is consistent with the view
that the ability of heparin to influence the binding of mus-

carinic (Gerstin et al., 1992) and a-adrenoceptor radioligands
(Huang et al., 1989) to their respective receptors in mem-
brane preparations, is a consequence of an interaction
between the negatively charged heparin and positively
charged residues either on the G protein or the receptor
itself. This interaction would inhibit the coupling of receptor
to G-protein (Huang et al., 1989; Gerstin et al., 1992). Thus,
it is possible that poly-L-arginine failed to augment contrac-
tile responses to electrical field stimulation in vitro, due to the
inability of the cationic polypeptide to interact with the
cytoplasmic domain of the receptor and/or G protein. Poly-
L-arginine and MBP have been shown to attenuate [3H]-NMS
binding to muscarinic M2-receptors in cardiac membranes
where access to the intracellular side of the cell membrane is
possible (Hu et al., 1992; Jacoby et al., 1993). Alternatively,
the inconsistency between these radioligand binding studies
and the present study might be due to differences between
airway and cardiac muscarinic M2-receptors (Kilbinger et al.,
1991). It has been demonstrated that presynaptic muscarinic
receptors might be classified as M4-receptors (McKinney et
al., 1993). Thus, it is possible that the inability to detect
changes in presynaptic receptor function in this study to
poly-L-arginine might reflect the lower potency of polycations
at M4 than M2-receptors (protamine 6 fold less potent; Hu et
al., 1992). However, gallamine is 2-20 fold less potent at M4
than M2-receptors (Stockton et al., 1983; Ellis et al., 1991),
yet this antagonist augmented the contractile response to
electrical field stimulation.

It has recently been demonstrated in functional and
radioligand binding studies that the nitric oxide synthetase
inhibitor L-NAME also acts as a muscarinic receptor antag-
onist (Buxton et al., 1993). This might account for the lack of
effect observed with a number of the agents used in this
study. However, this seems unlikely, given that in the
presence of L-NAME (50IM), both gallamine and methoc-
tramine were able to antagonize muscarinic M2-receptor
function. Furthermore, L-NAME potentiated electrical field
stimulation-induced contractile responses in guinea-pig
isolated trachea that was reversed by L-arginine (Belvisi et
al., 1991). L-Arginine failed to alter the purported ability of
L-NAME to act as an M2-antagonist (Buxton et al., 1993).
These findings would suggest that L-NAME does not act as
an antagonist at prejunctional M2-receptors in guinea-pig
airways. Finally, the present data show that in the absence of
L-NAME, poly-L-arginine still did not increase the contrac-
tile response to electrical field stimulation.

In conclusion, we were unable to demonstrate that syn-
thetic cationic polypeptides behaved as allosteric inhibitors in
vitro. Thus, inflammation-associated changes in airway M2-
receptor function might not be a consequence of an inter-
action between cationic polypeptides and the M2-receptor.
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Stereoselective and non-stereoselective actions of isoflurane on
the GABAA receptor

'A.C. Hall, W.R. Lieb & N.P. Franks

Biophysics Section, The Blackett Laboratory, Imperial College of Science, Technology and Medicine, South Kensington,
London SW7 2BZ

1 Acutely dissociated cerebellar Purkinje neurones from 8-14 day old rats were studied under voltage
clamp in the whole-cell patch-clamp configuration. Cl- currents induced by bath application of
Ty-aminobutyric acid (GABA) were measured (using symmetrical Cl- solutions) at both low (2 JM)
non-desensitizing and high (300 JM) desensitizing concentrations of GABA.
2 At 2 JM GABA, the bicuculline-sensitive Cl- currents were potentiated by racemic isoflurane and
both of its optical isomers. Isoflurane had no effect on membrane current in the absence of GABA. The
dose-response data for potentiation by racemic isoflurane could be fitted with a Hill equation with an
EC50 = 320 ± 20 gM isoflurane and a Hill coefficient of h = 2.7 ± 0.4 (means ± s.e.mean).
3 The potentiations produced by the optical isomers of isoflurane at 2 JM GABA were stereoselective
at moderate and high anaesthetic concentrations. The maximum stereoselectivity, about two fold,
occurred at the ECm concentration for general anaesthesia (310I1M isoflurane), with S(+ )-isoflurane
being more effective than R(-)-isoflurane. At sub-anaesthetic concentrations, the stereoselectivity was
less marked and vanished at the lowest concentration used (77JM isoflurane).
4 The sustained residual current remaining after exposure of neurones to a desensitizing concentration
of GABA (300JM) was inhibited non-stereoselectively, but only at high concentrations of isoflurane.
The ratio of inhibitions by S(+)- and R(-)-isoflurane (mean ± s.e.mean) was 1.14 ± 0.21 at 770 JM
isoflurane. At the EC50 concentration for general anaesthesia, however, the inhibition was barely
significant.
5 The above results are discussed in relation to the possible role of the GABAA receptor channel in
general anaesthesia.

Keywords: Inhalational general anaesthetics; isoflurane enantiomers; GABAA receptor; stereoselective actions; rat cerebellar
Purkinje neurones

Introduction

Although it has long been recognized that barbiturates can
interact directly with GABAA receptor channels, it has been
less clear that volatile anaesthetics behave similarly (for
reviews see Moody et al., 1991; Tanelian et al., 1993; and
Franks & Lieb, 1994). For example, results from biochemical
assays of 36Cl- uptake or release by CNS membrane vesicles
have been contradictory, with some workers (Moody et al.,
1988) finding inhibition of agonist-induced Cl- flux by
volatile agents and others (Huidobro-Toro et al., 1987; Long-
oni et al., 1993) reporting enhancement. Electrophysiological
data on inhibitory postsynaptic currents (i.p.s.cs) and poten-
tials (i.p.s.ps) have also given equivocal results, with volatile
anaesthetics being shown both to prolong i.p.s.cs (Gage &
Robertson, 1985; Mody et al., 1991) and inhibit i.p.s.ps
(Yoshimura et al., 1985; Fujiwara et al., 1988; El-Beheiry &
Puil, 1989) in mammalian central neurones. Recent voltage-
clamp studies, however, have demonstrated clearly that
volatile anaesthetics at relevant concentrations can markedly
enhance GABA-induced Cl- currents in neurones from rat
hippocampus (Jones et al., 1992), dorsal root ganglia
(Nakahiro et al., 1989) and nucleus tractus solitarius
(Wakamori et al., 1991). These recent voltage-clamp results
add to the growing evidence (Tanelian et al., 1993; Franks &
Lieb, 1994) that the GABAA receptor channel is an impor-
tant target for volatile general anaesthetics.
The recent report (Harris et al., 1992) that isoflurane sleep

times in mice are stereoselective (the S(+)-isomer induced
longer sleep times than the R(-)-isomer) not only suggests a
direct action of isoflurane on proteins rather than lipids
(Franks & Lieb, 1991) but also provides a useful test for

' Correspondence to any of the authors at the above address.

putative target proteins: they should interact stereoselectively,
with S(+ )-isoflurane being more effective than R(-)-
isoflurane. Published studies on the GABAA receptor, how-
ever, have yielded conflicting results. Isoflurane has been
reported to be non-stereoselective in enhancing GABA-
induced 36Cl- flux in rat brain microvesicles (Quinlan et al.,
1992) and in inhibiting t-butylbicyclophosphorothionate
(TBPS) binding to mouse cerebral cortical GABAA receptors
(Moody et al., 1993). On the other hand, isoflurane displays
significant stereoselectivity in potentiating flunitrazepam
binding (Moody et al., 1993), and it is markedly stereoselec-
tive in its effects on evoked i.p.s.cs in cultured rat hippocam-
pal neurones (Jones & Harrison, 1993). To clarify this
problem, we have looked at the relative effects of isoflurane
enantiomers under simple and well-controlled conditions,
using bath application of known concentrations of both
GABA and isoflurane to rat isolated cerebellar Purkinje
neurones held under voltage clamp.

Methods

Preparation of rat cerebellar Purkinje neurones

The vermis of the cerebellum was dissected from the brain of
a decapitated 8-14 day old Sprague-Dawley rat and cut into
chunks of _1 mm3. Cells were dissociated with solutions and
enzymes described by Mintz et al. (1992). Briefly, chunks of
vermis were incubated under an O2 atmosphere at 37'C for 7
to 8 min in a medium of the following composition (mM):
Na2SO4 82, K2SO4 30, MgCl2 5, HEPES 2, glucose 10,
0.001% phenyl red indicator (titrated to pH 7.4 with NaOH)
containing protease (type XXIII) 3 mg ml'. The protease

'." Macmillan Press Ltd, 1994
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solution was decanted, and the tissue was resuspended in a
medium composed of (mM): Na2SO4 82, K2SO4 30, MgCl2 5,
HEPES 10, glucose 10, 0.001% phenyl red indicator (titrated
to pH 7.4 with NaOH) containing trypsin inhibitor (type
II-0, chicken egg white) 1 mg ml1' and bovine serum
albumin (fraction V) 1 mg ml-' at 37°C, and then left to cool
to room temperature (20-23°C) while continuously bubbling
with 2. An aliquot of the tissue was withdrawn and gently
triturated by 10-15 passages through the tip of a lightly
fire-polished Pasteur pipette. The resulting cell suspension
was subsequently deposited uniformly in a glass-bottomed
recording bath (bath volumel 100 tl). Cells adhered to the
glass within 5-10 min, after which time they were con-
tinuously superfused ('--' 1 ml min-') with the control bathing
medium (composition, mM): NaCl 124, KCl 5, CaCl2 2,
MgCl2 1, HEPES 5 (titrated to pH 7.4 with NaOH). The
Purkinje neurones were relatively easy to distinguish, due to
their large size (15-25 gtm diameter) and distinctive dendritic
stumps. In preliminary investigation, identification was also
confirmed by their selective staining with propidium iodide
(Regan, 1991). After each recording, the layer of cells was
wiped clean from the bath and a fresh aliquot was added.
The tissue was used within 4 h of dissection. All chemicals
(unless stated otherwise) were obtained from Sigma Chemical
Co. Ltd. (Poole, Dorset).

Recording technique

Ionic currents evoked by bath application of GABA
(2- 300 tiM) were recorded using the standard whole-cell
voltage-clamp technique (Hamill et al., 1981). Pipettes were
fabricated from thin-walled filamented borosilicate glass
(GC15OTF, Clark Electromedical Instruments, Reading,
Berkshire) using a two-stage pull (Narashige PB-7 micro-
pipette puller, Tokyo, Japan). After light fire-polishing, they
were filled with the internal recording solution (composition,
mM): CsCl 130, MgCl2 1, HEPES 10, EGTA 11 (titrated to
pH 7.4 with CsOH). The pipettes, with typical resistances of
3-5 MG, readily formed 'giga-ohm' seals with selected Pur-
kinje neurones which, upon establishing the whole-cell
configuration, were voltage-clamped at - 60 mV. A few
minutes were allowed for the cell interior to equilibrate with
the internal solution prior to recording.

Isoflurane (diluted from saturated solutions) and GABA
were dissolved in the bathing medium and applied at the
same rate as the control solution. The chemical and optical
purities of the S(+ )- and R(-)-isoflurane isomers were
determined to be >99% by chiral chromatography with an
80-metre Chiraldex G-TA column (Advanced Separation
Technologies Inc., Whippany, New Jersey, U.S.A.). Currents
were filtered at 10 Hz (- 3 dB, 8-pole Bessel filter). Series
resistance compensation was used (>75% of the series resis-
tance was compensated). All experiments were performed at
room temperature (20-23°C). Losses of volatile agents from
the perfusion system were found to be negligible (as
measured by gas chromatography). Racemic isoflurane was
obtained from Abbott Laboratories Ltd. (Queenborough,
Kent), and the two optical isomers of isoflurane were a gift
from Anaquest Inc. (Murray Hill, New Jersey, U.S.A.).

Values are given as mean ± s.e.mean.

Results

GABA-induced currents in Purkinje neurones

Upon establishing the whole-cell recording configuration,
Purkinje cells were routinely held at - 60 mV. Inward cur-
rents, which reversed close to 0 mV with the symmetric Cl-
solutions used, were readily evoked by bath application of
GABA. A concentration of GABA (2 PiM), low compared to
its EC50 (Kaneda et al., 1989, reported a value of 5011M for
Purkinje neurones), produced non-desensitizing inward cur-

rents (140-1150 pA) that were generally maintained (up to
20 min) throughout the exposure (n = 94 cells; see Figures 1
and 3). In contrast, exposure of the cells to a high concentra-
tion of GABA (300 psM) produced large inward currents
(- 4-9 nA) that rapidly desensitized (within -- 20 s) and
subsequently reached residual levels that were generally sus-
tained for up to - 10 min of continuous exposure (n = 16
cells; see Figure 5).

Effects of racemic isoflurane on currents evoked by
GABA (2 aM)

Currents evoked by GABA, 2 JiM, were markedly potentiated
by racemic isoflurane (Figure 1) at a concentration (310 11M)
equivalent to its EC50 concentration for general anaesthesia
in mammals (Franks & Lieb, 1993). The effect was complete-
ly reversible, and repetitive exposures usually generated com-
parable currents unless there was substantial desensitization
associated with the potentiation. Generally, anaesthetic-
induced desensitization was only significant at higher concen-
trations ( 610 siM) of isoflurane. Nonetheless, the duration
of isoflurane exposure was kept as short as possible so as to
minimize any desensitization.

In the absence of GABA, racemic isoflurane did not induce
any measurable current in the Purkinje neurones (Figure 1,
inset), even at concentrations up to 770 ;LM (n = 3 cells; data
not shown). If after applying isoflurane (310 pM) alone,
GABA (2 StM) was then added, comparable potentiations
were observed to those found when GABA was applied first.
In almost all the experiments described here, isoflurane was
applied after initial exposure of the neurones to GABA (as
illustrated in Figures 1 and 3).

Potentiations were calculated from the mean amplitude of
the control currents in 2 pLM GABA immediately before and
after the anaesthetic exposure and the maximal current
attained after addition of isoflurane. Percentage potentiations
varied considerably between Purkinje neurones (for example,
310 pM racemic isoflurane gave values ranging from 66% to
240%) and appeared to vary roughly in inverse proportion to
the size of the control current.
To establish the dose-response relationship for the poten-

tiation produced by racemic isoflurane, recordings were made
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Figure 1 Isoflurane at clinically relevant concentrations (here
310 jM) markedly potentiates the current evoked by a low concentra-
tion of y-aminobutyric acid (GABA, 2JM) in cerebellar Purkinje
neurones. The inward current evoked by bath application of GABA,
2 gM, was non-desensitizing. The effect of the anaesthetic was rapidly
reversible, and repeated applications gave consistent potentiations of
the C1- current. Inset: When applied in the absence of GABA,
isoflurane 310 fiM had no effect on the membrane current. In this
and all other recordings, the neurone was voltage-clamped at
-60 mV and whole-cell currents were recorded in symmetrical C1
solutions.
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from individual neurones (n = 5) that were exposed to in-
creasing concentrations of isoflurane (77-920 pM), with
washout of anaesthetic after each exposure. Dose-response
data from these neurones were then pooled. The percentage
potentiation is plotted versus concentration in Figure 2. The
data have been fitted to a Hill equation of the form
y = 100 ch/(ch + EC'), where y is the percentage potentiation,
c is the isoflurane concentration, and h is the Hill coefficient.
The best fit gave an EC50 of 320 ± 20 KIM isoflurane (- EC50
for general anaesthesia) and a Hill coefficient of h = 2.7 +
0.4. The current induced by GABA (2 f5M), whether in the
absence or presence of isoflurane (3100 M), was completely
abolished by 30 LM bicuculline (Figure 2, inset), and 3 fiM
bicuculline blocked the 2 fiM GABA/3 10 jM isoflurane cur-
rent by ~-85% (data not shown).

Effects of isoflurane enantiomers on potentiation of
GABAA currents

The pure enantiomers of isoflurane (77-9201M) also pro-
duced marked potentiations of the 2 jLM GABA-induced cur-
rents in cerebellar Purkinje neurones (Figure 3). At a very
low concentration (77 jAM) of S(+ )- and R(-)-isoflurane, the
degree of potentiation was identical for both isomers (Figure
3a); the ratio of potentiations [S(+)/R(-)-isoflurane] was
1.00 ± 0.09 (n = 6 cells: see Figure 4). However, at 310 jIM, a
concentration approximately equal to the ECm for general
anaesthesia (Franks & Lieb, 1993), S(+)-isoflurane produced
a substantially larger potentiation of the GABA-activated
current than did R(-)-isoflurane; this was true regardless of
the order of exposure (Figure 3b). Stereoselectivity was
equally apparent at both the 610 and 920 jAM enantiomer
concentrations (Figures 3c and 4), again independent of the
order of isomer exposure.

Because the observed potentiation for a given anaesthetic
concentration varied substantially between different
neurones, maximum precision in estimating the degree of
stereoselectivity for the isoflurane isomers was obtained by
measuring the ratios of potentiations for individual neurones
exposed to fixed concentrations of both isomers (as in Figure
3). The isoflurane dose-response data for these ratios are
plotted in Figure 4.
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Figure 2 Dose-response curve for the potentiation of the GABA
(2 juM)-induced inward current by racemic isoflurane. The mean
percentage potentiations (see text) obtained from 5 recordings (on 5
different neurones) are plotted against racemic isoflurane concentra-
tion. Values are mean with s.e.mean and where standard errors are
not shown they are smaller than the size of the symbol. The data
were fitted to a Hill equation with an ECm of 320 ± 20 AM isoflurane
and a Hill coefficient h = 2.7 ± 0.4. Inset: Bicuculline (30 AM) com-
pletely abolished the current evoked by GABA (2 AM) in both the
presence (and absence: not shown) of isoflurane (3100 M).
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effect was rapid and complete.

Effects of isoflurane on residual 'desensitized' GABAA
current

When cerebellar Purkinje neurones were exposed to a high
GABA concentration (300jM), a rapidly desensitizing cur-
rent was observed that was followed by a residual component
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.5 clinically relevant levels act directly on proteins (rather than
lipids) has motivated investigators to look for selective effects
of anaesthetics. In particular, it has encouraged the synthesis

o , (Huang et al., 1992) of optically and chemically pure enan-
tiomers of the widely used inhalation agent, isoflurane, and
these have now been tested both on animals and neuronal

5 ion channels. Although isoflurane was found to exhibit no
stereoselectivity on lipid bilayers (Franks & Lieb, 1991), the
surprising result has been that the isomers differentially affect

-0 a number of anaesthetic-sensitive ion channels (Franks &
Lieb, 1991; Jones & Harrison, 1993; Moody et al., 1993) as
well as inducing different sleep times in mice (Harris et al.,

5 1992). In all cases where substantial stereoselective effects
have been documented, the S(+)-optical isomer has been
found to be more effective than the R(-)-isomer. To the

00 200 400 600 800 1000 extent that sleep time experiments are pertinent to general
Isoflurane isomer concentration (>M) anaesthesia, this provides a new tool (in addition to anaes-

thetic sensitivity) for assessing pharmacological relevance: if
4 The degree of stereoselectivity of the isoflurane enan- S( + )-isoflurane is found to be more effective than R(-)-
depends on their concentration. Individual cells were isoflurane at a given site and/or for a given behaviour, that

I consecutively to a single concentration of each optical site or behaviour is more likely to be involved in general
of isoflurane after exposure to a low (2 tM) concentration of anaesthesia.
The ratio is the potentiation produced by the S(+)-isomer We have used this test in the present experiments to distin-
by that produced by the R(-)-isomer. The points represent guish between pharmacologically relevant and irrelevant
(n > 5 cells) with s.e.mean. The curve was fitted by eye. effects of isofiurane on the GABAAreceptor channel complex

in rat cerebellar Purkinje neurones. It has been shown (and
we have verified here) that volatile agents can both potentiate

0_ < and inhibit GABA-induced Cl- currents (Nakahiro et al.,
1989). Potentiating effects of racemic isoflurane (Figures 1
and 2) were observed with bath application of a low, non-
desensitizing concentration of GABA and found to be dose-

m LII ll dependent and apparently highly cooperative (Hill co-
R(-) S(+) efficient = 2.7 ± 0.4). In addition, the ECm concentration

Isoflurane isomers 770 RM (320 ± 20 JLM isoflurane) is very close to that for producing
general anaesthesia (Franks & Lieb, 1993) in the rat (350 tiM)

'o and other mammals (320 jAM on average). At this ECm con-
centration, the GABA-induced current was potentiated by
about 100%. Interestingly, isoflurane applied in the absenceof GABA (see inset to Figure 1) had no effect.

GABA300 FLm When tested for stereoselectivity, the potentiation at an.o 7G 3W// isoflurane concentration equivalent to the EC50 for general
200 46 8 anaesthesia was found to be almost twice as great for the

0 260 40 660 800 S(+)- as for the R(-)-enantiomer (Figures 3b and 4). This
Time (s) ratio is identical to the twofold effects found for activating

the potassium current IK(A.) in molluscan neurones (Franks &
5 The sustained residual current following exposure to a Lieb, 1991) and for prolonging evoked inhibitory postsynap-
esensitizing concentration (300 gM) of GABA is inhibited by tic currents (i.p.s.cs) in cultured rat hippocampal neurones
emers of isoflurane in a non-stereoselective manner. Here, (Jones & Harrison, 1993). It is also similar to the 50%
ie S(+)- and the R(-)-isomers at 770jAM caused a cor- differences in isoflurane association constants for binding to
(-50%) inhibition. nicotinic acetylcholine receptors in molluscan neurones

(Franks & Lieb, 1991) and for prolonging sleep times in mice
at low doses of isoflurane (Harris et al., 1992). On the other
hand, we found no significant stereoselectivity for the

gure 5). At an isoflurane concentration (310 iM) near inhibitory actions of isoflurane on the residual 'desensitized'
EC,0 for general anaesthesia, this residual current was current remaining after prolonged exposure to a high
eakly inhibited (6.1 ± 3.5%, n = 4 cells) by addition of (300 tiM) concentration of GABA (Figure 5). In addition, we
c isoflurane (not shown). However, at 770 IAM found that the inhibition was very small at the isoflurane
Lne, the S(+)- and R(-)-isomers blocked 42.5 ± 5.6% ECm concentration for general anaesthesia. Thus our results
7.2 ± 4.8% (n = 6 cells) of the residual component, show that the potentiating effects of isoflurane are not only
:ively, giving a ratio [inhibition by S(+)/R(-)] of very sensitive to isoflurane, but are stereoselective with the
0.21. Thus isoflurane was not only relatively same order of selectivity as that observed in mammals. The
tive but also non-stereoselective at inhibiting this inhibitory effects, on the other hand, are both relatively
tl current. insensitive to isoflurane and non-stereoselective. Thus it

seems likely that the potentiating, but not the inhibitory,
effects of isoflurane on the GABAA receptor channel are

sion and conclusions pharmacologically relevant to mammalian general anaes-
thesia.

;e of the traditional belief that most general anaes- The nature of the dose-response relationship (Figure 4) for
(particularly the inhalational agents) produce their the ratio of potentiations by the S( + )- and R(-)-isomers has
by acting non-specifically on lipids, little effort has, implications for the molecular mechanism by which iso-
recently, gone into synthesizing and testing optical flurane potentiates GABA responses. This ratio is close to
s of inhalation agents. However, accumulating evid- unity for very low, sub-anaesthetic concentrations of
'Franks & Lieb, 1991; 1994) that anaesthetics at isoflurane (see also Figure 3a), rapidly rises to a maximum
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value at 310 iM isoflurane (- EC50 concentration for general
anaesthesia), and remains high (although with a hint of a
decrease) up to at least 920gM isoflurane (''three times the
EC50 for general anaesthesia). This behaviour is consistent
with isoflurane first binding to a low-affinity, achiral site on
the GABAA receptor channel and allosterically modifying a
second binding site for isoflurane, converting it into a chiral
site of higher affinity. Although more work is needed to test
the validity of this idea, such an allosteric effect is in line
with the apparent positive cooperativity (Hill
coefficient = 2.7 ± 0.4) that we have observed for potentia-
tion by racemic isoflurane (see Figure 2).

Since our results suggest that the potentiating, but not the
inhibitory, effects of inhalational anaesthetics on the GABAA
receptor channel are relevant to general anaesthesia, the
question arises as to how such potentiation might occur at
inhibitory synapses. At these synapses, postsynaptic GABAA
receptors are exposed to high aqueous concentrations of
GABA for about a millisecond following invasion of the
presynaptic nerve terminal by an action potential. This is a
quite different situation from that in which we have studied
potentiation (low GABA concentrations for many seconds).
However, there is a connection between the two situations, in
that it is well-known (see, for example, Parker et al., 1986,

and Wakamori et al., 1991) that anaesthetics increase the
apparent affinity of GABA for the GABAA receptor (i.e. they
shift the GABA dose-response curve to lower GABA concen-
trations). It is this apparent increase in affinity that causes
potentiation of GABA-induced currents during prolonged
bath exposure to low concentrations of GABA. At a synapse,
a similar increase in affinity would retard the dissociation of
GABA from its receptor, so that substantial GABA would
remain bound (and hence receptor channels remain open) for
many milliseconds after free GABA has been removed from
the synaptic cleft. This is consistent with the well-documented
prolongation of GABAA-mediated i.p.s.ps and i.p.s.cs by a
wide variety of general anaesthetics and may account for
much of the CNS depression caused by surgical levels of
general anaesthetics.
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Mediation of most atypical effects by species homologues of the
33-adrenoceptor

Nathalie Blin, Clara Nahmias, Marie F. Drumare & 'A. Donny Strosberg

Institut Cochin de Genetique Moleculaire, CNRS-UPR 0415 and Universite Paris VII, 22 rue Mechain, 75014 Paris, France

1 A wide panel of compounds acting on 1-adrenoceptors active either in mammalian heart or in rodent
digestive tract and adipose tissues, were investigated for their effects on Chinese hamster ovary cells
transfected with the human or murine P3-adrenoceptor gene.

2 The P3-agonists, bucindolol, CGP 12177A and pindolol exhibited the highest binding affinities;
BRL 37344, LY 79771, ICI 201651 and SR 5861 IA presented high potencies in stimulating adenylyl
cyclase; bupranolol appeared as the most efficient P3-antagonist.
3 This pharmacological analysis further established that the 13-adrenoceptor is the prototype of the
adipose tissue atypical P-adrenoceptor, since these receptors share a number of pharmacological proper-

ties which differ strikingly from those of P13- and 132-adrenoceptors: low affinities for conventional
13-adrenoceptor agonists and antagonists, high potencies for novel compounds active in adipose tissues,
partial agonistic activites for several PI/p2-antagonists.
4 Although the pharmacological profiles of the human and murine 133-receptor were very similar, some

quantitative or even qualitative differences were observed for particular compounds such as propranolol,
which exhibited weak and partial agonistic effects at the human 133-receptors and antagonistic effects at
the murine 13-receptors. These differences may result from key amino-acid substitutions between the
human and the murine P3-receptor sequences, which may alter the binding site or signal processing.
5 Compounds active on atypical P-sites of other tissues such as heart and digestive tract were also
potent on the P3-adrenoceptor expressed in Chinese hamster ovary cells, suggesting that this receptor
mediates most of the atypical properties described in various tissues, and that differences in ligand effects
may result from tissue-related specificities.

Keywords: P3-Adrenoceptors; atypical P-adrenoceptors; species-specificity; propranolol; adipose tissues; intestinal smooth mus-

cle

Introduction

P-Adrenoceptors are integral membrane proteins mediating a
wide variety of physiological actions of catecholamines,
through coupling to guanine nucleotide-binding regulatory
proteins (G proteins) and activation of adenylyl cyclase. It
was initially thought that the PIl and P2 receptor subtypes
modulate all the effects of adrenaline and noradrenaline.
More recently however, an increasing number of reports
proposed the existence in tissues of a new pharmacological
entity with atypical P-adrenoceptor properties such as intrin-
sic sympathomimetic activities or low inhibition efficiencies
for conventional P-antagonists (Zaagsma & Nahorski, 1990).
These atypical properties were mostly derived from the phar-
macological analyses of the metabolic responses in adipose
tissues (i.e. oxygen consumption, mitochondrial GDP-binding
and lipolysis); the strongest evidence for the existence of an
atypical P-receptor came from studies with a series of novel
agonists (e.g. BRL 35135, BRL 26830) that induced potent
and selective thermogenic and anti-obesity activities in ani-
mal models (Wilson et al., 1984; Arch et al., 1984; 1989). In
addition to the effects in rodent brown (BAT) and white
(WAT) adipose tissues (Bojanic et al., 1985; Hollenga &
Zaagsma, 1989), atypical P-adrenoceptor pharmacological
properties were described in gastro-intestinal tract of rodents
(Bond & Clarke, 1988; Manara et al., 1990; Bianchetti &
Manara, 1990; MacLaughlin & MacDonald, 1990), and in
cat heart (Kaumann, 1989). However, these functional app-
roaches were hampered by the scarcity of pharmacological
tools able to identify unambiguously the tissue atypical
P-adrenoceptor, as well as by the simultaneous expression of
different ,3-receptor subtypes in tissues. Therefore, confusing
results were obtained for some compounds depending on the

I Author for correspondence.

species or the tissue studied, and led to a controversy on the
atypical nature of the P-receptor involved.
Emorine et al. (1989), provided the first molecular evidence

for the existence of a third 13-adrenoceptor subtype, by clon-
ing a human gene which encoded a receptor resistant to
blockade by conventional P-antagonists and highly sensitive
to the novel thermogenic P-agonists. Expression of this gene
was recently demonstrated in human brown adipose tissue by
cDNA cloning (Lelias et al., 1993), as well as in SK-N-MC
human neuroblastoma cells by northern blot hybridization
analysis (Esbenshade et al., 1992). In human adipose tissue,
colon and gallbladder, the presence of P3-receptors has been
proved by polymerase chain reaction assays (Krief et al.,
1993), while evidence for a functional P3-receptor in human
fat cells was shown by lipolysis stimulation studies (Ldnnq-
vist et al., 1993).
The murine gene (Nahmias et al., 1991) and the rat cDNA

(Granneman et al., 1991; Muzzin et al., 1991) coding for the
133-receptor were also cloned and their functional charac-
terization further established their similarity with the rodent
atypical P-site (FRve et al., 1991; Nahmias et al., 1991;
Emorine et al., 1992). However, the pharmacological com-
parison of the cloned human rodent P3-receptors expressed in
the same cell line led to controversial interpretations (Gran-
neman et al., 1991; Muzzin et al., 1991; Liggett, 1992), in
analyses which were generally performed with only a few
ligands and using different experimental conditions (reviewed
by Emorine et al., 1994). A thorough investigation of P3-
potent and -selective pharmacological tools thus remained
essential to characterize further the P3-adrenoceptor, as well
as to examine accurately its relationships with the atypical
P-receptors mostly described in rodent tissues.

In this study, a large panel of compounds known to
interact with the atypical P-receptors described either in

Q'I Macmillan Press Ltd, 1994
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adipose tissues or in intestinal smooth muscle and heart, were
assessed for their binding capacities, as well as for their
agonistic or antagonistic properties towards the adenylyl cyc-
lase in Chinese hamster ovary (CHO) cells transfected with
the human (CHO-Hup3) or with the murine (CHO-Mop3)
P3-adrenoceptor gene. The availability of cells expressing a
single receptor subtype offered a unique opportunity for the
characterization of a receptor, and this eukaryotic expression
system was validated by testing conventional P-ligands (Tate
et al., 1991). The pharmacological patterns of the human and
murine P3-adrenoceptors are compared and discussed herein
relative to those of the mammalian tissue atypical P-receptors
in light of possible species- and tissue-specific effects.

Methods

Cell culture

Subclones of CHO cells, stably transfected with the human
P3-adrenoceptor (Emorine et al., 1989; Tate et al., 1991) or
the murine P3-adrenoceptors (Nahmias et al., 1991), were
grown as previously described. Chinese hamster CHW-1 102
fibroblasts expressing the human p3-receptor (Nantel et al.,
1993) were cultured in DMEM supplemented with 10% FCS,
2 mM L-glutamine and neomycin 150 gg ml'to maintain the
selection of the transfectants.

Receptor binding assays

Preconfluent cells were harvested by treatment with EDTA
and washed with Hank's balanced salt solution supplemented
with 1 mM ascorbic acid and buffered with 20 mM HEPES to
achieve a pH of 7.4. Aliquots of 105 cells were incubated with
[1251l-CYP in the absence or presence of a competitor, in a
500gl buffered final volume with 0.1% (w/v) bovine serum
albumin and 4 gM desipramine. The reaction was carried out
for 45 min at 370C under shaking in dark. After dilution with
ice-cold PBS (pH 7.4), cells were immediately filtered and
extensively washed over glass-fibre disks presoaked with
0.3% polyethyleneimine. Radioactivity was measured in a
y-radiation counter with an efficiency of 80%.

Saturation experiments were performed with ['25f1-CYP
concentrations ranging from 50 to 5000 pM, and non-specific
binding was determined in the presence of 100giM (-)-
isoprenaline. Competition experiments were performed with
1 nM ['251]-CYP and varying concentrations of competitor
(1 PM to 100 giM).

Adenylyl cyclase binding assays

Preconfluent cells in six-well dishes ( 1.2 x 106 cells/well)
were washed twice with 2 ml ice-cold PBS, added to I ml of
ice-cold Ham's F12 medium buffered with HEPES 20 mM
(pH 7.4) and kept on ice for 30 min prior to the binding
study. Cells were incubated at 40C for 1 h with slow shaking,
in 500 gil buffered [3H]-forskolin, in the absence or presence
of unlabelled forskolin or ,-adrenoceptor ligands. Cells were
then washed 3 times with 2 ml PBS, and dissolved in 1 ml 1 N
NaOH for 30 min at 370C, before counting the homogenate
in a a-radiations scintillation spectrometer with an efficiency
of 61%.

Forskolin stimulates the catalytic subunit of adenylyl cyc-
lase directly, but displays a higher efficacy and potency when
the catalytic domain interacts with the stimulatory G protein-
as subunit (Alousi et al., 1991). Saturation binding experi-
ments were performed with 10 to 360 nM [3H]-forskolin in the
absence or presence of 10 gM forskolin or isoprenaline which
stimulates the formation of a complex between the G
protein-as subunit and the adenylyl cyclase-catalytic subunit,
thus increasing forskolin affinity (Kd values changing from
230 ± 112 to 28 ± 5 nM). Experiments with doses of P-
adrenoceptor ligands were performed in presence of 90 nM
tritiated-forskolin.

Adenylyl cyclase stimulation assays

CHO-Hu,3 and CHO-MoP3 were grown to preconfluence in
six-well dishes (; 1.2 x 106 cells/well). After washing with
1 ml Ham's F12 medium buffered with 20 mM HEPES
(pH 7.4) supplemented with 1 mM ascorbic acid and 1 mM
IBMX, cell monolayers were incubated for 30. min at 37C in
1 ml buffer, in the absence (basal level: 5-25 pmol/106 cells)
or in the presence of 10 gM (-)-isoprenaline (maximal
stimulation mediated by P-adrenoceptor: 170-400 pmol/106
cells), or 25 gM forskolin (direct adenylyl cyclase stimulation:
420-850 pmol/106 cells), or 1 pm to 100 giM of ligand. The
reaction was stopped by washing once with 1 ml PBS and by
immediate addition of 500 gil 1 N NaOH. After a period of
20 min at 37°C, dissolved cells were collected, buffered with
1 N acetic acid and centrifuged at 3000 g for 10 min at 4°C.
The total adenosine 3': 5'-cyclic monophosphate (cyclic AMP)
contained in an aliquot of supernatant was determined with
commercial cyclic AMP determination assays.

For inhibition studies of adenylyl cyclase stimulation, cells
were preincubated with the antagonist at 37TC for 10min
before addition of a reference agonist (i.e. (-)-isoprenaline)
at its Kaa concentration (5 nM), and incubated for a subse-
quent 20 min period. The resultant pD2 (negative logarithm
of the agonist equilibrium constant) value of 6.24 obtained
for the ( ± )-propranolol-antagonism of (- )-isoprenaline-
stimulation in CHO-MoP3, was in complete agreement with
the pA2 (negative logarithm of the antagonism equilibrium
constant) value of 6.31 deduced from the Schild plot
representation, thus validating our procedure.

Statistical analyses

The data were expressed as the means ± standard error of
the mean (s.e.mean) of at least three independent experiments
performed in duplicate except for forskolin binding data
which resulted from two experiments only. Saturation
experiments were computer-analyzed with the EBDA prog-
ramme (Biosoft-Elsevier, Cambridge, UK) using the Scat-
chard plot representation. IC5o and EC50 (or Ka,,) parameters
(effective concentration inducing 50% of inhibition or effect
(or activation), respectively) obtained from binding competi-
tion experiments or adenylyl cyclase inhibition or activation,
were determined using a computerized iterative non-linear
least squares curve-fitting programme (Graph-PAD Software,
San Diego, CA, U.S.A.). IC5o values measured for binding
competitions as well as cyclase antagonisms were corrected
(K, value) according to Cheng & Prusoff. The intrinsic
activity (IA) of a compound was measured relative to the
maximal cyclase stimulation obtained for (-)-isoprenaline. A
ligand which possessed an IA inferior to 0.90 was defined as
a partial agonist.

Drugs

Use in the text, in table or in figures of the name of ,-
adrenoceptor ligands without qualification implies that the
(± )-isomer was used. (-)-Noradrenaline, (- )-adrenaline,
(-)- and (+)-isoprenaline, (-)- and (± )-propranolol,
IBMX (3-isobutyl-methyl-xanthine), bovine serum albumin,
desipramine and polyethyleneimine were purchased from
Sigma Chemical Co (St Louis, MO, U.S.A.). [1251]-CYP ((_ )
[3-'ll]-iodocyanopindolol) (specific activity 2000Cimmol',)
and [12-3H]forskolin (specific activity 20-35 Ci mmol-')
came from Amersham (England) and New England Nuclear,
respectively; cyclic AMP (adenosine 3':5'-cyclic monophos-
phate) determinations were performed with the Amersham
[H]-cyclic AMP assay or ('251]-cyclic AMP scintillation proxi-
mity assay.

Other drug names are: BRL 37344 ((RR,SS)-( ± )-4-(2'-[2-
hydroxy-2-(3-chloro-phenyl)ethylamino] propyl)phenoxyacetate
sodium salt sesquihydrate); BRL 28410 ((RR,SS)-( ± )-4-(2'-
[(2-hydroxy-2-phenylethyl)amino] propyl)-benzoate); bucin-
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dolol (2- [2-hydroxy- 3 -( [2- (3 -indolyl)- 1, 1 -dimethylethyl]
amino) propoxy] benzonitrile hydrochloride); bupranolol (1-
(2-chloro-5-methylphenoxy)-3-[(1, 1-dimethylethyl)amino]-2-
propanol); CGP 12177A ((±)-4-(3-t-butylamino-2-hydroxy-
propoxy) benz-imidazol-2-one); CGP 20712A ((± )-[2-(3-car-
bomyl-4-hydroxyphenoxy)ethylamino]-3-[4-(1-methyl4-triflu-
oromethyl-2-imidaz olyl)-phenoxy]-2-propanol methane sul-
phonate); cimaterol (2-amino-5-(1-hydroxy-2-[(1-methyl-
ethyl)amino]ethyl)]benzonitrile); ICI 118551 ((± )-D-l-(7-
methylindan-4-yloxy) -3-isopropylaminobutan-2-ol); ICI
201651 ((R)-4-(2-hydroxy-3-phenoxypropylaminoethoxy)-N-
(2-methoxyethyl)phenoxyaceticacid); LY 79771 ((RS)-( ± )-4-
(2'-[(2-hydroxy-3-phenylethyl)amino]butyl)-benzyl alcohol);
SM 11044 (L-3-(3,4-dihydroxy phenyl)-N-[3-(4-fluorophenyl)
propyl]serinepyrrolidineamide hydrobromide); SR 58611A
( (RS)-N- [2S) -7-ethoxycarbonylmethoxy- 1,2,3,4-tetrahydro
napth -2 - yl] - (2R) -2 - (3 -chlorophenyl) -2 -hydroxyethanamine
hydrochloride).

Results

To compare the effects of various compounds on the human
and murine P3-adrenoceptors, we analyzed in parallel the
pharmacological intrinsic properties (number of receptors,
coupling efficiency) in CHO-HuP3 and CHO-MoI33.
The presence of an additional carboxy-terminal six-residue

sequence in the human and twelve-residue sequence in the
murine P3-receptor, resulting from splicing of an intron in the
corresponding gene, was recently reported (Granneman et al.,
1992; Van Spronsen et al., 1993). As expected, preliminary
studies revealed very similar pharmacological patterns in
CHO cells expressing recombinant human P3-adrenoceptors
with or without the additional carboxy-terminal six-residue
(Granneman et al., 1993).

['25I]-CYP binding parameters, as determined by Scatchard
analysis, were similar for the human (Kd = 912 ± 120 pM,
Bmax = 197,995 + 32,458 sites/cell) and murine (Kd = 880 ± 88
pM, Bmax = 202,644 ± 49,040 sites/cell) P3-adrenoceptors exp-
ressed in CHO cells.

(-)-Isoprenaline/forskolin-adenylyl cyclase stimulation ra-
tios were 0.25 and 0.85 in CHO-HuP3 and CHO-MoP3,
respectively. This 3.4 fold difference was in line with the
factor of 3.7 for (-)-isoprenaline intrinsic efficacy (KactKi
ratio) measured in CHO-MoP3 (KactIKi = 0.0017) relative to
CHO-HuP3 (Kact/Ki = 0.0063). These ratios suggested either a
better coupling efficiency of the murine P3-adrenoceptor to
adenylyl cyclase or a better intrinsic activity for isoprenaline
at the murine P3 site. We therefore evaluated the stoichiome-
try of receptor-Gs-adenylyl cyclase interactions in transfected
CHO cells, according to Alousi et al. (1991). In CHO-MoP3,
(-)-isoprenaline-stimulated forskolin binding indicated the
presence of 98,066 ± 5,056 sites per cell, whereas in CHO-
HuP3, only 37,029 ± 4,495 sites/cell were identified, thus sug-
gesting that the level of coupling was 2.7 fold greater in cells
expressing the murine relative to the human P3-adrenoceptor.

In addition to natural hormones (noradrenaline, adrena-
line) and reference P-adrenoceptor agonist (isoprenaline) or
antagonists (propranolol, CGP 20712A, ICI 118551) used to
characterize these receptors initially, thirteen drugs were
chosen for their atypical properties described in adipose tis-
sues (BRL 37344, BRL 28410, CGP 12177A, cimaterol, ICI
201651, LY 79771), intestinal smooth muscle (SM 11044,
SR 5861 IA), and heart (alprenolol, bucindolol, bupranolol,
oxprenolol, pindolol). Pharmacological parameters measured
in ['251]-CYP binding competition and adenylyl cyclase stim-
ulation experiments on the previously described CHO-HuP3
and CHO-MoB3 subclones, allowed the classification of these
compounds into four groups according to their full or partial
agonistic effect or to their antagonistic effect on the human
or murine P3-adrenoceptors (Table 1).

Full agonists in CHO-13

Bucindolol, BRL 37344, cimaterol, LY 79771, ICI 201651,
SR 58611A, SM 11044, alprenolol and BRL 28410 behaved
as full agonists (IA between 0.9 and 1.0 relative to
isoprenaline) in CHO-HuP3 as well as in CHO-Mo03 (Table
1).

In CHO-HuP3, bucindolol, BRL 37344, cimaterol, LY
79771 and SR 5861 IA exhibited high potencies in stimulating
adenylyl cyclase, with Kact ranging from 7 to 25 nM. Bucin-
dolol bound with the highest affinity (Ki=23 nM) to the
HuP3-adrenoceptors and appeared as a new useful tool to
study atypical ,-adrenoceptors in tissues. BRL 37344, LY
79771, ICI 201651 and alprenolol had affinities ranging from
100 to 500 nM, whereas cimaterol, SR 5861 lA and SM 11044
weakly competed with ['25l-CYP at the human P3 site (K,
;e1-7pM). BRL28410 was the weakest agonist ligand in
CHO-HuP3 (Ki = 15 gLM; Kact = 3 gLM).

In CHO-Mo03, most of the compounds (bucindolol,
BRL 37344, LY 79771, ICI 201651, SM 11044, alprenolol,
BRL 28410) exhibited binding affinity properties equivalent
to those obtained in CHO-HuP3, whereas only half of them
(LY 79771, ICI 201651, SR 58611A and SM 11044) displayed
similar cyclase stimulation potencies in both cell lines.
BRL 37344, the reference agonist for the atypical P-site (Arch
et al., 1984; Wilson et al., 1984), possessed a cyclase stimula-
tion constant 38 fold higher for the murine than for the
human subclone, with a BRL 37344 potency relative to (-)-
isoprenaline (Kact(Iso)/K(BRL)) of 11.3 in CHO-MoP3 and of 0.3
in CHO-HuP3. BRL 28410, though very weak in P3-adreno-
ceptor binding affinity or activation potency, also showed a
12 fold higher efficiency in CHO-MoP3 than in CHO-HuP3.

Partial agonists in CHO-P3
Compounds (oxprenolol, CGP 12177A, pindolol) which were
first reported as possessing sympathomimetic activities in
tissues, probably at the atypical P-adrenoceptor, behaved as
partial agonists (IA ranging from 0.35 to 0.75 relative to
(-)-isoprenaline) in CHO-HuB3 and CHO-MoP3 (Table 1).
Among these, CGP 12177A was the most efficacious, exhi-
biting respective intrinsic activities of 0.68 and 0.75 in CHO-
HuP3 and CHO-MoP3. With a cyclase stimulation constant
of 41 nM, CGP 12177A was three fold more potent in CHO-
MoP3 than in CHO-HuI33. The binding affinity measured to
CGP 12177A in [125I]-CYP binding competition in CHO-
HuP3 agreed with that obtained in direct tritiated-
CGP 12177A binding (Feve et al., 1991).

Oxprenolol and pindolol were less potent in stimulating
adenylyl cyclase in CHO-MoP3 than in CHO-Huf33, with at
least 10% decrease in IA and a 7 fold lower Kact. Interest-
ingly, these compounds were less potent in cyclase stimula-
tion (Kact between 100 and 1000 nM) than most of the full
agonists described above, but their binding affinities were
mostly higher (K, ranging from 10: to 100 nM). Accordingly,
Ka,,/Ki ratios yielded surprising values between 2 and 37,
instead of 0.01 to 1 commonly observed for full agonists.
These unexpected features could be explained by the diffi-
culty for partial agonists (IA <0.90) to achieve receptor-
effector coupling since, for these drugs, receptor occupancy is
required to be at least 50% to induce a half-maximal stimula-
tion of adenylyl cyclase. Curiously, alprenolol which we
defined as a full agonist in CHO-HuP3 and CHO-MoP3 cells,
exhibited the same inversion of Ki and Kact values. This
compound was initially classified together with pindolol as a
sympathomimetic agent in the heart (Kaumann, 1989).

Antagonists at the human and murine 13 sites

The pI-selective CGP 20712A, the P2-selective ICI 118551,
and bupranolol behaved as antagonists at the human and
murine P3 sites (Table 1). (-)-Bupranolol appeared to be the
most potent P3-receptor antagonist, with an ['251]-CYP com-
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petition binding affinity of about 50 nM. In CHO-HuP3, (-)-
isoprenaline- or BRL 37344-stimulated adenylyl cyclase was
antagonized by (-)-bupranolol with respective inhibition
constants of 18 ± 5 nm and 37 ± 1 nM (data not shown),
suggesting that bupranolol acts with similar efficiency to
antagonize the P3-potent agonists BRL 37344 and isoprena-
line, despite the bulky N-substituent of BRL 37344 as com-
pared to the short alkylamine chain of isoprenaline. In CHO-
HuP3, the potency order for the antagonists was (-)-
bupranolol (1.0) >ICI 118551 (0.2) >CGP 20712A (0.02).
In CHO-MoP3, (-)-bupranolol exhibited a potency similar
to that measured in CHO-HuP3, whereas ICI 118551 and
CGP20712A were one to two orders less potent.
As expected for antagonists, a linear correlation existed

between their inhibition constant measured in [1251I]-CYP bin-
ding competition (pKM) and in (-)-isoprenaline-stimulated
cyclase antagonism (pD2) in CHO-HuI33 as well as in CHO-
MoP3 (Figure 1).

Propranolol as an agonist or as an antagonist at the f3
site

Surprisingly, propranolol established a clear distinction
between the human and the murine P3-adrenoceptors: this
compound behaved as a weak (Kact = 1.49,M) and partial
(IA = 0.51) agonist in CHO-HuP3, but as an antagonist in
CHO-MoP3 (Table 1). In CHO-HuP3, (± )-propranolol
antagonism of the concentration-response-curve to (-
isoprenaline yielded a Schild plot with a slope of 1.11 and an
expected pA2 value of 5.88 (Ki cyclas = 1.32 JLM), indicating
that propranolol competitively shifted the concentration-
response-curve to isoprenaline to a value similar to its Kact.
The 133-specificity of the action of propranolol was further
confirmed by the 100% and 80% inhibition of the (-)-
propranolol-induced cyclase stimulation by 10 Mm of (-
bupranolol and ICI 118551, respectively (Figure 2). The
adenylyl cyclase maximal stimulation induced by propranolol
was also assayed by measuring the level of forskolin binding:
(± )-propranolol stimulated forskolin binding relative to (-)-
isoprenaline with a factor (F = 0.41) which was close to the
IA value (IA = 0.51) of cyclase stimulation, whereas, as
expected, the antagonist (-)-bupranolol produced no effect
(Figure 3). These results were further supported by analyzing
the effect of propranolol on another type of fibroblast
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Figure 1 Relationship between adenylyl cyclase stimulation and
binding competition parameters measured in- CHO-HuP3 and CHO-
MoP3. Correlation curve between pKi = -logKibndng and pD2 (or
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partial agonists (0) and antagonists (0) in CHO-HuP3 and CHO-
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carried for 45 min at 37°C, or in (-)-isoprenaline-stimulated
adenylyl cyclase experiments performed for 30 min at 37C. Each
value represents the mean of at least three independent experiments
performed in duplicate.
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Figure 2 Antagonism of the propranolol-induced adenylyl cyclase
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stimulation for 30min at 37C, in absence (open columns) or in
presence of 10WpM ICI 118551 (stippled columns) or 1O0M (-)-
bupranolol (solid columns). The results are representative of one out
of two separate experiments performed in duplicate.
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Figure 3 P-Adrenoceptor ligand-stimulated forskolin binding in
CHO-Hu,3. Forskolin binding was measured during exposure of
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(-)-isoprenaline-stimulated forskolin binding. The histogram results
from one representative out of two independent experiments per-
formed in duplicate.

(CHW) in which the human 133-adrenoceptor was expressed
at the level of 10,000 sites per cell (Nantel et al., 1993):
( ± )-propranolol-induced cyclase stimulation properties mea-
sured in CHW-HuP3 (Kact = 1.6 MM and F = 0.42) were
similar to those obtained in CHO-HuP3 (data not shown).

In CHO-MoIB3, ( ± )-propranolol inhibited the (-)-iso-
prenaline-induced cyclase stimulation with a constant of
580 ± 148 nm, in agreement with the value of 304 ± 78 nM
reported by Nahmias et al. (1991). Moreover, (-)-propra-
nolol, up to a concentration of 100 pM, was unable to
stimulate forskolin binding, thus confirming its antagonistic
effect at the murine P3 site. Shift of the CRC to (-)-
isoprenaline induced by varying concentrations of (± )-
propranolol (0.1 to 100tMM) led to a Schild regression plot
with a slope of 0.99, indicating simple competitive antago-
nism (data not shown). The deduced mean pA2 value
(6.3 ± 0.1) was in close agreement with that of 6.4 reported
in murine BAT (Arch, 1989) and resulted in a functional Ki
of 494 ±80nM, as compared with that measured in (-)-
isoprenaline-stimulated cyclase antagonism (Ki cycl = 580 +
148 nM).

0.0-sr
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Discussion

Tools to study the P3-adrenoceptor
Reference P-adrenoceptor agonists as well as compounds
reported to induce atypical P-adrenoceptor effects in brown
and white adipose tissues or in cardiac and digestive tract
tissues, were evaluated in CHO-HuP3 and CHO-Mo133 by
determining their affinity in ['25I]-CYP binding competition
experiments and their potency in stimulating adenylyl cyclase
(Table 1).
Most of the full agonists (bucindolol, BRL 37344, LY

79771, ICI 201651, alprenolol) and all of the partial agonists
(oxprenolol, CGP 12177A and pindolol) exhibited binding
affinities higher or equivalent to those of noradrenaline and
isoprenaline, whereas their adenylyl cyclase stimulation pot-
encies were equivalent or lower. Because of their high affinity
relative to isoprenaline, these compounds were defined as
P3-ligands. Among them, bucindolol, alprenolol, oxprenolol
and pindolol, generally considered as 'cardiac compounds'
possessed Ki values lower or similar to those of the 'adipose
compounds', BRL 37344, LY 79771, ICI 201651, CGP
12177A, which in turn displayed higher affinities for the
B3-site than SM 11044 and SR 5861 1A, defined as 'gut com-
pounds'.

Bucindolol displayed in CHO-HuI33 and CHO-MoP3 the
most interesting binding and cyclase stimulation parameters.
Alprenolol, oxprenolol, CGP-12177A and pindolol which
exhibited weak efficacies in cyclase stimulation, seem to be
ligands more dependable for binding characterization of the
P3 site, whereas BRL 37344, LY 79771, ICI 201651 and
SR 58611SA which displayed low K.,,, values, appear to be
better suited to investigate the P3-adrenoceptor-mediated tis-
sue physiological effects. Bupranolol, with a cyclase inhibi-
tion constant of about 15 nM in CHO-HuP3 and CHO-
MoP3, is the most potent V3-antagonist known to date. All
these compounds could contribute to establish an accurate
characterization of the P3-adrenoceptor in cells and tissues.

The P3-adrenoceptor as the adipose tissue atypical P site

The P3-adrenoceptor displays six pharmacological properties,
strikingly different from those of the Pj- and P2-receptors, and
which are shared with the atypical P-adrenoceptor of adipose
tissue.

(1) Atypically low affinities for conventional P-radiolig-
ands: I25I]-CYP binding saturation experiments in CHO-
HuP3 and CHO-MoP3 led to a dissociation constant value
close to 1 nM, that is more than one order lower than those
measured for the conventional P3- and P2-adrenoceptors (Blin
et al., 1993) and similar to the Kd of 1.3 nM obtained at the
rat P3-site (Muzzin et al., 1991), each expressed in CHO cells.
The affinity of the V3-receptors for the tritiated-CGP 12177A
is also much lower than those of the P3- and P2-receptors, and
is comparable in CHO-HuP3 (Kd = 28 nM), in murine 3T3-
F442A adipocytes (Kd = 38 nM), in CHO-RaP3 (K = 44 nM),
and in rat interscapular brown adipose tissue (Kd = 31 nM)
(Feve et al., 1991; Muzzin et al., 1991; 1992).

(2) Atypically low stereoselectivity indices (SSI) for reference
agonist and antagonist enantiomers as compared to those
(SSI= 2-3) reported for conventional Pj- and P2-receptors
(Harms et al., 1977): we measured for isoprenaline respective
SSI or 1.45 and 1.34 in CHO-HuP3 and CHO-MoP3, in
agreement with an SSI of 1.28 reported in rat white fat cells
(Hollenga et al., 1990).

(3) Atypically low potencies for the reference agonists: in
CHO-HuP3 and CHO-MoP3, as well as in CHO-RaP3 (Muz-
zin et al., 1991), catecholamines-stimulated cyclase potencies
were 10 to 100 fold lower than in CHO-Hu013 and CHO-
HuP2 (Tate et al., 1991). In murine 3T3-F442A adipocytes,

such a difference in catecholamine potency between the
atypical P-receptor and the PI-receptor was also reported
(Fe've et al., 1991).

(4) High potency for a novel class of compounds initially
described as potent activators of lipolysis and thermogenesis
in white (Wilson et al., 1984) and brown (Arch et al., 1984)
adipose tissues: BRL 37344, the most representative com-
pound of this class, exhibited a high potency in stimulating
adenylyl cyclase in CHO-HuP3 than in CHO-Mo133.

In addition, we found that LY 79771, described as a potent
and selective thermogenic anti-obesity agent (Arch et al.,
1991), and ICI 201651, the in vivo metabolized form of
ICI D7114 reported to stimulate oxygen consumption and
BAT activity (Holloway et al., 1991), were also potent cyc-
lase activators with K,,, values around 20 nM in CHO-HuP3
and 10 nM in CHO-MoP3. Cimaterol, a rather potent
stimulant of rat WAT lipolysis (Arch et al., 1991), also
potently stimulated the adenylyl cyclase in CHO-HuP3 and
CHO-MoP3.

(5) Partial agonistic activities of several P132-antagonists
reflecting intrinsic sympathomimetic activities in tissues: oxp-
renolol, CGP 12177A and pindolol, initially described as dis-
playing sympathomimetic activities in tissues (Kaumann,
1989), indeed behaved as agonists at the human and murine
P3 sites. They were less potent than most of the above
described full agonist (1 to 3 log units higher Kct values) and
exhibited only partial activities relative to isoprenaline (IA
;0.35 to 0.75). The most efficacious, CGP 12177A, was
reported as an atypical agonist able to stimulate the adenylyl
cyclase in murine 3T3-F442A adipocytes (Feve et al., 1991),
and to exhibit potent thermogenic and lipolytic activities in
rodent BAT (Mohell & Dicker, 1989) and WAT (Feve et al.,
1991; Langin et al., 1991), respectively.
The P3-receptor-mediated partial agonist action of these

compounds may result in antagonism of full P-agonist effects,
as described with the effect of CGP 12177A on the BRL
37344-stimulated lipolysis in rat WAT (Langin et al., 1991).
Moreover, they may account for underestimation of pA2
values measured at the conventional P-sites coexisting in
tissues (Zaagsma & Nahorski, 1990).

(6) Atypically low binding affinities and antagonistic potencies
for conventional 13-antagonists: the PI-selective antagonist,
CGP 20712A and the P2-selective antagonist, ICI 118551
exhibited low potencies in inhibiting isoprenaline-stimulated
adenylyl cyclase in CHO-HuP3, in CHO-MoP3, and in
murine 3T3-F442A adipocytes (Feve et al., 1991). In rodent
WAT, Hollenga & Zaagsma (1989) also reported the low
antagonism of isoprenaline-induced lipolysis by CGP 20712A
and ICI 118551.

In addition, bupranolol behaved as the most potent
antagonist (Ki A 15 nM) towards isoprenaline-stimulated ad-
enylyl cyclase in CHO-HuP3 and in CHO-MoB3, in agree-
ment with Langin et al. (1991) who reported that bupranolol
was the most effective blocker (Ki - 50 nM) of the BRL
37344-induced lipolysis at the atypical P-receptor in rat and
hamster fat cells.

The P3-adrenoceptor in other tissues

Compounds herein defined as tools to study the P3-
adrenoceptor were also active at the atypical 13-receptors
described in cardiac or digestive-tract tissues. Moreover, their
potencies measured in CHO-Hu 3 and CHO-MoP3 were in
agreement with those reported in literature: the atypical ino-
tropic and chronotropic effects of pindolol in cat atria (K,
A 100 nM), antagonized by high level of bupranolol and not
by propranolol (Kaumann, 1989) resembled its pharmaco-
logical properties in CHO-HuP3. The action of SR 5861 IA
and SM 11044 revealed a close agreement between the phar-
macology of the P3-receptor expressed in CHO cells and that
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of the atypical P-site described, respectively, in rat color
(Manara et al., 1990) and in guinea-pig ileum (Sugasawa et
al., 1992). Moreover, atypical antagonistic effects were
reported for pindolol and propranolol in guinea-pig ileum
(Bond & Clarke, 1988) and in rat colon (Bianchetti &
Manara, 1990; MacLaughlin & MacDonald, 1990).

In addition, a close relationship existed between the adi-
pose tissue and the gut atypical P-adrenoceptors: ICI D7114
exhibited binding affinity for the atypical a-receptor described
in guinea-pig ileum (Holloway et al., 1991) and the potent
lipolytic compound BRL 37344 was able to relax strongly
pre-contracted guinea-pig ileum, through atypical P-receptors
(Bond & Clarke, 1988). Similarly, a series of SR 5861 IA-
related compounds exhibited considerable lipolytic effects on
rat white adipocytes (Manara et al., 1989), and behaved as
full agonists with well-correlated orders of potency in
activating adipocyte lipolysis (Langin et al., 1991) and in
inhibiting gut motility (Manara & Bianchetti, 1990). As a
molecular proof for the expression of the human P3-
adrenoceptors in these tissues, Krief et al. (1993) detected
P3-transcripts in perirenal, omental and subcutaneous fat, as
well as in human colon biopsies.
Taken together, these data suggest that a single P3-

adrenoceptor may mediate most of the atypical effects
observed in various tissues. Experiments with BRL 37344
and SR 5861 IA showed, however, that SR 5861 IA is more
specific for gut than is BRL 37344 (Manara et al., 1990), and
support the existence of tissue-specific properties. Variation
of receptor density has been shown to modify the receptor-
mediated response, and the presence of variable numbers of
spare receptors may, for instance, complicate the comparison
of binding tests with functional assays (George et al., 1988;
Lohse, 1992). The level of active G-protein and adenylyl
cyclase effector available in a given cell type may also
influence the level of second messenger; in particular, partial
agonists should be more dependent on cellular or tissular
intrinsic responsiveness, as attested by variations in K", and
IA measured for CGP 12177A in different tissues from
different animals (Langin et al., 1991).

Species-related variations of the P3-adrenoceptor
Although the pharmacological profiles of the human and
murine P3-adrenoceptors were essentially similar, a detailed
analysis revealed some differences, as attested by the BRL
37344 and propranolol compounds. Relative to isoprenaline,
the cyclase stimulation potency of BRL 37344 was 30 to 40
fold lower in CHO-HuP3 as compared to CHO-MoP3, CHO-
RaP3 (Granneman et al., 1991), murine 3T3-F442A adipo-
cytes (Feve et al., 1991) and rat BAT (Muzzin et al., 1988). A
recent study also reported the lower potency of BRL 37344
towards the human p3-receptor as compared to the rat P3-
receptor (Ligget, 1992). Supporting these results, Hollenga et
41. (1990) described the low potency of BRL 37344 as well as
the weak intrinsic activities for catecholamines in human
adipose tissues, and concluded that the atypical P-receptor
adenylyl cyclase system of human adipocytes appeared to be
less efficient than that of rat WAT cells. Another obvious
pharmacological difference between the human and the
murine P3-receptors was apparent in the weak and partial
agonism of propranolol in CHO-HuP3, as compared to its
antagonistic effect displayed in CHO-MoP3 and in CHO-
RaP3 (Muzzin et al., 1991). These differences, which were in
a minority, suggested that pharmacological properties of
ligands for a given receptor cannot be extrapolated across
species, implying thus that caution should be exercised in
using animal models such as rodents to select compounds
active at the 3 site for potential therapeutic applications in
man.
On the basis of the overall amino-acid sequence identity

(82%), chromosomal location and genomic organization, it
has been demonstrated that the human and the murine P3-
adrenoceptor genes were derived from a common ancestor

gene, therefore defining a single receptor subtype (Nahmias
et al., 1991; Van Spronsen et al., 1993). Deletions or key
amino-acid substitutions between the human rodent P3-
receptor sequences may thus suffice to explain species-related
differences in pharmacology. Since the binding dissociation
constant for BRL 37344 and propranolol were similar in
CHO-HuP3 and CHO-MoP3, their ability to discriminate
between receptors from different species should more likely
be related to signal processing than to binding per se. The
three-residue deletion (Val-Leu-Ala) in the first transmem-
brane region of the rodent as compared to the human P3-
sequence, is equivalent to the loss of one at-helix turn, thus
inducing conformational modifications in a region located in
the ligand binding site and that may be important for signal
transduction (Blin et al., 1993). The substitution of two Cys
by two Arg in the second and third intra-cytoplasmic loops
of the murine and rat as compared to the human P3-
adrenoceptor sequences, may also prevent the formation of a
disulphide-bridge stabilizing the conformation in a region
implicated in the coupling of the receptor with the Gs protein
(Kjelsberg et al., 1992).

Previous studies for other receptors have shown that
minute sequence differences may actually result in important
pharmacological differences: the substitution of Asp"3 by Glu
in the human P2-adrenoceptor turned the antagonists oxpre-
nolol and pindolol into partial agonists (Strader et al., 1989).
Pharmacological differences linked to the modification of a
single key amino-acid between a human receptor and its
murine counterpart were also reported for other G-protein
coupled receptors like the a2A-adrenoceptor (Link et al.,
1992), and the 5-HTDp or 5-HTB receptor (Oksenberg et al.,
1992). These results support the idea that a single receptor
subtype encoded by species-homologous genes may display
different pharmacological patterns.

In conclusion, this detailed pharmacological analysis shows
that the cloned human and murine P3-adrenoceptors share
extensive properties which closely resemble those of the
atypical P-adrenoceptor sites described in heart, digestive
tract, and adipose tissues. Variations reported in the lit-
erature are likely to arise from differences in the primary
sequence of the P3-adrenoceptor expressed in different species,
or from differences in micro-environment for various tissues.
A single receptor may thus account for most of the atypical
pharmacological features described to date in different
species and tissues.

We would like to acknowledge Dr B. Feve's helpful critical reading
of the manuscript and Dr L.J. Emorine's constructive discussions.

This work was supported by grants from the Centre National de la
Recherche Scientifique, the Institut National de la Sante et de la
Recherche M6dicale, the Ministkre de la Recherche et de l'Espace,
the Universit6 Paris V, the Bristol-Myers-Squibb Company (Prince-
ton, NJ, U.S.A.), the Fondation pour la Recherche Medicale, the
Association pour le Developpement de la Recherche sur le Cancer,
and the Ligue Nationale Francaise contre la Cancer.

Bucindolol was provided by Bristol-Myers Squibb (Princeton, NJ,
U.S.A.). CGP 12177A, CGP 20712A, alprenolol and oxprenolol were
gifts from Ciba-Geigy Corporation (Basel, Schwitzerland). ICI
118551 and ICI 201651 were provided by Imperial Chemical Indus-
tries (Macclesfield, England). Cimaterol and LY 79771 were donated
by American Cyanamid (Pearl River, NY, U.S.A.) and Lilly
Research Labs (Indianapolis, IN, U.S.A.), respectively. Pindolol was
provided by Sandoz (Basel, Switzerland). (-)-Bupranolol was a gift
from Schwarz Pharma (Monheim, Germany). BRL 37344 and BRL
28410 were obtained from SmithKline Beecham Pharmaceuticals
(Epsom, England). SM 11044 and SR 58611A were given by Sumi-
tomo Pharmaceuticals (Osaka, Japan) and Sanofi-Midy (Milano,
Italy), respectively.



918 N. BLIN et al.

References

ALOUSI, A.A., JASPER, J.R., INSEL, P.A. & MOTULSKY, H.J. (1991).
Stoichiometry of receptor-Gs-adenylate cyclase interactions.
FASEB J., 5, 2300-2303.

ARCH, J.R.S. (1989). The brown adipocyte P-adrenoceptor. Proc.
Nutr. Soc., 48, 215-223.

ARCH, J.R.S., AINSWORTH, A.T., CAWTHORNE, M.A., PIERCY, V.,
SENNITT, M.V., THODY, V.E., WILSON, C. & WILSON, S. (1984).
Atypical P-adrenoceptor on brown adipocytes as target for anti-
obesity drugs. Nature, 309, 163-165.

BIANCHETTI, A. & MANARA, L. (1990). In vitro inhibition of intes-
tinal motility by phenylethanolaminotetralines: evidence of atypi-
cal P-adrenoceptors in rat colon. Br. J. Pharmacol., 100, 831-
839.

BLIN, N., CAMOIN, L., MAIGRET, B. & STROSBERG, A.D. (1993).
Structural and conformational features determining selective sig-
nal transduction in the P3-adrenergic receptor. Mol. Pharmacol.,
44, 1094-1104.

BOJANIC, D., JANSEN, J.D., NAHORSKI, S.R. & ZAAGSMA, J. (1985).
Atypical characteristics of the P-adrenoceptor mediating cyclic
AMP generation and lipolysis in the rat adipocyte. Br. J. Phar-
macol., 84, 131-137.

BOND, R.A. & CLARKE, D.E. (1988). Agonist and antagonist charac-
terization of a putative adrenoceptor with distinct pharmaco-
logical properties from the a- and a-subtypes. Br. J. Pharmacol.,
95, 723-734.

EMORINE, L.J., BLIN, N. & STROSBERG, A.D. (1994). The human
P3-adrenoceptor: the search for a physiological function. Trends
Pharmacol. Sci., 15, 3-7.

EMORINE, L.J., FEVE, B., PAIRAULT, J., BRIEND-SUTREN, M.M.,
NAHMIAS, C., MARULLO, S., DELAVIER-KLUTCHKO, C. &
STROSBERG, A.D. (1992). The human 03-adrenergic receptor:
relationship with atypical receptors. Am. J. Clin. Nutr., 55,
215S-218S.

EMORINE, L.J., MARULLO, S., BRIEND-SUTREN, M.M., PATEY, G.,
TATE, K., DELAVIER-KLUTCHKO, C. & STROSBERG, A.D.
(1989). Molecular characterization of the human P3-adrenergic
receptor. Science, 245, 1118-1121.

ESBENSHADE, T.A., HAN, C., THEROUX, T.L., GRANNEMAN, J.G. &
P., M.K. (1992). Coexisting P1- and atypical P-adrenergic receptors
cause redundant increases in cyclic AMP in human neuroblas-
torna cells. Mol. Pharmacol., 42, 753-759.

FEVE, B., EMORINE, L.J., LASNIER, F., BLIN, N., BAUDE, B.,
STROSBERG, A.D. & PAIRAULT, J. (1991). Atypical P-adrenergic
receptor in 3T3-F442A adipocytes. J. Biol. Chem., 266, 20329-
20336.

GEORGE, S.T., BERRIOS, M., HADCOCK, J.R., WANG, H.Y. & MAL-
BON, C.C. (1988). Receptor density and cAMP accumulation:
analysis in CHO cells exhibiting stable expression of a cDNA
that encodes the beta2-adrenergic receptor. Biochem. Biophys.
Res. Commun., 150, 665-672.

GRANNEMAN, J.G., LAHNERS, K.N. & CHAUDHRY, A. (1991).
Molecular cloning and expression of the rat P3-adrenergic recep-
tor. Mol. Pharmacol., 40, 895-899.

GRANNEMAN, J.G., LAHNERS, K.N. & CHAUDHRY, A. (1993).
Characterization of the human P3-adrenergic receptor gene. Mol.
Pharmacol., 44, 264-270.

GRANNEMAN, J.G., LAHNERS, K.N. & RAO, D.D. (1992). Rodent
and human P3-adrenergic receptor genes contain an intron within
the protein-coding block. Mol. Pharmacol., 42, 964-970.

HARMS, H.H., ZAAGSMA, J. & DE VENTE, J. (1977). Differentiation
of P-adrenoreceptors in rat atrium, diaphragm and adipose tissue
of the rat, using stereoisomers of propranolol, alprenolol,
nifenalol and practolol. Life Sci., 21, 123-128.

HOLLENGA, C., HAAS, M., DEINUM, J.T. & ZAAGSMA, J. (1990).
Discrepancies in lipolytic activities induced by 0-adrenoceptor
agonists in human and rat adipocytes. Horm. Metab. Res., 22,
17-21.

HOLLENGA, C. & ZAAGSMA, J. (1989). Direct evidence for the
atypical nature of functional P-adrenoceptors in rat adipocytes.
Br. J. Pharmnacol., 98, 1420-1424.

HOLLOWAY, B.R., HOWE, R., RAO, B.S., STRIBLING, D., MAYERS,
R.M., BRISCOE, M.G. & JACKSON, J.M. (1991). ICI D7114 a novel
selective ,B-adrenoceptor agonist selectively stimulates brown fat
and increases whole-body oxygen. Br. J. Pharmacol., 104, 97-
104.

KAUMANN, A.J. (1989). Is there a third heart S-adrenoceptor?
Trends Pharmacol. Sci., 10, 316-320.

KJELSBERG, M.A., COTECCHIA, S., OSTROWSKI, J., CARON, M.G. &
LEFKOWITZ, R.J. (1992). Constitituve activation of the a1B-
adrenergic receptor by all amino acid substitutions at a single
site. J. Biol. Chem., 267, 1430-1433.

KRIEF, S., LONNQVIST, F., RAIMBAULT, S., BAUDE, B., VAN
SPRONSEN, A., ARNER, P., STROSBERG, A.D., RICQUIER, D. &
EMORINE, L.J. (1993). Tissue distribution of P3-adrenergic recep-
tor mRNA in man. J. Clin. Invest., 91, 344-349.

LANGIN, D., PORTILLO, M.P., SAULNIER-BLACHE, J.S. & LAFON-
TAN, M. (1991). Coexistence of three P-adrenoceptor subtypes in
white fat cells of various mammalian species. Eur. J. Pharmacol.,
199, 291-301.

LELIAS, J.M., KAGHAD, M., RODRIGUEZ, M., CHALON, P., BONNIN,
J., DUPRE, I., DELPECH, B., BENSAID, M., LEFUR, G., FERRARA,
P. & CAPUT, D. (1993). Molecular cloning of a human P3-
adrenergic receptor cDNA. FEBS Lett., 324, 127-130.

LIGGETT, S.B. (1992). Functional properties of the rat and human
P3-adrenergic receptors: differential agonist activation of recom-
binant receptors in chinese hamster ovary cells. Mol. Pharmacol.,
42, 634-637.

LINK, R., DAUNT, D., BARSH, C., CHRUSCINSKI, A. & KOBILKA, B.
(1992). Cloning of two mouse genes encoding a2-adrenergic
receptor subtypes and identification of a single amino. acid in the
mouse a2-C1O homolog responsible for an interspecies variation
in antagonist binding. Mol. Pharmacol., 42, 16-27.

LOHSE, M.J. (1992). Stable overexpression of human P2-adrenergic
receptors in mammalian cells. Naunyn Schmied. Arch. Pharmacol.,
345, 444-451.

L6NNQVIST, F., KRIEF, S., STROSBERG, A.D., NYBERG, B., EMOR-
INE, L. & ARNER, P. (1993). Evidence for a functional P3-
adrenoceptor in man. Br. J. Pharmacol., 110, 929-936.

MACLAUGHLIN, D.P. & MACDONALD, A. (1990). Evidence for the
existence of 'atypical' P-adrenoceptors (p3-adrenoceptors) media-
ting relaxation in the rat distal colon in vitro. Br. J. Pharmacol.,
101, 569-574.

MANARA, L. & BIANCHETTI, A. (1990). The phenylethanolaminotet-
ralines: new selective agonists for atypical P-adrenoceptors.
Trends. Pharmacol. Sci., 11, 229-230.

MANARA, L., GUZZI, U., AUREGGI, G., CROCI, T. & BIANCHETTI,
A. (1990). On the selectivity of in vitro inhibition of rat colon
motility by P-adrenergic substituted phenylethanolamines. Eur. J.
Pharmacol., 183, 2197-2198.

MOHELL, N. & DICKER, A. (1989). The P-adrenergic radioligand
[3H]CGP-12177, generally classified as an antagonist, is a ther-
mogenic agonist in brown adipose tissue. Biochem. J., 261,
401-405.

MUZZIN, P., REVELLI, J.P., FRASER, C.M .& GIACOBINO, J.P. (1992).
Radioligand binding studies of the atypical P3-adrenergic recep-
tor in rat brown adipose tissue using [3H]CGP 12177. FEBS Lett.,
298, 162-164.

MUZZIN, P., REVELLI, J.P., KUHNE, F., GOCAYNE, J.D., MACCOM-
BIE, W.R., VENTER, J.C., GIACOBINO, J.P. & FRASER, C.M.
(1991). An adipose tissue-specific ,-adrenergic receptor. J. Biol.
Chem., 266, 24053-24058.

MUZZIN, P., SEYDOUX, J., GIACOBINO, J.P., VENTER, J.C. &
FRASER, C. (1988). Discrepancies between the affinities of bin-
ding and action of the novel P-adrenergic agonist BRL 37344 in
rat brown adipose tissues. Biochem. Biophys. Res. Commun., 156,
375-382.

NAHMIAS, C., BLIN, N, ELALOUF, J.M., MATTEI, M.G., STROSBERG,
A.D. & EMORINE, L.J. (1991). Molecular characterization of the
mouse P3-adrenergic receptor: relationship with the atypical
receptor of adipocytes. EMBO J., 10, 3721-3727.

NANTEL, F., BONIN, H., EMORINE, L.J., ZILBERFARB, V., STROS-
BERG, A.D., BOUVIER, M. & MARULLO, S. (1993). The human
P3-adrenergic-receptor is resistant to short-term agonist-promoted
desensitization. Mol. Pharmacol., 43, 548-555.

OKSENBERG, D., MARSTERS, S.A., O'DOWD, B.F., JIN, H., HAVLIK,
S., PEROUTKA, S.J. & ASHKENAZI, A. (1992). A single amino-
acid difference confers major pharmacological variation between
human and rodent 5-HTJB receptors. Nature, 360, 161-163.

STRADER, C.D., CANDELORE, M.R., HILL, W.S. & DIXON, R.A.F.
(1989). A single amino-acid substitution in the P-adrenergic recep-
tor promotes partial agonist activity from antagonists. J. Biol.
Chem., 264, 16470-16477.



PHARMACOLOGY OF THE HUMAN AND MURINE P-ADRENOCEPTORS 919

SUGASAWA, T., MATSUZAKI, M., MOROOKA, S., FOIGNANT, N.,
BLIN, N. & STROSBERG, A.D. (1992). In vitro study of a novel
atypical P-adrenoceptor agonist, SM-11044. Eur. J. Pharmacol.,
216, 207-215.

TATE, K.M., BRIEND-SUTREN, M.M., EMORINE, U., DELAVIER-
KLUTCHKO, C., MARULLO, S. & STROSBERG, A.D. (1991). Exp-
ression of three human P-adrenergic-receptor subtypes in trans-
fected chinese hamster ovary cells. Eur. J. Biochem., 612, 1-5.

VAN SPRONSEN, A., NAHMIAS, C., KRIEF, S., BRIEND-SUTREN,
M.M., STROSBERG, A.D. & EMORINE, L.J.E. (1993). The human
and mouse beta3-adrenergic receptor genes: promoter and intron/
exon structure. Eur. J. Biochem., 213, 1117-1124.

WILSON, C., WILSON, S., PIERCY, V., SENNITT, M.V. & ARCH, J.R.S.
(1984). The rat ipolytic j-adrenoceptor: studies using novel P-
adrenoceptor agonists. Eur. J. Pharmacol., too, 309-319.

ZAAGSMA, J. 4 NAHORSKI, S.R. (I990). Is the adipocyte -
adrenoceptor a'prototype for the recently cloned atypical 'p3-
adrenoceptor'?. Trends Pharmacol. Sci., 11, 3-7.

(Received September 9, 1993
Revised February 19, 1994
Accepted March 16, 1994)



Br. J. Pharmacol. (1994), 112, 920-924

Blockade by oral or parenteral RPR 100893 (a non-peptide
NK1 receptor antagonist) of neurogenic plasma protein
extravasation within guinea-pig dura mater and conjunctiva

Won S. Lee, *Saliha M. Moussaoui & 'Michael A. Moskowitz

Stroke Research Laboratory, Neurosurgery and Neurology Services, Massachusetts General Hospital, Harvard Medical School,
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1 The ability of an NKI receptor antagonist, RPR 100893, and its enantiomer, RPR 103253 to block
neurogenic plasma protein extravasation in guinea-pig dura mater and conjunctiva was assessed follow-
ing '25I-labelled bovine serum albumin (['251]-BSA, 50 pCi kg-', i.v.) and unilateral electrical stimulation
of the trigeminal ganglion (0.6 mA, 5 ms, 5 Hz, 5 min) or capsaicin administration (150 jig kg-', i.v.).

2 When administered p.o. 60 min prior to electrical stimulation, RPR 100893 () 0.1 fg kg-')
decreased plasma protein extravasation in dura mater in a dose-dependent manner, whereas the
enantiomer (10 or 100ttgkg-', p.o.) was inactive.
3 When given i.v. 30min prior to electrical stimulation, RPR100893 (> 0.5ngkg-') significantly
inhibited plasma protein extravasation in the dura mater evoked by electrical stimulation in a dose-
dependent manner.

4 RPR 100893 (100 ptg kg-', p.o.) also reduced the leakage when given 45 min before the guinea-pigs
were killed and 10, 40 and 80 min after electrical trigeminal stimulation.
5 RPR 100893 given p.o. dose-dependently inhibited capsaicin-induced plasma protein extravasation
with IDsOs of 7.4 pgkg-' and 82 ygkg-' for dura mater and conjunctiva, respectively.
6 These results are consistent with the contention that NKI receptors mediate neurogenic plasma
protein leakage following trigeminal stimulation, and suggest that NKI receptor antagonists of the
perhydroisoindolone series may be useful for treating migraine and cluster headaches.
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Introduction

Neurogenic inflammation (NI), a complex process charac-
terized by vasodilatation, plasma extravasation, endothelium
activation and mast cell degranulation develops in the dura
mater following electrical or chemical stimulation of
capsaicin-sensitive fibres projecting from neurones within
trigeminal ganglia (Markowitz et al., 1987; Dimitriadou et
al., 1992). There is considerable evidence that NI is mediated
by the tachykinins, particularly substance P (SP), after
release from perivascular trigeminovascular axons (Liu-Chen
et al., 1983; Moskowitz et al., 1983; 1989; Dimitriadou et al.,
1991; Moussaoui et al., 1993a,b; Shepheard et al., 1993). SP
binds preferentially to NKI receptors, whereas neurokinin A
is a preferential ligand at NK2 recognition sites (Quirion &
Dam, 1985; Buck & Burcher, 1986; Regoli et al., 1987). The
selective antagonist, RP 67580 blocks neurogenic extravasa-
tion within dura mater after electrical or chemical trigeminal
stimulation, thereby suggesting an NKI receptor-mediated
response (Shepheard et al., 1993; Moussaoui et al., 1993a,b).
We have proposed that NI within dura mater may con-

tribute to hyperalgesia and promote sensitization of dural
trigeminovascular afferents to sustain headache pain (Mos-
kowitz, 1984; 1991; 1992). Drugs useful for the treatment of
acute migraine block NI within the dura mater. For example,
sumatriptan or dihydroergotamine activate prejunctional 5-
HT1D/B heteroreceptors and block the development of NI by
inhibiting neuropeptide release from trigeminovascular fibres
(Buzzi et al., 1991).
RPR 100893, a novel, non-peptide, selective antagonist of

human NKI receptors, is representative of the 7,7,4-triaryl-
perhydroisoindol-4-ols, a new series of perhydroisoindolones
of which RPR 67580 is a member (Tabart & Peyronel, 1994).
We now demonstrate that low doses of orally or intra-
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venously administered RPR 100893 potently block plasma
protein extravasation in guinea-pig dura mater induced by
electrical or chemical trigeminal stimulation, and that
blockade can occur before as well as after nerve stimulation.

Methods

Male Hartley guinea-pigs (200-250 g, Charles River Labora-
tories, Wilmington, MA, U.S.A. and Charles River Labora-
tories, France) were housed under diurnal lighting conditions
and allowed food and water ad libitum.

Electrical trigeminal ganglion stimulation

Anaesthetized animals (pentobarbitone sodium, 40 mg kg-',
i.p.) were placed in a stereotaxic frame (DKI 900, David
Kopf Instruments, Tujunga, CA, U.S.A.) with the incisor bar
set at -4.5 mm from the horizontal, and the calvarium was
exposed by a midsagittal incision. The right femoral vein was
exposed and '25I-labelled bovine serum albumin (['251]-BSA,
50 gpCi kg-') was injected as a bolus. Symmetrical burr holes
of 2 mm diameter were drilled 4.0 mm posterior to the
bregma and 4.0 mm laterally on each side of the sagittal
suture for electrode placement. Bipolar electrodes (50 mm
shaft, Rhodes Medical Instruments, Woodland Hills, CA,
U.S.A.) were lowered into the trigeminal ganglia to a depth
of 10.5 mm from the dura mater overlying the dorsal surface
of the brain. The right trigeminal ganglion was stimulated for
5 min (0.6 mA, 5 ms, 5 Hz) (Pulsemaster A300, Stimulus
Isolator A365, World Precision Instruments, San Carlos, CA,
U.S.A.; Oscilloscope V-134, Hitachi Densi, Tokyo, Japan), as
previously described (Markowitz et al., 1987; Matsubara et
al., 1991).
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Pre-stimulation treatment

RPR 100893 or its enantiomer, RPR 103253, was adminis-
tered via nasogastric tube in a volume of 2.5 ml kg-' 60 min
before electrical stimulation of trigeminal ganglion. Sixty min
was selected as the interval between administration and
stimulation because previous studies had demonstrated that
plasma levels of RPR 100893 peak at this time (Moussaoui et
al., 1994). By i.v. route, RPR 100893 was administered
30 min before electrical stimulation. Control animals received
the same volume of vehicle. [251I]-BSA was injected via the
right femoral vein 5 min before electrical stimulation.
Immediately after stimulation, animals were perfused via the
left cardiac ventricle with 0.9% saline for 2 min at a constant
pressure of 100 mmHg. The dura mater was then dissected
bilaterally, as previously described (Markowitz et al., 1987).

Post-stimulation treatment

RPR 100893 was administered p.o. 10, 40 and 80 min after
electrical trigeminal stimulation. Forty min later, ['25I]-BSA
was injected. Five min later, animals were perfused and then
killed. During these experiments, supplementary pentobar-
bitone (15 mg kg-', i.p.) was administered every 60 min to
maintain anaesthesia.

Capsaicin administration

Capsaicin (150 jig kg-') was administered via the left jugular
vein of the anaesthetized guinea-pig 5 min after ['251I]-BSA
injection. RPR 100893 or sumatriptan was administered p.o.
60 min prior to capsaicin. Ten min after capsaicin treatment,
animals were perfused with 0.9% saline transcardially at a
constant pressure of 100 mmHg for 3 min. Immediately after
transcardiac perfusion, the dura mater and conjunctiva were
dissected.

Drugs

251I-labelled bovine serum albumin ([251I]-BSA; New England
Nuclear, Boston, MA, U.S.A. and Du Pont de Nemours,
France) was diluted in saline. Capsaicin (Sigma, France) was
dissolved in ethanol/polysorbate 80/distilled water (1:1:8).
RPR 100893 and RPR 103253 were synthesized in the
Department of Chemistry of Rhone-Poulenc Rorer, France.
RPR 100893 and RPR 103253 were dissolved in poly-
ethyleneglycol 400. Sumatriptan (Glaxo, U.K.) was dissolved
in saline. RPR 100893, ['l25]-BSA and capsaicin were injected
i.v. as a bolus in a volume of 1.0 ml kg-'. The same volume
of vehicle was administered to the animals in the control
groups in each experiment.

Data analysis

[251I]-BSA extravasation is expressed as the ratio of c.p.m.
mg-' of wet wt. (stimulated side)/c.p.m.mg-' of wet wt.
(unstimulated side) for experiments involving electrical
stimulation. Data are given as mean ± s.e.mean. Results with
capsaicin are expressed as a percentage of c.p.m. mg-1 tissue
in the capsaicin- versus vehicle-treated animals.
Each data point was calculated from at least two separate

experiments. ID50 (the dose at which ['25I]-BSA extravasation
was inhibited by 50%) was determined by regression analysis.
Student's unpaired t test was used for statistical comparisons
between vehicle- and drug-treated groups. Probability values
(P) of less than 0.05 were considered significant.

Results

Unilateral electrical trigeminal ganglion stimulation increased
the leakage of ['25l]-BSA within the dura mater of guinea-pigs
treated with vehicle (p.o.) from 29.2 ± 3.0 to 48.2 ± 4.3

c.p.m. mg' wet wt. (P<0.005, n = 10). The ratio between
the stimulated and unstimulated sides was 1.69 ± 0.07 and
was similar to previously reported values after saline-vehicle
administration (Buzzi & Moskowitz, 1990).
When administered p.o. 60 min before electrical stimula-

tion (Figure 1), RPR 100893 significantly decreased the ratio
to 1.42 ± 0.05 at a threshold dose of 0.1 ILg kg-' (P< 0.05,
n = 6). The ID50 was 0.5 jig kg-'. RPR 100893 dose-depen-
dently decreased plasma extravasation. The ratio decreased
to 1.24 ± 0.03 at I lg kg-' (P<0.001, n = 7), 1.15 ± 0.05 at
l0figkg-' (P<0.00l, n=6), and 1.04± 0.06 at 100 ilgkg-'
(P< 0.001, n = 5). Extravasation on the unstimulated side
did not differ between the treated and untreated groups.
When administered p.o. at 10 or 100 fig kg-', 60 min

before electrical stimulation, RPR 103253, the enantiomer of
RPR 100893, did not affect plasma protein extravasation
within dura mater: 1.51 ± 0.03 (n = 5) and 1.47 ± 0.04
(n = 7), respectively; 1.56 ± 0.06 in vehicle group (n = 4).

Pretreatment with RPR 100893 (0.05-50 ng kg-', i.v.)
30 min before electrical stimulation dose-dependently reduced
plasma protein extravasation with an ID5o of 2.5 ng kg'
(Figure 2). The threshold dose was 0.5 ng kg-' (1.40 ± 0.03,
P< 0.05, n = 5) and the maximum response was achieved
with 50 ng kg-' (1.08 ± 0.07, P< 0.001, n = 5) as compared
to the vehicle-treated group (1.69 ± 0.07, n = 5).

Table 1 shows the effect of RPR 100893 on the delayed
plasma protein extravasation response that develops during
the poststimulation period. At 100 ig kg-', p.o. administered
10, 40 or 80 min after electrical stimulation, RPR 100893
markedly attenuated the delayed extravasation response in
those animals killed within 85 min poststimulation. There
was little extravasation to block at 125 min after stimulation.

Capsaicin increased the leakage of ['251l-BSA within dura
mater (133.2 ± 4.8%, P<0.01, n = 24) and conjunctiva
(177.9 ± 9.4%, P<0.01, n = 20) as compared to vehicle-
treated animals. RPR 100893 (1-1,000 jig kg-', p.o.) blocked
the response in a dose-dependent manner when administered
60 min prior to capsaicin injection [in dura mater; 124.0+
11.3% at ljIgkg-' (n=6), 117.8±12.5% at lI0Lgkg-'
(n=6), 102.5±7.9% at 100 ggkg-' (P<0.01, n=9),
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Figure 1 Oral RPR 100893 reduced plasma protein (['25I]-BSA)
extravasation within guinea-pig dura mater following electrical
stimulation of trigeminal ganglion (0.6 mA, 5 ms, 5 Hz). Animals
were treated with vehicle (solid column; n = 10), 0.01 (heavily hat-
ched column, n = 6), 0.1 (cross-hatched column, n = 6), 1 (hatched
column, n = 7), 10 (dotted column, n =6) or 100 (open column,
n = 5) pg kg-' of RPR 100893 given 60 min before electrical stimula-
tion and 55 min before ['l25]-BSA (50 pCi kg-') injection. Immediate-
ly after stimulation, animals were perfused with 0.9% saline and
tissues harvested (see Methods). Results are expressed as the ratio of
the c.p.m. mg-' wet weight on the stimulated side to that on the
unstimulated side (mean ± s.e.mean). *P< 0.05, **P<0.001 as com-
pared to vehicle-treated group.
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pared to RP 67580, pretreatment with RPR 100893 was
about 240 times more potent. The IDms of RP 67580 (rat;
Shepheard et al., 1993) and RPR 100893 (guinea-pig) were
0.6ttg kg-' and 2.5 ng'kg-, i.v., respectively. Results of
recent pilot experiments indicate that RPR 100893 does not
alter basal plasma extravasation or vasodilatation in peri-
pheral tissues (Moussaoui et al., 1994).

RPR 100893
**

Vehicle 0.05 0.5 5

RPR 100893 (ng kg-1)
50

Figure 2 RPR 100893 administered i.v. decreased plasma protein
extravasation within guinea-pig dura mater following electrical
trigeminal ganglion stimulation. RPR 100893 was administered 0.05
(cross-hatched column), 0.5 (hatched column), 5 (dotted column) or
50 (open column) ng kg-', 30 min before electrical stimulation and
25 min before [1"51l-BSA injection. Immediately after stimulation,
animals were perfused with 0.9% saline (see Methods). Data are
expressed as described in legend to Figure 1. *P<O.O5, **P<0.01;
***P<0.001 as compared to vehicle-treated group (n = 5 in each
group).

101.3 ± 7.9% at 1,000jgkg- (P<0.01, n = 8): in conjunc-
tiva; 161.3 ± 14.9% at 1jg kg-' (n = 6), 138.5 ± 14.0% at
104gkg-1 (P<0.05, n=6), 130.6±6.6% at 10OIgkg-'
(P<0.01, n=8), 117.7±9.6% at 1,000tgkg-' (P<0.01,
n = 6)]. The ID50s for dura mater and conjunctiva were
7.4 gg kg-' and 82 lg kg-', respectively. Oral sumatriptan
likewise administered 60 min prior to capsaicin injection was
effective in dura mater only at a considerably higher
dose [109.4 ± 10.4% at 0,000 fig kg-' (P<0.05, n =7) vs.
155.6 ± 12.2% in vehicle group (n= 16); ID50 of 1,000 lsg
kg-'], but not in conjunctiva.

Discussion

The NKI receptor antagonist, RPR 100893 but not its
stereoisomer RPR 103253, potently blocked NI within
guinea-pig dura mater evoked by electrical trigeminal
stimulation. RPR 100893 was effective at very low doses p.o.
or i.v. when administered before, and also when given p.o.
after electrical trigeminal stimulation. RPR 100893 was also
effective against capsaicin-induced extravasation. When com-

Table 1 Effect of RPR 100893 (100 pg k-g-') administered p.o. 10,
plasma protein extravasation in guinea-pig dura mater

RPR 100893 binds with high affinity (nanomolar range) and
selectively to the NKI recognition site on human IM9 cells
and guinea-pig brain, but not to NK2 or NK3 binding sites
(Fardin et al., 1994). Its affinity for guinea-pig NK1 receptors
is 30 times greater than that of its enantiomer, RPR 103253
(Fardin et al., 1994; Moussaoui et al., 1994). RPR 100893
exhibits > 1 JM affinity for a variety of other peptide recep-
tors, receptors of classical neurotransmitters, calcium chan-
nels and the rat NK, receptor (Fardin et al., unpublished
data).
RPR 100893 inhibits nociceptive behaviours when adminis-

tered to guinea-pigs, albeit at a lower potency than blockade
of plasma extravasation within dura mater, and the response
is not accompanied by a change in blood pressure.
RPR 100893 but not its enantiomer blocked the licking res-
ponse to formalin-injected guinea-pig paws (50gil, 5%) with
an IDI0 of 3.1 mg kg-', s.c. (Moussaoui et al., 1994).
Although the mechanism may be complex and the specificity
challenged (Rupniak et al., 1993; Guard et al., 1993), other
NKI receptor antagonists, such as RP 67580 and CP-96,345
decreased pain-associated behaviours induced by chemical
stimulation (formalin and phenylbenzoquinone tests in rat
and mouse; Yamamoto & Yaksh, 1991; Nagahisa et al.,
1992; Carruette et al., 1993), Moreover, RP 67580 blocked
the nociception flexion reflex in an enantiomer-specific man-
ner (Laird et al., 1993). We recently found that relatively
large doses of RPR 100893 (threshold, I fig kg-', i.v.)
attenuated the expression of c-fos antigen within lamina III.
of guinea-pig trigeminal nucleus caudalis induced by intra-
cisternal capsaicin (Cutrer et al., unpublished data). The
inhibition of c-fos antigen expression within this brain region
was previously demonstrated after giving analgesics such as
morphine, or after sumatriptan or dihydroergotamine follow-
ing noxious meningeal stimulation (Presley et al., 1990;
Nozaki et al., 1992; Moskowitz et al., 1993).
Wang et al. (1994) noted certain structural similarities

between non-peptide tachykinin receptor antagonists and
local anaesthetics. They reported that RP 67580 and CP-
96,345 blocked non-NK, related neurotransmission. RP
67580 and CP-96,345, like the anaesthetic bupivacaine,
inhibited non-tachykinin-evoked neurotransmission in addi-
tion to tachykinin-evoked neurotransmission. Because RP

40 or 80 min after electrical trigeminal stimulation on delayed

Poststimulation

55 min
Vehicle (8)
RPR 100893 (8)

85 min
Vehicle (6)
RPR 100893 (6)

125 min
Vehicle (6)
RPR 100893 (6)

Stimulated side
(c.p.m. mg-')

31.42 ± 0.47
25.00 ± 1.05

32.54 ± 1.30
26.98 ± 2.50

29.06 ± 1.97
28.05 ± 3.27

Unstimulated side
(c.p.m. mg,')

21.90 ± 0.65
23.11 ± 0.74

24.56 ± 1.09
26.44 ± 2.73

26.40 ± 2.36
27.93 ± 3.27

RPR 100893 decreased plasma protein extravasation within the guinea-pig dura mater after 5 min of electrical trigeminal stimulation.
RPR 100893 was administered p.o. 10, 40 or 80 min after electrical stimulation. Forty min later, ['231l-BSA was injected and the
animals perfused and killed after an additional 5 min. Numbers in parentheses represent the number of animals per group. *P<0.01,
**P<0.001 as compared to corresponding vehicle-treated group.
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1.44 ± 0.03
1.09 ± 0.07**

1.33 ± 0.05
1.03 ± 0.04*

1.12 ± 0.06
1.01 ± 0.05
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67580 and RPR 100893 are structural analogues, the pos-
sibility that RPR 100893 possesses local anaesthetic-like
actions in addition to actions at the NKI receptor cannot
now be ruled out. However, the large concentrations of
RP 67580 required to achieve non-specific blockade argues in
favour of an NKI receptor-mediated mechanism in the
studies reported herein. Additional work will be required to
clarify this point.

NK, receptor and neurogenic inflammation in dura mater

The evidence supports NKI receptor involvement in the
extravasation response. As noted above substance P (SP), the
preferential NKI receptor endogenous ligand, is stored and
released from trigeminal nerve terminals in the dura mater
(Edvinsson et al., 1983) where it produces vasodilatation and
plasma protein extravasation (Moskowitz et al., 1989).
Exogenous SP and selective NK1 receptor agonists, such as
GR 73632 and SPOMe, but not NK2 (GR 64349) or NK3
(senktide) receptor agonists, enhance both plasma protein
extravasation and vasodilatation in cranial tissues (Guard &
Watson, 1991; Hagan et al., 1991; Beattie et al., 1993;
O'Shaughnessy & Connor, 1993). Hence, the inhibition of NI
by RPR 100893 is most consistent with selective blockade of
NK1 receptors.
RP 67580 (Moussaoui et al., 1993c; Shepheard et al., 1993)

and RPR 100893 were more potent blockers of neurogenic
extravasation within the dura mater than within extracranial
tissues. When RP 67580 was administered prior to capsaicin
treatment, its IDs was as low as 35 pg kg-1, i.v., whereas
values of 109 and 309 gpg kg-I, i.v. were obtained in conjunc-
tiva and bladder, respectively (Moussaoui et al., 1993c). The
explanation for this tissue-specific response is not yet known,
but may suggest the existence of more than a single NK,
receptor subtype.

The results after delayed RPR 100893 administration
(Table 1) implicate sustained SP release as the mediator of
plasma leakage developing beyond the period of electrical
stimulation. Consistent with this formulation, endopeptidase
24.11 which degrades extracellular neuropeptides (Roques &
Beaumont, 1990) blocks the delayed response as does 5-
HTID/B receptor agonists (Huang et al., 1993). Together these
findings are consistent with data showing that plasma extra-
vasation in the skin can be blocked at the presynaptic level
(by opioid agonists inhibiting SP release, by colchicine block-
ing axonal transport of neuromediators, or by neonatal cap-
saicin treatment destroying C-fibres; Moussaoui et al., 1993a)
as well as at the postsynaptic levels (by blocking NKI recep-
tors or by dexamethasone which inhibits the mRNA expres-
sion of the NK1 receptor; Ihara & Nakanishi, 1990). Our
data showing that lignocaine (5 mg kg-', i.v.) blocked
plasma protein extravasation in dura mater induced by SP
(1 nmol kg-l) or electrical trigeminal stimulation (Huang et
al., unpublished data) merit further study in view of one
report showing that RP 67580 possesses local anaesthetic-like
properties which are distinct from actions at the NKI recep-
tor (Wang et al., 1994).

In conclusion, the present work is the first to demonstrate
the oral and parenteral effects of a potent human NKI
receptor antagonist, RPR 100893, on neurogenic plasma
extravasation, when administered either before or after
chemical or electrical stimulation. If NI is important to the
development of vascular headaches (Moskowitz et al., 1989)
and RPR 100893 exhibits antinociceptive activity (Moussaoui
et al., 1994), perhydroisoindoles such as RPR 100893 could
be effective in the treatment of migraine and related
headaches.
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Enhancement of arterial relaxation by long-term atenolol
treatment in spontaneously hypertensive rats

'Mika Kaihonen, Heikki Maikynen, Pertti Arvola & Ilkka Porsti

Department of Biomedical Sciences, University of Tampere, P.O. Box 607, FIN-33101 Tampere, Finland

1 The effects of long-term atenolol (25 mg kg-' day-') therapy on arterial function were studied in
spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats. The 14-week treatment
attenuated the increase in blood pressure by approximately 30 mmHg in SHR, but did not affect blood
pressure in WKY rats.
2 Responses of mesenteric arterial rings in vitro were examined at the end of the study. The relaxation
to acetylcholine was similar in WKY rats and atenolol-treated SHR and more pronounced than in
untreated SHR, whereas the relaxation to the nitric oxide donor 3-morpholinosydnonimine (SIN-1) was
comparable in all study groups. Moreover, after maximal relaxations to acetylcholine, marked recontrac-
tions developed in untreated SHR but not in the other groups. Vasorelaxation to isoprenaline was also
attenuated in SHR and was moderately improved by the atenolol therapy.
3 Arterial relaxation induced by return of potassium to the organ bath upon precontractions elicited
by potassium-free solution were used to evaluate vascular smooth muscle Na+,K+-ATPase. The rate of
potassium relaxation was fastest in WKY rats and was also faster in atenolol-treated than in untreated
SHR.
4 The ability of vascular smooth muscle to sequester calcium was evaluated by eliciting responses to
caffeine or noradrenaline after loading periods in different organ bath calcium concentrations. The
subsequent contractions were lower in untreated SHR than in WKY rats, and augmented in SHR by the
atenolol treatment.
5 Smooth muscle contractions to noradrenaline were comparable in SHR and WKY rats, while
atenolol treatment slightly increased the maximal response to this agonist in SHR. Responses to
potassium chloride were not affected by atenolol and contractions following cumulative re-addition of
calcium to the organ bath after precontraction with potassium chloride and noradrenaline in calcium-
free solution were comparable in all study groups.

6 In conclusion, the moderate antihypertensive effect of atenolol in SHR was accompanied by
enhancement of P-adrenoceptor-mediated and normalization of endothelium-dependent arterial relaxa-
tion. Furthermore, ability to sequester calcium into cellular stores, and function of Na+,K+-ATPase
were augmented in vascular smooth muscle. Therefore, the present results suggest that the long-term
blood pressure-lowering action of atenolol in this type of genetic hypertension is accompanied by
improved arterial relaxation and normalization of endothelial function.

Keywords: Arterial smooth muscle; atenolol; blood pressure; endothelium; spontaneously hypertensive rat

Introduction

The mechanisms beyond the antihypertensive action of 0-
adrenoceptor blockade have not been fully clarified, but
reductions in adrenergic activity, cardiac output and renin
release have been proposed to underlie the lowering of blood
pressure (see Man in't Veld et al., 1986; Meiracker et al.,
1989). Since different P-adrenoceptor blockers with quite dis-
similar effects on the above variables have comparable effects
on blood pressure, Man in't Veld et al. (1986) have suggested
that the reductions observed in these factors are not essential
for the antihypertensive action. The acute haemodynamic
effect of P-adrenoceptor antagonism is a fall in cardiac out-
put (Lysbo Svendsen et al., 1979), and because of baro-
reflex-mediated compensatory mechanisms, total peripheral
vascular resistance initially rises (Lund-Johansen, 1979). The
long-term effect, however, is a reduction of arterial resistance
associated with return of cardiac output towards baseline
values. Therefore, it appears that 0-blockers lower blood
pressure by influencing the regulation of vascular tone, which
leads to vasodilatation in the resistance vasculature (Man in't
Veld, 1991).
The mechanism of the vasodilatation during P-adreno-

ceptor antagonism is not fully understood. Interference with

I Author for correspondence.

vasoconstrictor nerve activity through blockade of prejunc-
tional 0-adrenoceptors with subsequent inhibition of
noradrenaline (NA) release could lead to diminished arterial
contractility, and thus explain the antihypertensive effect
(Meiracker et al., 1989). In addition, endothelial influences
may play a role, since arterial preparations of normotensive
animals have been shown to relax in the presence of 0-
blockers if the endothelium is left intact (Mostaghim et al.,
1986; Janczewski et al., 1987). Moreover, treatment with
atenolol has been reported to stimulate vasodepressor prosta-
glandin generation in the kidney and aorta of hypertensive
rats (Hirawa et al., 1991).

Since the long-term effects of 0-blockade on arterial func-
tion are largely unknown, the aim of the present study was to
elucidate the influences of treatment with atenolol, a hydro-
philic PI-selective compound, on vascular responses in
spontaneously hypertensive rats (SHR) and normotensive
Wistar-Kyoto (WKY) rats. We examined arterial contrac-
tions induced by membrane depolarization and aL-adreno-
ceptors, and relaxations to endothelium-dependent and
-independent agents after the atenolol therapy. In addition,
vascular smooth muscle ability to sequester calcium into
cellular stores and to induce relaxation via Na+,K+-ATPase
were evaluated by indirect methods (Kojima et al., 1991;
Arvola et al., 1992).

t' "'. Macmillan Press Ltd, 1994Br. J. Pharmacol. (1994), 112, 925-933
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Methods

Animals and experimental design

Male SHR (Okamoto-Aoki strain) and age-matched WKY
rats were obtained from M0llegaard's Breeding Centre, Ejby,
Denmark. The animals were housed four to a cage in a
standard experimental animal laboratory (illuminated
06 h 00 min- 18 h 00 min, temperature + 220C), and had free
access to drinking fluid (tap water) and food pellets (Ewos,
S6dertiije, Sweden). The systolic blood pressures of con-
scious animals were measured at + 28°C by the tail-cuff
method (Model 129 Blood Pressure Meter; IITC Inc., Wood-
land Hills, Ca., U.S.A.). At 8 weeks of age both SHR and
WKY rats were divided into two groups of equal mean
systolic blood pressures. Thereafter, SHR (n = 10) and WKY
rats (n = 10) were given atenolol in drinking water in light-
proof bottles, (average dose 25 mg kg-Iday-', fresh drug
solutions daily prepared), while untreated SHR (n = 15) and
normotensive WKY rats (n = 15) were kept on normal
drinking fluid. This daily dose of the drug was chosen, since
in the range 15-45mgkg-' atenolol has been reported to
induce a comparable and nearly maximal affect on blood
pressure in SHR (Takeda et al., 1982). The concentration of
atenolol in the drinking water was adjusted weekly to the
drinking habits of the animals. Atelolol therapy and indirect
blood pressure measurements continued for 14 more weeks
until the animals were 22 weeks old. Thereafter atenolol
administration was withdrawn 1 day before the rats were
decapitated and exsanguinated. The blood samples were
drawn into polystyrene tubes containing heparin (100units
ml-') as anticoagulant for lymphocyte intracellular free cal-
cium concentration ([Ca2+]) measurements, which were per-
formed as previously described (Porsti et al., 1992; Wuorela
et al., 1992). The hearts were removed and weighed, and the
superior mesenteric arteries carefully excised and cleaned of
adherent connective tissue. The experimental design of the
study was approved by the Animal Experimentation Com-
mittee of the University of Tampere, Finland.

Mesenteric arterial responses in vitro

Four successive standard sections (3 mm in length) of the
mesenteric artery from each animal were cut, beginning 1 cm
distally from the mesenteric artery-aorta junction. The most
distal ring was left with the endothelium intact and from the
other three vascular endothelium was removed by gently
rubbing with a jagged injection needle (Arvola et al., 1992).
The average medial thickness in this preparation is about 110
and 801im in SHR and WKY rats, respectively (Arvola et
al., 1993; Wuorela et al., 1994). The rings were placed
between stainless steel hooks (diameter 30 gm) and sus-

pended in an organ bath chamber (volume 20 ml) in physio-
logical salt solution (PSS) (pH 7.4) of the following
composition (mM): NaCI 119.0, NaHCO3 25.0, glucose 1 1.1,
CaCl2 1.6, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, and aerated
with 95% 02 and 5% CO2. The rings were initially equili-
brated for 1 h at 37C with a resting tension of 1.5 g. The
force of contraction was measured with an isometric force-
displacement transducer and registered on a polygraph (FT03
transducer and model 7E Polygraph; Grass Instrument Co.,
Quincy, Ma., U.S.A.). The presence of intact endothelium in
vascular preparations was confirmed by an almost complete
relaxation response (> 75%) to 1 llM acetylcholine (ACh) in
1 gM NA-precontracted rings, and the absence of endo-
thelium by the lack of this relaxation response. If any relaxa-
tion was seen in endothelium-denuded rings, the endothelium
was further rubbed.

Vascular preparation I After a 30 min stabilization, the
endothelium-denuded mesenteric arterial ring was contracted
with 10 tIM NA to provide a reference contraction. When the
maximal reponse had fully developed, the rings were rinsed

with Ca2"-free PSS, and once the resting tension was restored
the contraction to NA was repeated in Ca2+-free medium to
deplete the cellular calcium stores. After a further 10 min
equilibration in resting tension at 0 mM calcium with 1 mM
ethylene glycol bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA), the rings were rinsed several times with Ca2+-
free buffer without EGTA and again contracted with NA
(10 gM, in Ca2`-free PSS). When the response had reached a
plateau, calcium was cumulatively readded to the organ bath
in concentrations of 0.05, 0.1, 0.2, 0.4, 0.8, 1.2 and 2.5 mM.
and the increase in contractile force registered. After the
maximal response, rings were rinsed with normal PSS and
allowed a 20 min recovery period. Then the cycle was re-
peated with 125 mM KCl used as the agonist instead of NA.
In solutions containing high concentrations of potassium,
NaCl was substituted with KCl on an equimolar basis.

Vascular preparation 2 After a 30 min stabilization period,
the endothelium-denuded vascular ring was contracted with
10 LM NA (reference contraction). When the maximal con-
traction was reached, the ring was rinsed with Ca2"-free PSS.
After a 10-min period in Ca2"-free PSS, 1 mM EGTA was
introduced and maximal response with 10 gM NA was
elicited 1 min later. This induced rapidly fading contraction,
the peak of the response reflecting the amount of calcium
liberated from cellular stores (Dohi et al., 1990). The follow-
ing cycle was then used to evaluate calcium sequestration
into cellular stores: (1) The preparations were incubated for
6 min in Ca2"-free PSS containing 1 mM EGTA (depletion of
cellular stores). (2) The rings were allowed a 10-min recovery
period in PSS with calcium (calcium loading period; no
EGTA in organ bath). (3) The Ca2"-free PSS containing
0.1 mM EGTA was returned to the organ bath and 1 min
later contractions to 10 iM NA were again elicited and maxi-
mal responses registered. This cycle was repeated 5 times, the
following organ bath calcium concentrations during the cal-
cium loading period being tested: 0, 0.033, 0.1, 0.4 and
1.2 mM. After a 20-min recovery period similar cycles were
repeated with 30mM caffeine as the contractile agent.

Vascular preparation 3 After 30 min the endothelium-
denuded preparation was contracted with 125 mM KCl
(reference response). After another 30 min the rings were
exposed to K+-free buffer solution (pH 7.4), which was
prepared by substituting KH2PO4 and KCl of normal PSS
with NaH2PO4 and NaCl, respectively, on an equimolar
basis. The omission of potassium induced gradual contrac-
tions in all vascular rings. Once the contraction had reached
a plateau, 1 mM potassium was re-added and the subsequent
relaxation registered.

Vascular preparation 4 In the most distal ring with intact
vascular endothelium, concentration-response curves for NA,
and 30 min later for KCI, were determined cumulatively.
After another 30 min recovery period, vascular responses to
ACh, 3-morpholinosydnonimine (SIN-1), and isoprenaline
were examined. The rings were precontracted with 1 gM NA,
and after the contraction had developed fully increasing con-
centrations of the relaxing agent were cumulatively added to
the organ bath. The next concentration of the relaxant was
added only after the previous level of relaxation was stable.
The rings were allowed a 20-min recovery in resting tension
between the study of each relaxant.
The KCI-, NA- and K+-free medium-induced contractile

responses were expressed in g. The EC50 for KCl and NA in
each ring was calculated as percentage of maximal response.
Calcium cumulative responses in Ca2"-free buffer solution
with KCI and NA as the agonists, and the maximal contrac-
tile forces induced by 30 mM caffeine and 10 tiM NA after
each calcium loading period were normalized by relating
them to the previously determined reference contractions.
After potassium repletion upon K+-free contractions, the
greatest reduction in smooth muscle contractile force during
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a 1 min period was considered the maximal relaxation rate,
the mean relaxation rate being calculated from the time
which was required to reach the maximal level of potassium
relaxation. The relaxations in response to potassium reple-
tion, ACh, SIN-1 and isoprenaline were presented as percent-
age of pre-existing contractile force. The EC50 for the latter 3
relaxants was calculated as a percentage of the 1 JtM NA-
induced precontraction. All EC50 values were calculated with
a computer programme and presented as the negative loga-
rithm (pD"), which values were also used in the statistical
analysis.

Drugs

The following drugs were used: acetylcholine chloride, cal-
cium salt of ionomycin, EGTA, isoprenaline hydrochloride,
ammonium salt of heparin (Sigma Chemical Co., St. Louis,
Mo., U.S.A.), atenolol (Leiras Pharmaceutical Co., Turku,
Finland), acetoxymethyl ester of quin-2, Triton X100 (Al-
drich Chemical Co., Milwaukee, Wis., U.S.A.), 3-morpho-
linosydnonimine (GEA Ltd., Copenhagen, Denmark) and
(-)-noradrenaline L-hydrogentartrate (Fluka Chemie AG,
Buchs SG, Switzerland). Atenolol was dissolved directly in
tap water. The stock solutions of the compounds used in the
in vitro studies were dissolved in distilled water, with the
exception of ionomycin (in absolute ethanol) and quin-2 (in
dimethylsulphoxide). All solutions were freshly prepared
before use and protected from light.

Analysis of results

Statistical analysis was carried out by one-way analysis of
variance (ANOVA) supported by Bonferroni confidence
intervals in the case of pairwise between-group comparisons.
When the data consisted of repeated observations at succes-
sive time points ANOVA for repeated measurements was
applied to investigate between-group differences. Differences
were considered significant when P <0.05. All results are
expressed as mean ± s.e.mean.

Results

Blood pressure, heart rate, heart and body weights, and
intracellular free calcium

The systolic blood pressure of SHR was higher at the begin-
ning of the study than in WKY rats, and during the 14-week-
long follow up it increased steadily in both SHR groups,

whereas no significant change was observed in either of the
WKY groups. Furthermore, the rise in blood pressure was
significantly attenuated in atenolol-treated SHR (Figure 1
and Table 1). Heart rate was also reduced by atenolol
administration in SHR, and it remained lower throughout
the study than in control SHR (Table 1).
The atenolol therapy did not affect heart or body weights

in either strain (Table 1). Lymphocyte [Ca2+]j, measured by
the fluorescent indicator quin-2, was comparable in control
and atenolol-treated SHR, and markedly higher than in the
WKY groups (Table 1).

Mesenteric arterial responses in vitro

The relaxations of endothelium-intact mesenteric arterial
rings to ACh were greatly impaired in untreated SHR when
compared with the WKY groups. Interestingly, the response
to ACh was markedly improved in SHR by the atenolol
treatment, the relaxation not differing from that in the WKY
groups. Moreover, following maximal dilatations to ACh the
force of contraction rapidly increased in untreated SHR, but
these recontractions were practically absent in WKY rats and
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Figure 1 Systolic blood pressure in untreated spontaneously
hypertensive rats (SHR, 0), atenolol-treated SHR (@,
25 mg kg-' day-'), untreated Wistar-Kyoto (WKY, 0) rats, and
atenolol-treated WKY rats (-). Symbols indicate means with
s.e.means, n = 10-12 in each group; *P <0.05, ANOVA for
repeated measurements.

180 [

Table 1 Blood pressure, body weight and heart rate during the study, and heart weight and lymphocyte intracellular free calcium
concentration at the close of the 13-week study

Variable SHR Aten-SHR WKY Aten-WKY

Systolic blood pressure (mmHg)
week 0
week 14

Body weight (g)
week 0
week 14

Heart weight (gkg-' body weight)
Heart rate (beatsmin-')
week 0
week 14

Intracellular free calcium
concentration in lymphocytes (nM)

165 ± 4*
223 ± 3*

197 ± 6
374 ± 4

166±3* 131±5
191 ±4*t 143±3

199 ± 4
368 ± 6

200±9
379 ± 7

3.6 ± 0.1* 3.6 ± 0.1* 3.2 ± 0.1 3.1 ± 0.1

374 ± 4*
335 ± 8*
98 ± 3*

375 ± 3* 328 ± 5
302 ± 3*t 289 ± 5

99±6* 72±3

Values are mean ± s.e.mean; n = 10-12 in each group. SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats; Aten,
atenolol-treated rats. The 14-week long atenolol treatment commenced at study week 0 when the animals were 8 weeks old. *P <0.05
compared with WKY rats, tP <0.05 Aten-SHR versus SHR (Bonferroni test).

133 ± 3
140±4

205 ± 8
370 ± 8

330±4
285 ± 6
74±4
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atenolol-treated SHR (Table 2 and Figure 2). No differences
were found in the nitric oxide donor SIN-i-induced re-
sponses between the study groups (Figure 2). However, the
relaxation to isoprenaline was attenuated in untreated SHR
when compared with WKY rats. The atenolol therapy also
improved this response in SHR, but the relaxation never-
theless remained less marked than in WKY rats (Table 2 and
Figure 3).
The maximal contractions elicited by K+-free solution did

not differ between the four study groups (Table 3). After the
return of potassium to the organ bath upon K+-free contrac-
tions the rate of the subsequent relaxation was faster in the
two WKY groups than in SHR. Furthermore, the atenolol
therapy clearly enhanced the rate of potassium relaxation in
SHR (Figure 3). However, the time to reach baseline tension
after washout of 125 mM KC1, i.e. the washout time, which
was clearly prolonged in SHR when compared with WKY
rats, was not shortened by the atenolol treatment in SHR
(Table 3).

In endothelium-denuded mesenteric arterial rings maximal
contractile force generation to high concentrations of KCl
was more pronounded in SHR than in WKY rats, and these
responses were not affected by the atenolol treatment in
either strain. The contractions to NA, however, were com-
parable in untreated SHR and WKY rats, while atenolol
slightly increased the maximal response in SHR but not in
WKY rats (Figure 4). pD50 values of KCl- and NA-induced
contractions were corresponding in all study groups (Table
2).
The effect of organ bath calcium concentration on 125 mM

KCl- and 10 j4M NA-induced contractions, i.e. the calcium
sensitivity of the vascular rings during depolarization and
x-adrenoceptor stimulation, respectively, were comparable in
all four study groups (Figure 5).
The contractile responses induced by 30mM caffeine and

50 _

100 L
7.5 7 6.5 6 5.5

SIN-1 (-log M)

Figure 2 Relaxations of endothelium-intact mesenteric arterial rings
after precontraction with 1 AM noradrenaline from untreated spon-
taneously hypertensive rats (SHR, 0), atenolol-treated SHR (0),
untreated Wistar-Kyoto (WKY, 0) rats, and atenolol-treated WKY
rats (U). The relaxation to acetylcholine consisted of the maximal
response (a) and the subsequent recontraction (b). Relaxations were
also induced by 3-morpholinosydnonimine (SIN-I) (c). Symbols
indicate means with s.e.mean, n = 8 in each group; *P <0.05,
ANOVA for repeated measurements.

Table 2 Parameters of contractile and relaxation responses of isolated endothelium-intact arterial rings
Variable SHR Aten-SHR WKY

Relaxation responses
pD5o

Acetylcholine
SIN-I
Isoprenaline

Maximal relaxation
(% of I #lm noradrenaline
-induced precontraction)

Acetylcholine (10 pM4)
SIN-I (3.3 jAM)
Isoprenaline (0.1 mM)

Contractile responses

pD5o
Noradrenaline
Potassium chloride

Maximal force (g)
Noradrenaline (10 jM)
Potassium chloride (125 mM)

7.20 ± 0.20*
6.34 ± 0.11

4.89 ± 0.23*

87 ± 3*
91 ± 3
63 ± 5*

7.70 ± 0.05t
6.53 ± 0.10
5.22 ± 0.10*

97 ± It
96± 2
76 ± I*t

7.79 ± 0.05
6.38 ± 0.03
5.83 ± 0.22

98 ± 1

95 ± 2
84±2

7.64± 0.07
6.54± 0.11

5.70 ± 0.25

96 ± 1

98±2
85 ± 3

6.33 ± 0.04 6.33 ± 0.02 6.37 ± 0.08 6.45 ± 0.08
1.32 ± 0.01 1.30 ± 0.02 1.36 ± 0.03 1.37 ± 0.03

3.0 ± 0.2
3.3 ± 0.1*

3.5 ± 0.2*t 2.9 ± 0.2
3.5±0.1* 2.6±0.2

3.1 ± 0.2
2.5 ± 0.2

Values are mean ± s.e.mean; n = 10-12 in each group. SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats; Aten,
atenolol-treated rats. EC5o values are presented at the negative logarithm (pDo) of concentration of the agonist. *P <0.05 compared
with WKY rats, tP <0.05 Aten-SHR versus SHR (Bonferroni test).
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10 gM NA after loading periods in increasing organ bath
calcium concentrations were clearly less marked in SHR than
in WKY rats. These contractions, reflecting the ability of

a
0 r-

50

loo L

arterial smooth muscle to sequester calcium into cellular
stores, were improved in SHR by the atenolol treatment
(Figure 6).
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Figure 3 Relaxations -to isoprenaline after precontraction with 1 AsM
noradrenaline in endothelium-intact mesenteric arterial rings (a), and
relaxations to re-addition of 1.0 mm K+ after precontraction induced
by K+-free buffer solution in endothelium-denuded rings (b). The
groups were untreated spontaneously hypertensive rats (SHR, 0),
atenolol-treated SHR (M), untreated Wistar-Kyoto (WKY, 0) rats,
and atenolol-treated WKY rats (-). Symbols indicate means with
s.e.mean, n = 8-10 in each group; *P <0.05, ANOVA for repeated
measurements.

OL
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Figure 4 Concentration-response curves of endothelium-denuded
mesenteric arterial rings to potassium chloride (a) and noradrenaline
(b) in untreated spontaneously hypertensive rats (SHR, 0), atenolol-
treated SHR (@), untreated Wistar-Kyoto (WKY, 0) rats, and
atenolol-treated WKY rats (U). Contractile force generation to
potassium chloride was more pronounced in SHR than WKY rats,
and atenolol treatment slightly increased maximal responses to
noradrenaline in SHR. Symbols indicate means with s.e.mean, n = 8
in each group; *P <0.05, one-way ANOVA.

Table 3 Parameters of potassium-free buffer solution-induced contractions and subsequent relaxations induced by 1.0 mm potassium
chloride in isolated endothelium-denuded mesenteric arterial rings

Variable SHR Aten-SHR WKY Aten-WKY

Reference response to 125 mm potassium chloride
Maximal force (g) 2.3 ± 0.1
Washout time (min) 16.0 ± 1.0*

Potassium-free contraction
Time to onset (min)
Maximal force (g)

Potassium-relaxation
Maximal rate (mgmin-')
Mean rate (mgmin-1)

3.0 ± 0.5
1.0 ± 0.1

75 ± 13*
51 ± 8*

2.5 ± 0.2 2.4 ± 0.2 2.4 ± 0.2
13.3 ± 0.8* 7.7 ± 0.6 7.5 ± 0.4

3.3 ± 0.6
1.1 ± 0.1

5.1 ± 1.3
1.0 ± 0.1

245 ± 31t 317 ± 64
113 ± 10t 111± 17

4.8 ± 0.4
1.1 ± 0.1

330 ± 80
121 ± 14

Values are mean ± s.e.mean; n = 10-12 in each group. SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats; Aten,
atenolol-treated rats. *P <0.05 compared with WKY rats, tP <0.05 Aten-SHR versus SHR (Bonferroni test).
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Figure 5 Contractile responses of endothelium-denuded mesenteric
arterial rings from untreated spontaneously hypertensive rats (SHR,
0), atenolol-treated SHR (0), untreated Wistar-Kyoto rats (WKY,
0) and, atenolol-treated WKY rats (U). Line graphs show the effect
of organ bath calcium concentration on 125mM KCI- (a), and 10 jM
noradrenaline-induced contractions (b). Symbols indicate means with
s.e.mean, n = 8-10 in each group.

Discussion

In the present study, the atenolol therapy had a moderate
antihypertensive action in SHR, whereas blood pressure in
WKY rats was not affected. However, heart weights were not
decreased by the treatment in SHR. Apparently the reduction
in afterload accompanying the moderately lowered blood
pressure was not sufficient to attenuate cardiac hypertrophy.
Moreover, the degree of cardiovascular hypertrophy in SHR
is not only governed by the level of blood pressure, but also
by enhanced cellular responses to various growth factors
such as angiotensin II (Dzau et al., 1991). Previous reports
have shown either no change (Chatelain et al., 1981) or an
attenuated increase (Lauva & Tomanek, 1985) in heart
weights after chronic P1-adrenoceptor blockade in SHR.
ACh relaxes arteries endothelium-dependently via the

release of the endothelium-derived relaxing factor (EDRF),
which stimulates smooth muscle soluble guanylate cyclase
and elevates intracellular guanosine 3': 5'-cyclic monophos-
phate (cyclic GMP) (Moncada et al., 1991). EDRF is prob-
ably identical with nitric oxide (NO) (Moncada et al., 1991),
the production of which is also the mechanism of action of the
endothelium-independent vasodilator, SIN-1 (Feelisch et al.,
1989). Previously several studies have reported impaired
endothelium-dependent relaxation in human and experimental

b
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Figure 6 Contractile responses reflecting the ability to sequester
calcium into cellular stores in endothelium-denuded mesenteric
arterial rings from untreated spontaneously hypertensive rats (SHR,
0), atenolol-treated SHR (0), untreated Wistar-Kyoto (WKY, 0)
rats, and atenolol-treated WKY rats (-). Initially, cellular calcium
stores were depleted, whereafter calcium-was returned to the organ
bath for 10min, the concentrations 0, 0.033, 0.1, 0.4 and 1.2mm
being tested. The contractions induced by 30mM caffeine (a) and
WM noradrenaline (b) after each calcium loading period were
normalized by comparing thern to the previously determined
reference responses. Symbols indicate means with s.e.means,

n =8-10 in each group; *P<0.05, ANOVA for repeated
measurements.

forms of hypertension (Watt & Thurston, 1989; Treasure et
al., 1991; Arvola et al., 1993), a finding which was confirmed
in the present study. Interestingly, the moderate anti-
hypertensive effect of the atenolol treatment was accompanied
by normalization of the response to ACh in SHR. However,
no significant differences in the relaxations elicited by SIN-1
were found between the study groups. Thus, the sensitivity of
arterial smooth muscle to NO was comparable in both hyper-
tensive and normotensive rats, and was not, altered by P-
adrenoceptor antagonism. Furthermore, arterial relaxation
elicited by isoprenaline has in general been considered to be
mediated endothelium-independently via P-adrenoceptor
stimulation and the subsequent increase in intracellular
adenosine 3':5'-cyclic monophosphate (cyclic AMP) in
smooth muscle (Bulbring & Tomita, 1987). However, the
endothelium, too, contains P-adrenoceptors (Steinberg et al.,
1984), the activation of which increases cyclic AMP within
the endothelial cells, which, in turn, augments the release of
NO and promotes vascular relaxation (Gray & Marshall,
1992; Graves & Poston, 1993). Since 1-adrenoceptor agonists
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thus are partially endothelium-dependent vasodilators, this
mechanism may have contributed to the augmented relaxa-
tion to isoprenaline observed in atenolol-treated SHR.
Upregulation of P-adrenoceptors in smooth muscle remains
another possibility to explain the improved isoprenaline re-
sponse (Meiracker et al., 1989). Taken together, the nor-
malized response to ACh together with enhanced relaxation
to isoprenaline in SHR following the atenolol therapy suggest
improved endothelial function in these animals.

Previously, treatment with angiotensin converting enzyme
inhibitors has been shown to normalize the relaxation to
ACh in SHR (Clozel et al., 1990; Arvola et al., 1993),
whereas diuretic therapy with trichlormethiazide only
moderately augmented the response (Kiih6nen et al., unpub-
lished observations), and hydralazine treatment was without
effect on the endothelium-dependent relaxation (Clozel et al.,
1990). Thus, although all of these antihypertensive therapies
reduced blood pressure, their effects on endothelium-depen-
dent relaxation appeared diverse. Therefore, the enhanced
ACh-induced relaxation after the long-term atenolol treat-
ment may not be related exclusively to the reduction of blood
pressure but to other mechanisms affecting endothelial func-
tion as well.

After maximal relaxations to ACh, marked recontractions
developed in untreated SHR but not in WKY rats and
atenolol-treated SHR. ACh is known to evoke contractions
in blood vessels of SHR but not ofWKY rats via the release
of endothelium-derived contractile factors (EDCF) (Liuscher
& Vanhoutte, 1986). Furthermore, the production of EDCF
appears to parallel closely the increase in blood pressure
(Iwama et al., 1992), and the impaired dilator response to
ACh in SHR probably does not result from deficient NO
production, but from enhanced simultaneous release of con-
tractile factors from the endothelium (Liischer & Vanhoutte,
1986; Ito & Carretero, 1992; Auch-Schwelk et al., 1992).
Thus, in the present study the absence of the recontractions
after maximal relaxations to ACh in the treated SHR sug-
gests that the release of contractile factors from the
endothelium was diminished by the atenolol therapy, the
mechanism of which may also underlie the improved relaxa-
tions to ACh. This conclusion is further supported by the
fact that no significant differences in the relaxations to SIN-1
were detected in the study groups. Hence, the balance between
endothelium-dependent relaxation and contraction may be
beneficially modified by atenolol. Previous investigations
have shown that several P-blockers can relax arterial prepara-
tions from normotensive animals, and that this effect is more
pronounced in the presence of an intact endothelium (Mos-
taghim et al., 1986). Moreover, carteolol has been reported to
augment the basal release of relaxing factors from the
endothelium of canine femoral artery (Janczewski et al.,
1987), and nebivolol to induce endothelium-dependent relax-
ation of canine coronary artery (Gao et al., 1991), while
celiprolol has neither direct nor indirect relaxing effects in rat
arteries and veins (O'Rouke & Vanhoutte, 1990). Therefore,
further investigations are clearly needed to clarify the acute
and chronic effects of P-adrenoceptor blockade on
endothelial function in hypertension.

Vascular contractions induced by Na+,K+-ATPase inhibi-
tion with a K+-free medium in arterial rings result from
sodium leak to the smooth muscle cells, which causes
depolarization and increases calcium influx through voltage-
dependent channels (Mulvany, 1985). In addition, the de-
polarization of vascular adrenergic nerve-endings releases
NA, which contributes to the contraction (Vanhoutte &
Lorenz, 1984). In the present study, vascular Na+,K+-
ATPase function was evaluated indirectly by readdition of
potassium upon full K+-free medium-induced precontrac-
tions (Arvola et al., 1992). The return of potassium activates
Na',K+-ATP which repolarizes the cell membrane and
initiates the relaxation of smooth muscle (Bonaccorsi et al.,
1977). The potassium relaxation rate was markedly slower in
SHR than WKY rats, in agreement with earlier observations

(Arvola 'et al., 1992; Porsti et al., 1992), and was clearly
enhanced in SHR after the atenolol therapy. However, the
washout time after maximal contractions to KCI was not
significantly shortened by atenolol. The markedly prolonged
interval required to reach baseline tension after washout of
125mM KCl in SHR presumably reflects abnormal excit-
ation-contraction uncoupling mechanisms with impaired
sequestration and extrusion of intracellular calcium, and
dephosphorylation of contractile proteins. Therefore, the
enhanced potassium relaxation indicates promoted recovery
rate of ionic gradients across the cell membrane in SHR
following long-term P-adrenoceptor blockade, probably via
improved function of vascular Na+,K+-ATPase.

In the study described here, the ability of arterial smooth
muscle to sequester calcium was examined by means of
caffeine- and NA-induced contractions after loading periods
in different organ bath calcium concentrations. Of these two
agonists, caffeine directly (see Karaki & Weiss, 1988) and NA
via the stimulation of 1,4,5-inositol triphosphate accumula-
tion (Guild et al., 1992; Itoh et al., 1992) opens the calcium
channels in the sarcoplasmic reticulum. The refilling of the
calcium stores without cell activation and [Ca2J]i elevation
presumably occurs via a direct link between the extracellular
space and intracellular calcium stores (Rink, 1990). After the
calcium loading periods the contractions to both NA and
caffeine were lower in SHR than WKY rats, in agreement
with previous reports (Dohi et al., 1990; Wuorela et al.,
1994), and atenolol treatment improved these responses in
SHR. Thus, the present results suggest that the ability of the
sarcoplasmic reticulum to take up and store NA- and caffeine-
releasable calcium is improved in SHR by atenolol treatment.
The concentration of intracellular free calcium is a primary

determinant of arterial tone (Rembold, 1992). Previously,
abnormalities in calcium metabolism have been reported to
be prior events rather than subsequent to the development of
hypertension in SHR, since elevated [Ca24]j has been found
in vascular smooth muscle of prehypertensive animals (Sugi-
yama et al., 1990), and in circulating as well as in non-
circulating cells (Oshima et al., 1991; Porsti et al., 1992).
Moreover, normalization of blood pressure and arterial
relaxation in SHR by ACE-inhibitor therapy has been
reported to normalize the elevated [Ca2+]i in platelets and
lymphocytes of these animals (Arvola et al., 1993). In the
present study, basal [Ca2]j was clearly higher in lymphocytes
of SHR when compared with WKY rats, and was not re-
duced by atenolol therapy in SHR. Thus, assuming that the
observed changes in lymphocytes [Ca2+]i also reflected cel-
lular calcium metabolism in other tissues, the reduction in
blood pressure following long-term P-adrenoceptor blockade
was not associated with reduced basal cytosolic calcium in
SHR. However, the above results on the ability of sarcoplas-
mic reticulum to take up and store calcium in smooth muscle
suggest that the atenolol therapy had a beneficial effect on
cellular calcium handling even though the basal calcium con-
centration was not reduced.

Arterial contractions to the classical contractile agents KCl
and NA, and vascular calcium sensitivity during stimulation
with these agonists were also examined. KCI-induced con-
tractions were not affected by atenolol therapy in the two
strains, and also the sensitivity to NA remained unchanged.
The maximal contractile force generation to NA, however,
was slightly increased by atenolol in SHR but not in WKY
rats. The explanation for this remains unclear, since any
residual P-adrenoceptor blockade would be expected to pro-
duce increased maximal contractions and sensitivity to NA in
both rat strains. Furthermore, when inducing contractions to
NA in a Ca2l-free medium, the response primarily reflects
calcium release from the sarcoplasmic reticulum, a minor
source of the activator calcium being the inner surface of the
plasmalemma, whereas the response to KC1 depends mainly
upon extracellular calcium (Johns et al., 1987). Thus, the
increase in contractile force during cumulative calcium addi-
tion to the organ bath results from calcium entry through the
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plasmalemma (Karaki & Weiss, 1988). In the present study,
the response to calcium addition with KCl (125 mM) or NA
(10 gAM) as the agonists did not significantly differ in SHR
and WKY rats and was not affected by the atenolol therapy
in either strain. Therefore, long-term P-adrenoceptor
blockade did not appear to change arterial calcium sensi-
tivity. In addition, the present findings on contractile re-
sponses further support the conclusion that alterations in
endothelial function and not in contractile sensitivity or total
calcium entry to the smooth muscle explain the augmented
arterial relaxation in atenolol-treated SHR. Finally, the
beneficial changes in calcium sequestration ability in arterial
smooth muscle of atenolol-treated SHR appear to correlate
with alterations in relaxation but not in contractile responses.
This finding is in agreement with the fact that inhibitors of
sarcoplasmic reticulum Ca2+-ATPase also inhibit the relaxa-
tion of arterial smooth muscle (Luo et al., 1993).

In conclusion, the moderate antihypertensive effect of
atenolol in SHR was accompanied by enhancement of P-

adrenergic and normalization of endothelium-dependent
arterial relaxation. Furthermore, the responses reflecting the
ability to sequester calcium into cellular stores and to induce
vascular relaxation via function of the Na',K+-ATPase were
augmented. In contrast, the contractions to KCl and NA, as
well as vascular calcium sensitivity, remained practically
unaffected after the chronic P-adrenoceptor blockade. There-
fore, the present results suggest that enhanced arterial relaxa-
tion and improved smooth muscle calcium handling partici-
pate in the long-term blood pressure-lowering action of
atenolol in this type of genetic hypertension.
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Des-Arg9-bradykinin-induced increases in intracellular calcium
ion concentration in single bovine tracheal smooth muscle cells

'Katrina A. Marsh & Stephen J. Hill

Department of Physiology and Pharmacology, University of Nottingham Medical School, Queen's Medical Centre,
Nottingham, NG7 2UH

1 Dynamic video imaging was used to measure the des-Arg9-bradykinin-induced changes in the
intracellular free calcium ion concentration ([Ca2+]i) of single bovine tracheal smooth muscle (BTSM)
cells.
2 In the presence of extracellular calcium ions, des-Arg9-bradykinin (1 nM- 1O0 JM) produced a

concentration-dependent increase in the [Ca2+Jj over basal levels yielding an EC50 value of 316 nM. The
percentage of cells responding to each concentration of des-Arg9-bradykinin also increased in a

concentration-dependent manner (from 9% to 100%).
3 The bradykinin B2 receptor antagonist, D-Arg[Hyp3,Thi5'8D-Phe7]-bradykinin (10JM), was without
effect on the calcium response of the cells when added 2 min prior to des-Arg9-bradykinin (100 nM).
However, the B1 receptor antagonist, des-Arg9Leu8-bradykinin (10IJM), completely abolished the des-
Arg9-bradykinin-induced response.

4 Under calcium-free conditions, des-Arg9-bradykinin induced an increase in [Ca2'], at concentrations
of 1 JM and 10 gAM. The response to 10 JM des-Arg9-bradykinin was reduced by preincubation of either
D-Arg[Hyp3,Thil 8'D-Phel-bradykinin (10 JM) or des-Arg9Leu8-bradykinin (10 JM).

We conclude that bradykinin B1 receptors are expressed by cultured BTSM cells and mediate the
des-Arg9-bradykinin-induced influx of calcium ions at low agonist concentrations (<1 JAM). At higher
concentrations, des-Arg9-bradykinin (1 JM and 10 JM) can stimulate both B1 and B2 receptors to effect
intracellular calcium release under calcium-free conditions.

Keywords: Des-Arg9-bradykinin; smooth muscle; intracellular calcium; trachea; bradykinin

Introduction

The involvement of kinins in inflammatory airway disease is
not entirely understood although the nonapeptide, brady-
kinin, has been implicated in the pathogenesis of allergic
asthma (Christiansen et al., 1987). The receptors mediating
responses to bradykinin have typically been divided into two
subtypes, B. and B2 receptors (Regoli & Barabe, 1980).
Although present in a variety of tissues, B2 receptors and not
B1 receptors, are found to be in great abundance in the
rabbit jugular vein whereas the less commonly expressed B1
receptors are found in the rabbit aorta (Regoli et al., 1981).
Bradykinin has been shown to elicit an increase in intracel-
lular calcium ion concentration ([Ca2+],) of human (Murray
& Kotlikoff, 1991) and guinea-pig (Farmer et al., 1991a,b)
airway smooth muscle cells although the characteristics of
these responses remain unclear. An increase in [Ca2J]i is a
mechanism necessary for the contraction of smooth muscle
and can be mediated either via an influx of calcium ions from
the extracellular space (Benham & Tsien, 1987; Murray &
Kotlikoff, 1991) or via a release of calcium from the intracel-
lular stores which may result from an increase in production
of inositol 1,4,5-trisphosphate (Somlyo et al., 1988; Berridge
& Irvine, 1989).

In previous studies we have shown that bradykinin B2
receptor subtype-stimulation can cause an increase in phos-
phoinositide hydrolysis in cultures of bovine tracheal smooth
muscle (BTSM) cells (Marsh & Hill, 1992). In the same study
we noted that the bradykinin B1 receptor agonist, des-Arg9-
bradykinin, caused a small increase in the phosphoinositide
hydrolysis (16% of that produced by bradykinin) of cultured
BTSM cells (Marsh & Hill, 1992) indicating the presence of
B, receptors in this system. In addition to these studies, we
have demonstrated that bradykinin, via activation of the B2
receptor, can also induce an increase in [Ca2+]i both in the

I Author for correspondence.

presence and absence of extracellular calcium ions (Marsh &
Hill, 1993).
The presence of the B. receptor coupled to calcium ion

mobilisation in airway smooth muscle cells from other
species, such as guinea-pig, is doubted (Farmer et al., 1989).
We have therefore extended our studies to evaluate the
ability of this receptor, which upon stimulation mediates an
increase in phosphoinositide turnover, to mediate increases in
[Ca2J]i of cultured BTSM cells. This has been performed by
use of dynamic video imaging of single BTSM cells in both
calcium-containing and calcium-free conditions in order to
evaluate the characteristics of the response. The present study
demonstrates the presence of functional B1 receptors coupled
to intracellular calcium ion mobilisation in single BTSM
cells.

Methods

Cell culture

BTSM cell cultures were established from fresh tissue as
described previously (Marsh & Hill, 1992). Briefly, tracheal
smooth muscle, dissected free of surrounding connective tis-
sue and mucosa, was chopped into 1 mm3 pieces. The explant
tissue was then transferred to tissue culture-treated plastic
flasks and covered with a D-Val-substituted minimum essen-
tial medium supplemented with 10% foetal calf serum (FCS)
and antibiotics (100 u ml-' penicillin G; 100 Jpg ml1I strep-
tomycin; 250 ng ml' amphotericin B). Smooth muscle cells
were then maintained at 37°C in a humidified 10% CO2
atmosphere until confluency and were routinely subcultured
using trypsin (0.05% w/v in versene, Glasgow formula).
Mycoplasmal contamination was shown to be negative by the
Hoechst 33258 staining method of Chen (1977). Identity of
smooth muscle cells was confirmed by indirect immunocyto-

'"I Macmillan Press Ltd, 1994
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chemical analysis using the monoclonal antibody to alpha
smooth muscle actin as described previously in detail (Marsh
& Hill, 1992). For the image analysis procedure, smooth
muscle cells from passages 4 to 10 were seeded onto 22 mm
circular glass coverslips at a 1:10 split ratio. These were
maintained under the above conditions in Dulbecco's
modified Eagle's medium with 10% FCS for 72 h until use.

Image analysis

Cells attached to the glass coverslips were washed three times
in a physiological saline solution (PSS) containing (in mM):
NaCl 145, KCl 5, MgSO4 1, N-2-hydroxyethylpiperazine-N'-
2-ethanesulphonic acid (HEPES) 10, glucose 10 and CaC12 2,
pH 7.4. Cells were then incubated at 370C for 30 min with
PSS containing 10% FCS and 5 fLM fura-2 acetoxymethyl-
ester. After washing a further three times, coverslips were
transferred to a metal holder which was then mounted in a
heated chamber in order to maintain the temperature at
37C. A volume of 9001lI of PSS was then added to the
chamber and agents were added directly to the cells in a
volume of 100 il PSS. For experiments requiring calcium-free
conditions, any PSS added to the chamber was deficient in
CaCl2 and supplemented with 0.1 mM EGTA. All coverslips
were used within 90 min of the end of loading time.
Image analysis was performed by use of MagiCal hardware

and TARDIS software supplied by Applied Imaging Interna-
tional Ltd. (Hylton Park, Sunderland, Tyne & Wear) as
described previously in detail (Neylon et al., 1990). Briefly,
fluorescent images were detected by a Nikon Diaphot
epifluorescence microscope with a 10 x quartz objective lens
then relayed through an image intensifying charged couple
device camera (Photonic Science) to the TARDIS software
where the images underwent analogue to digital conversion.
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Figure 1 Des-Arg9-bradykinin-induced changes in intracellular cal-
cium ion concentration in single bovine tracheal smooth muscle cells.
Individual traces represent the changes in intracellular calcium ion
concentration of individual cells within the same field of view and
are representative of responses from other cells measured. The arrow
indicates the addition of des-Arg9-bradykinin (I gM) (a) in the
presence of extracellular calcium ions (2 mM CaCI2) or (b) in the
absence of extracellular calcium ions (with 0.1 mM EGTA).

Images captured were 256 x 256 pixels in size and each frame
was averaged 8 times with analogue hardware averaging to
reduce camera noise. Incident light of alternating 340 and
380 nm wavelength was supplied to the sample by means of a
rotating filter wheel so that the time between image pairs was
1.5 s. Once a sequence of images had been captured they
were subjected to a background subtraction. For this pur-
pose, an averaged image of each of the 340 and 380 nm types
was captured from an area of the coverslip devoid of any
cells using the same parameters as for cell measurements. The
340 nm background was then subtracted from each of the
340 nm images on a pixel-by-pixel basis and similar proces-
sing was performed with the 380 nm background and images.

After digital conversion background-corrected image pairs
were ratioed (340/380) on a pixel-by-pixel basis and calcium
ion concentration was calculated using a 2-D look up table
utilising the Grynkiewicz et al. (1985) equation below

[Ca] = KD i [(R - Rmm)/(Rm - R)]
where R is the measured ratio and P is the fluorescence ratio
at 380 nm of R,.,, to R.g. R,,,,, and Rg,,,, values were cal-
culated for calibration purposes by exposing the cells firstly
to 20 gM ionomycin in the presence of 10 mM calcium allow-
ing for flooding of the cell with calcium and a maximum
fluorescence ratio (R.,.) to be obtained. RY,. (minimum
fluorescence ratio) was calculated by chelation of the free
calcium ions with 6 mM EGTA. A dissociation constant (KD)
of 224 nM for fura-2 and calcium at 370C was incorporated
into the 2-D look up table.
Image analysis software performed quantification of mean

calcium ion concentration as a function of time (e.g. Figure
1) and whole cell intracellular calcium ion quantification was
obtained by outlining each individual cell using a light pen.
Graphical representation was automatically produced from
the pixel data contained within the defined region.

Data analysis

Concentration-response curves were fitted to a Hill equation
using the non-linear curve-fitting programme ALLFIT
(DeLean et al., 1978). The equation fitted was

Response = E. x Dn/(D' + (ECj0)1)
where D is the agonist concentration, n is the Hill coefficient,
EC50 is the concentration of agonist giving half maximal
response and E. is the maximal effect. The data point at
each concentration of bradykinin was calculated from
accumulated data from a single field of view (containing
4-10 cells) from each of at least five different coverslips each
arising from different animals.

Chemicals

D-Val minimum essential medium and the antibiotic/
antimycotic solution used in culture were obtained from
Gibco. Dulbecco's modified Eagle's medium and foetal calf
serum were purchased from Northumbrian Biologicals Ltd.
Powdered trypsin (3 x crystalized and dialysed) was bought
from Worthington Biochemicals. Fura-2 acetoxymethylester
was obtained from Calbiochem. D-Arg[Hyp3,Thi5 8 D-Phe-7]
bradykinin, des-Arg9Leu'-bradykinin, des-Arg9bradykinin and
Hoechst 33258 were obtained from Sigma. Anti-alpha
smooth muscle actin monoclonal antibody was purchased
from Dako Ltd.

Results

In the presence of extracellular calcium ions, addition of the
bradykinin B. receptor agonist, des-Arg9-bradykinin, to
BTSM cells produced a sharp increase in [Ca2+]i which fell to
a level above basal that was maintained for the duration of
the experiment (Figure la). The increase in [Ca2+]i observed

".I. .I..,:
,-, ------------ -

-



936 K.A. MARSH & S.J. HILL

appeared to be uniform across the cell throughout the dura-
tion of the response. On analysis of data from 27 to 43 cells
at each concentration, des-Arg9-bradykinin was found to pro-
duce a concentration-dependent increase in [Ca2J]i over basal
levels (mean basal level = 51 ± 3 nM; n = 107; maximum in-
crease = 373 ± 28 nM at 10 15M des-Arg9-bradykinin; n = 29;
Figure 2a). As we have noted previously, when using
bradykinin as an agonist in this system (Marsh & Hill, 1993),
not all the cells in any one field of view were responsive to
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Figure 2 Concentration-response relationships to des-Arg9-brady-
kinin (I nM- 1O jM) in the presence of extracellular calcium. (a)
Values represent the mean increase in intracellular calcium ion con-
centration over basal levels of all bovine tracheal smooth muscle
(BTSM) cells observed (0) or responding cells only (0). Means ±
s.e.means at each concentration were calculated from at least five
separate coverslips each arising from different animals. (b) Columns
represent the frequency of response of BTSM cells. Frequency is
defined as the percentage of the total number of cells observed which
respond to des-Arg9-bradykinin.

des-Arg9-bradykinin. Responding cells were identified by an
increase in [Ca2+]i above their basal levels and conversely,
non-responders showed no variation in the baseline response
on addition of the agonist (e.g. one cell in Figure lb). We
have therefore calculated the number of cells which res-
ponded to a particular concentration of des-Arg9-bradykinin
as a percentage of the total number of cells observed at that
concentration (frequency). By evaluating data in this manner
it was found that des-Arg9-bradykinin also caused a
concentration-dependent increase in the frequency of res-
ponse of the BTSM cells from 9% at 1 nM to 100% at 10 gM
des-Arg9-bradykinin (Figure 2b). A randomised pattern of
response to des-Arg9-bradykinin was observed in the cells of
any one field of view. Cellular contact did not appear to be a
contributing factor to the nature of the responses of the cells.

In order to establish the nature of the mean cellular res-
ponse (rather than the mean population response) to des-
Arg9-bradykinin, the remaining results have been calculated
from data obtained from des-Arg9-bradykinin-sensitive cells
only. As a result of these calculations, the EC50 value for
des-Arg9-bradykinin was found to be 316 nM in the presence
of extracellular calcium ions (Figure 2a).

Addition of the bradykinin B. receptor antagonist, des-
Arg9Leu'-bradykinin (10I M), 2 min prior to the addition of
agonist completely abolished the increase in [Ca2Jj induced
by 100 nM des-Arg9-bradykinin (Table 1). However, there
was no significant difference between the response to des-
Arg9-bradykinin alone and that obtained in the presence of
the bradykinin B2 receptor antagonist, D-Arg[Hyp3,Thi5'8,D-
Phe7]-bradykinin (10 gM; Table 1). We have previously
shown that this concentration of D-Arg[Hyp3,Thi5'5'D-Phe7l-
bradykinin attenuates the bradykinin-induced calcium res-
ponse in these cells (Marsh & Hil, 1993). The frequency of
response of the cells to 100 nM des-Arg9-bradykinin was
reduced to 0% by the B1 receptor antagonist but was of a
similar magnitude in the presence of the B2 receptor
antagonist (Table 1).

In the absence of extracellular calcium ions, des-Arg9-
bradykinin was found to elicit a calcium response charac-
terized by a rise in [Ca2+], followed by a fall to basal level
(mean basal level = 32 ± 2 nM; n = 37) within 60-80 s
(Figure lb). However, only concentrations of des-Arg9-
bradykinin equal to or greater than 1 AM were found to
induce a calcium response in BTSM cells under these condi-
tions. Des-Arg9-bradykinin, 1 gLM, produced a mean increase
of 184±24nM (n=8) at a frequency of 18% and 1O0gM
des-Arg9-bradykinin elicited an increase of 210 ± 21 nM
(n = 29) at a frequency of 62%. These two responses were
found not to be significantly different from each other
(unpaired t test). Table 1 also demonstrates that, in a
separate series of experiments, des-Arg9Leu5-bradykinin
(100M) and D-Arg[Hyp3,Thi5'D-Phe7]-bradykinin (10 gM)
were each able to attenuate the calcium response of the cells

Table 1 Responses of single bovine tracheal smooth muscle cells to des-Arg9-bradykinin in calcium-containing and calcium-free
conditions

Frequency of response (%)

+ Calcium
des-Arg9-bradykinin 100 nM
+ B, antagonist IO jM
+ B2 antagonist 10 M

- Calcium
des-Arg9-bradykinin 10 FM
+ B, antagonist IO M
+ B2 antagonist 10 jM

190 ± 21
0

149± 16

239 ± 30
145 ± 13*
138 ± 10*

62 (18/29)
0 (0/25)
59 (13/22)

79 (19/24)
46 (12/26)
52 (12/23)

Experiments were performed as described in the text in the absence or presence of des-Arg9Leu8-bradykinin (B1 antagonist) and
D-Arg[Hyp3,Thi558D-Phe7-bradykinin (B2 antagonist). The results are calculated from a sample of cells taken from at least four
different coverslips each originating from different animals. Matching coverslips were used for the three different conditions
(agonist±antagonist) on each experimental day. Numbers in parentheses indicate the number of cells responding to
des-Arg9-bradykinin/the total number of cells observed. *P<0.05 (unpaired t test).

,&[Cal+] (nm)
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to des-Arg9-bradykinin (10 ytM) to a similar extent ubui-
calcium-free conditions.

Discussion

The present study demonstrates the presence of functional
bradykinin B1 receptors on cultured BTSM cells which can
elicit an increase in [Ca2+]i. The bradykinin B1 receptor
agonist, des-Arg9-bradykinin, can induce a concentration-
dependent increase in [Ca2+]i of BTSM cells in the presence
of extracellular calcium ions suggesting activation of the
bradykinin B1 receptor. The pattern of increase of [Ca2+]i
induced by the agonist demonstrates an initial peak followed
by the much lower plateau component of the response which
is likely to be due to a continued influx of calcium ions from
the extracellular environment. The EC50 value of 316 nM
obtained under these conditions is consistent with that
previously calculated in this laboratory from phospho-
inositide studies on cultured BTSM cells (ECm = 199 nM;
Marsh & Hill, 1992). These values are similar to that
obtained from calcium studies of the B1 receptor in rat
mesangial cells (560 nM; Bascands et al., 1993) and are in the
same concentration-range as those observed in the 'classic' B1
receptor system, contractile responses of the rabbit aorta,
where the EC5o was found to be 50 nM (Regoli et al., 1981).
We have also demonstrated in this study that the calcium

response to des-Arg9-bradykinin (100 nM) in calcium-con-
taining medium was insensitive to the B2 receptor antagonist
(D-Arg[Hyp3,Thi5 8'D-Phe]-bradykinin) but was completely
abolished by the B1 receptor antagonist used (des-Arg9Leu8-
bradykinin). These data further suggest that des-Arg9-
bradykinin is acting via stimulation of B1 receptors as
des-Arg9Leu8-bradykinin has previously been shown to be
selective for B1 receptors since it is active in the rabbit aorta
(B1 system) yet without effect in the rabbit jugular vein (B2
system; Regoli et al., 1990). It is possible, however, that the
responses observed in the presence of extracellular calcium
ions to concentrations of des-Arg9-bradykinin above 100 nM
are in part due to activation of B2 receptors. This suggestion
has arisen from the observation in this study that the
responses to des-Arg9-bradykinin at these concentrations
obtained under calcium-free conditions are sensitive to the B2
receptor antagonist. Furthermore a recent study demon-
strated that the cDNA from the murine B2 receptor encodes
for two populations of receptors which exhibit the phar-
macological properties of a B1-like receptor and the B2 recep-
tor; however, it is noteworthy that receptors cloned from
human and rat sources in the same study demonstrated
pharmacological properties of B2 receptors only (McIntyre et
al., 1993).
The results obtained in this study are consistent with the

observation made in our previous studies where des-Arg9-
bradykinin elicited an increase in phosphoinositide hydrolysis
in these cells (Marsh & Hill, 1992) demonstrating the
presence of functional bradykinin B1 receptors on cultured
BTSM cells. The mean data represented by Figure 4b of that
paper demonstrate that des-Arg9-bradykinin was able to in-
crease significantly the phosphoinositide hydrolysis over basal
levels in BTSM cells at concentrations of 1 fLM and 10 ylM. It
is only at these concentrations that, in the absence of ex-
tracellular calcium ions, an increase in [Ca2+]i of BTSM cells
was observed in this study. This increase observed in the
absence of extracellular calcium must be due to a release of
calcium from intracellular stores which, from the evidence
available (Marsh & Hill, 1992 and present study), is likely to
occur via an increase in phosphoinositide turnover and pro-
duction of 1P3.

In a previous study we demonstrated that bradykinin,
through activation of B2 receptors, can induce an 'all-or-
nothing' release of calcium from intracellular stores (Marsh
& Hill, 1993). From the results obtained in the present
studies it is possible that des-Arg9-bradykinin also induces an

'all-or-nothing' release of intracellular calcium in experiments
conducted in the absence of extracellular calcium ions. Con-
sistent with this view is the fact that no response in any cell
was observed below a concentration of 1 pM des-Arg9-
bradykinin yet the responses elicited by 1 gM and 10 JtM
agonist were of a similar magnitude in each cell and the
mean responses were not significantly different from each
other, i.e. no intermediate response was obtained between
zero and approximately 200 nM even though the frequency of
responding cells increased from 18% to 62% as the concen-
tration rose from 1 pM to 1OAM antagonist. This value is
similar to that obtained in our previous study where, in the
presence of extracellular calcium ions, bradykinin stimulated
B2 receptors to produce an 'all-or-nothing' increase in [Ca2+]J
of approximately 180 nM (Marsh & Hill, 1993). It is of
interest to note that the concentration of des-Arg9-bradykiin
required to elicit a response under calciumfree conditions
(1 tM) is much higher than that of bradykinin shown to
produce a similar increase (10 pM; Marsh & Hill, 1993).

In the present study both the B1 and B2 receptor
antagonists used (des-Arg9Leu8-bradykinin and D-Arg[Hyp3,-
ThiSA>D-Phe7]-bradykinin) were found to be equiactive in
attenuating the calcium response of BTSM cells to 101iM
des-Arg9-bradykinin under calcium-free conditions. This
suggests that B2 receptors are Also stimulated by this high
concentration of B1 agonist in the absence of extracellular
calcium ions. However, the fact that both receptors are
activated by the high concentrations of des-Arg9-bradyki in
needed to release intracellular calcium, makes the phar-
macology of the B. receptor,; stimulated under these condi-
tions, very difficult to evaluate. Furthermore, this partial
antagonism of the response to des-Arg9-bradykinin, in the
absence of intracellular calcium ions, by both B. and B2
antagonists is not readily consistent with the 'all-or-nothing'
release of intracellular calcium observed with bradykinin
(Marsh & Hill, 1993). Nevertheless, the data obtained at the
lower concentrations of des-Arg9-bradykinin suggest that the
calcium response observed is Mediated via stimulation of B1
receptors to produce an influx of calcium ions from the
extracellular environment.
The present study also demonstrates that the latency of

response of the cells to des-Arg9-bradykinin in the presence
of extracellular calcium ions (Figure la) is much shorter than
that under calcium-free conditions (Figure lb). The latency
present in intracellular calcium release may, as we have
suggested previously (Marsh & Hill, 1993), be a result of the
interaction between IP3-sensitive and IP3-insensitive calcium
stores. This would lead to the filling of IP3-insensitive cal-
cium stores and subsequent transient calcium-induced cal-
cium release from these stores leading to the observed delay
in response. The most likely explanation for the short latency
of response observed at low agonist concentrations in the
presence of extracellular calcium ions is that des-Arg9-
bradykinin can stimulate calcium entry directly and/or be
able to act via IP3-insensitive stores that are not accessible to
calcium released from IP3-sensitive stores.
An interesting study using populations of rat mesangial

cells demonstrated that the profiles of the calcium response
to B. stimulation (des-Arg9-bradykinin) and to B2 stimulation
(bradykinin) were different in that the plateau, or influx,
phase of the response was much greater upon B1 stimulation
(Bescands et al., 1993). This led the authors to suggest that
B1 stimulation resulted in a larger part of the response being
due to calcium influx whereas B2 activation preferentially
stimulated the release of calcium from intracellular stores. In
our studies to date we have observed no apparent differences
in the plateau phase of the calcium response upon B2
stimulation (Marsh & Hill, 1993) or B1 stimulation (present
study). However, our data also suggest that des-Arg9-
bradykinin predominantly causes an influx of calcium ions
from the extracellular space, particularly at the lower concen-
trations of the agonist where no response was observed in the
absence of extracellular calcium ions. Our results also dem-
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onstrate that only the high and non-specific concentrations of
des-Arg9-bradykinin are able to induce a release of calcium
from intracellular stores which is mediated via activation of
both B. and B2 receptors. The results presented in this study
provide us with a unique system with which to study the

effects of B1 receptor activation on airway smooth muscle
tissue.

We would like to thank the AFRC for their financial support of this
work.
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Mediation by 5-HTID receptors of 5-hydroxytryptamine-
induced contractions of rabbit middle and posterior cerebral
arteries

'Valerie Deckert, Didier Pruneau & *Jean-Luc Elghozi

Laboratoires Fournier, 50 rue de Dijon, 21121 Daix, France and *Laboratoire de Pharmacologie, CNRS URA 1482, Faculte
de Medecine Necker-Enfants Malades, 156, rue de Vaugirard 75015 Paris, France

1 5-Hydroxytryptamine (5-HT) receptor-mediated contraction of endothelium denuded rabbit middle
(MCA) and posterior (PCA) cerebral arteries was characterized by use of selective agonists and
antagonists for different 5-HT receptor subtypes.
2 5-HT and various 5-HT receptor agonists contracted the arteries with the following rank order of
potency in MCA: 5-carboxamidotryptamine (5-CT) > 5-HT> 5-methoxytryptamine (5-MeOT)> suma-

triptan>a-methyl-5-HT (ax-Me-5-HT)>>8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT) and
in PCA: 5-CT> 5-HT>sumatriptan> 5-MeOT>ax-Me-5-HT>> 8-OH-DPAT. With few exceptions,
the maximal contractile responses of these agonists were similar to that induced by 5-HT.
3 The selective antagonists of 5-HT2A,2c (ketanserin), 5-HT4 (SDZ205-557) and 5-HTIA/IB (S-(-)-
propranolol) sites were devoid of inhibitory effect on 5-HT-mediated contraction in both MCA and
PCA, thus excluding activation of the corresponding receptors.
4 In both arteries, the contraction-response curve to 5-HT was unaffected by the 5-HT3 receptor
antagonist, ICS205-930 (0.01 and 0.1I1M) whilst a small (3 and 6 fold displacement) was seen with
MDL72222 (0.1 and 1ItM).
5 The mixed 5-HT1-like/5-HT2A receptor antagonist, methiothepin (0.001-0.1 1M), was a potent
antagonist of 5-HT-induced contractions in both arteries, giving pA2 values of 9.4 ± 0.7 and 9.6 ± 0.8 in
MCA and PCA, respectively.
6 Rauwolscine (O.1-101aM) and yohimbine (0.3, 3 JM) inhibited contractions to 5-HT in a competitive
manner, pA2 values of 7.1 ± 0.6 and 6.7 0.6 were determined for rauwolscine in MCA and PCA,
respectively. An apparent pA2 value of 6.9 0.2 was calculated for yohimbine (3 pM) in both MCA and
PCA.
7 In conclusion, these results suggest that the contractile response to 5-HT in rabbit isolated MCA and
PCA is predominantly mediated by the 5-HTID receptor subtype, although a small contribution by
5-HT3 receptors cannot be excluded.

Keywords: Rabbit cerebral arteries; 5-hydroxytryptamine (5-HT); 5-HT receptors; 5-HTID receptor subtype; sumatriptan

Introduction

5-Hydroxytryptamine (5-HT) is a potent constrictor of cere-
bral arteries in mammals. 5-HT has been localized in
platelets (Tranzer et al., 1972), and mast cells (Aubineau &
Dimitriadou, 1989). In addition, nerves containing 5-HT
have been identified in animal and human brain vessels
(Griffith et al., 1982; Edvinsson et al., 1983; Griffith & Burn-
stock, 1983; Scatton et al., 1985; Saito & Lee, 1987). 5-HT
may therefore contribute to the control of cerebral blood
flow and has been implicated in the aetiology of several
cerebrovascular disorders, such as migraine.
Four main types of 5-HT receptors have been defined, the

5-HT1, 5-HT2, 5-HT3 and 5-HT4 receptors and a new
nomenclature has been proposed to introduce additional sub-
types (see Humphrey et al., 1993). Attempts have been made
to characterize the type of receptor mediating the contraction
to 5-HT in a number of cerebral arteries including basilar,
pial, meningeal and middle cerebral arteries and it appears
that the distribution of 5-HT receptor subtypes varies accord-
ing to the species. Thus, in the rat (Deckert & Angus, 1992)
and the sheep (Gaw et al., 1990) 5-HT2A (Humphrey et al.,
1993) receptors predominantly mediate the contraction of
cerebral arteries whilst in other species, including man (Par-
sons et al., 1989; Hamel & Bouchard, 1991), rabbit (Parsons

& Whalley, 1989), guinea-pig (Chang & Owman, 1989), dog
and primate (Connor et al., 1989), 5-HT1-like receptors are
primarily involved. 5-HT1-like receptors which underly the
contraction of the rabbit basilar artery appear to share some
similarities with 5-HTI-like receptors that mediate contrac-
tions to 5-HT in cerebral blood vessels from man, primate
and dog (Parsons et al., 1989). While the 5-HTlD receptor
subtype mediates contraction to 5-HT in human cerebral
arteries (Hamel & Bouchard, 1991; Jansen et al., 1993), the
subtype of 5-HT1 receptors implicated in the contraction of
rabbit cerebral arteries remains to be fully characterized.

Therefore, this study was undertaken to determine the type
of 5-HT receptors involved in the contraction of rabbit
isolated middle (MCA) and posterior (PCA) cerebral arteries.
By using selective agonists and antagonists for 5-HTI, 5-HT2,
5-HT3 and 5-HT4 receptor subtypes, we have shown that
5-HT-induced contractions of MCA and PCA are dependent
on the 5-HTID receptor subtype.

Methods

Preparation of vessels

Vessels were prepared according to a method previously
described (Deckert et al., 1994). Briefly, New Zealand white
rabbits, weighing 3-3.5 kg, were killed by an overdose of
pentobarbitone sodium via the marginal ear vein. The brain

I Author for correspondence at: Facult6 de MWdecine, Laboratoire
de Biochimie des Lipoprot6ines, 7, Bd Jeanne d'Arc, 21033 Dijon
Cedex, France.

19", Macmillan Press Ltd, 1994.
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was rapidly removed and placed in a Krebs solution bubbled
with 95% 02:5% CO2. The Krebs solution had the following
composition (in mM): NaCl 119, KCl 4.7, KH2PO4 1.18, Mg-
SO4 1.17, CaCl2 2.5, ethylenediaminetetracetic acid (EDTA)
0.027, glucose 5.5 and NaHCO3 15, pH 7.3. The arteries were
carefully dissected out under a binocular microscope (Nachet
Z45P, Dijon, France). Two millimeter long segments of the
arteries were threaded onto 40 ,lm stainless steel wires and
mounted as ring preparations in a dual channel isometric
myograph (J-P Trading, Aarhus, Denmark). The endothe-
lium was mechanically removed by gentle rubbing of the
luminal surface of the artery with a thin cotton thread
previously hardened by coating with cyanoacrylate glue.
Artery segments were left unstretched on the wires for 30 min
at 370C in Krebs solution containing 10 JiM indomethacin.
The vessels were then submitted to a resting tension of
100 mg and left to equilibrate for 30 min before concen-
tration-effect curves to 5-HT or to agonists were constructed.
5-HT or agonists were added to the organ bath cumulatively
in 0.5 log unit increments. In all experiments, a 1 h delay was
allowed between two consecutives concentration-effect curves
while three washings with fresh (drug-free apart from in-
domethacin) solution was performed after obtaining the maxi-
mal effect for each curve. Previous experiments showed that
at least three consecutive concentration-effect curves to 5-HT
were reproducible in both arterial preparations (Deckert et
al., 1994).

Determination of agonist potency

After completion of the control concentration-effect curve to
5-HT, cumulative concentration-effect curves to either 5-car-
boxamidotryptamine (5-CT), 5-methoxytryptamine (5-MeOT),
a-methyl-5-HT (z-Me-5-HT), sumatriptan and 8-hydroxy-2-
(di-n-propylamino)tetralin (8-OH-DPAT) were constructed.
Only one agonist other than 5-HT was tested per artery.

Determination of antagonist potency

Concentration-effect curves to 5-HT were established first in
the absence and then repeated in the presence of methio-
thepin (0.001-0.1 gM), ketanserin (0.003-0.3 JM), MDL
72222 (0.01-1 AM), S-(-)-propranolol (0.1, 1 AM), yohim-
bine (0.3, 3 JAM), rauwolscine (O.1-1O JM), ICS 205-930 (0.01,
0.1 JM) or SDZ 205-557 (0.1, 1 AM). In each case, the
antagonist was present for 45 min before 5-HT was added.
No more than two concentrations of antagonist were tested
on the-same artery.

Test for functional endothelium

The integrity of the endothelium was assessed functionally, at
the end of the experiment, by application of acetylcholine
(ACh, 10 JAM) on a sustained tension to 30 mM KCI. Vessels
relaxing to ACh were discarded.

Analysis of data

The concentration-effect curves to agonists or to 5-HT (in the
absence or in the presence of an antagonist) were expressed
as percentage of the maximum contraction induced by 5-HT
(% 5-HT max. contraction) in a control concentration-
response curve constructed within the same artery. The mean
maximal contraction (E,,,) ± s.e.mean was determined from
experimental data whereas the mean pD2 ± s.e.mean (the
negative logarithm of the concentration required to produce
a half maximum contractile effect (ECm)) was calculated after
fitting each curve according to a sigmoidal equation of the
form:

Y = P1 + P2/[1 + eP300gX-P4)]

in which, X = agonist concentration, P1 = lower plateau re-
sponse, P2 = range between the lower and the maximal

plateau of the concentration-effect curve, P3 = a negative cur-
vature index indicating the slope independently of the range
and P4 = log ECm (Elghozi & Head, 1990). The relative
potency of the agonist was determined by calculating the
concentration ratio: EC50 for agonist divided by EC5o for
5-HT obtained from the corresponding control curve.

Antagonist potency was assessed by calculating the pA2
value giving a concentration-ratio of two, according to the
relation pA2 = log (CR - 1) - log (B), where (B) is the
antagonist concentration, (CR) the concentration ratio of
5-HT EC50 values in the absence and in the presence of the
antagonist (Van Den Brink, 1977). When concentration-effect
curves to 5-HT were shifted in parallel in the presence of
three concentrations of antagonist, the pA2 was determined
from a Schild plot analysis and linear regression (Arunlak-
shana & Schild, 1959). When concentration-effect curves to
5-HT were shifted in parallel in the presence of one or two
concentrations of antagonist, we calculated an apparent pA2
from the formula given above, by assuming that the slope of
the Schild plot did not differ from unity.
A one-way analysis of variance followed by a Student's t

test was used to establish significant differences between
mean values of pD2 or E,. A P value less than 0.05 was
considered to be statistically significant.

Drugs

The following drugs were used, 5-hydroxytryptamine creatin-
ine sulphate, indomethacin, acetylcholine chloride, yohimbine
hydrochloride; 5-methoxytryptamine hydrochloride, S-(-)-
propranolol hydrochloride (Sigma Chemical Co., St. Louis,
U.S.A.), 5-carboxamidotryptamine maleate, ;a-methyl-5-
hydroxytryptamine maleate, 8-hydroxy-2-(di-n-propylamino)
tetralin hydrobromide, ketanserin tartrate, rauwolscine
hydrochloride (Research Biochemicals Inc., Natick, U.S.A.),
methiothepin maleate (gift from Drs E. Kyburz and P. Weber,
Hoffman La Roche, Basel, Switzerland), sumatriptan (3-[2-
dimethylamino]-ethyl-N-methyl- IH-indole-5-methane sulpho-
namid, Glaxo, Greenford, U.K.), MDL 72222 (laH,3a,5aH-
tropan-3-yl 3,5-dichlorobenzoate methanesulphonate, gift
from Drs R.C. Miller and C.D. Houldsworth, Marion Merrel
Dow Research Institute, Strasbourg, France). ICS 205-930
([3a-tropanyl]-1-H-indole-3-carboxylic acid ester hydrochlor-
ide) and SDZ 205-557 (2-methoxy-4-amino-5-chloro-benzoic
acid 2-(diethylamino)-ethyl ester hydrochloride) (gifts from
Drs J.R. Fozard, D. Romer and E. Rissi, Sandoz Pharma
Ltd. Basel, Switzerland).

All drugs were freshly dissolved and diluted in distilled
water and kept on ice for the duration of the experiment.
Indomethacin was freshly dissolved in dimethylsulphoxide
(DMSO and kept at room temperature.

Results

Agonist studies

No significant differences occurred between the resting force
of the vessels prior to concentration-effect curves to 5-HT
and to the 5-HT agonists. 5-HT was a potent agonist causing
contraction of rabbit MCA and PCA with pD2 values of
7.32 ± 0.12 and 7.16 ± 0.13, respectively (Table 1). 5-CT,
sumatriptan, 5-MeOT, a-Me-5-HT and 8-OH-DPAT also
produced concentration-dependent contractions of rabbit
MCA and PCA. The corresponding concentration-effect
curves are presented in Figure 1 and the pD2 and E. values
are given in Table 1. A comparison of the relative potency of
each agonist in respect to 5-HT gave the following rank
order of potency in MCA: 5-CT> 5-HT> 5-MeOT> sumat-
riptan>ax-Me-5-HT>>8-OH-DPAT; and in PCA: 5-CT
> 5-HT> sumatriptan> 5-MeOT> a-Me-5-HT>> 8-OH-
DPAT. In MCA and PCA, all the agonists, except 8-OH-
DPAT, produced maximal contractions of similar magnitude
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Table 1 Potencies of various 5-hydroxytryptamine (5-HT) receptor agonists for inducing contraction of rabbit middle and posterior
cerebral arteries

Middle cerebral artery
pD2 Relative

n (- log ECm) potency

32 7.32±0.12
7 8.06 ± 0.13*

(6.90 ± 0.16)
7 7.01 ± 0.32*

(7.76 ± 0.17)
5 5.93 ± 0.36

(6.49 ± 0.14)
6 5.79 ± 0.32*

(7.67 ± 0.22)
7

(7.59 ± 0.29)

0.07
(0.02-0.22)

5.6
(1.3-24.3)

3.6
(0.5-24.7)

74.1
(15.9 ± 345.5)

E.u
(%5-HT E..)

100
107 ± 28

116± 10

108 ± 6

130 ± 17

32 ± 10*

Posterior cerebral artery
pD2 Relative

n (- log ECm) potency

31 7.16 ± 0.13
6 7.41 ± 0.22

(6.90 ± 0.22)
6 6.98±0.12

(7.35 ± 0.08)
6 5.84 ± 0.22*

(6.45 ± 0.15)
6 6.16 ± 0.12*

(7.69 ± 0.05)
7

(7.52 ± 0.33)

0.31
(0.06-1.64)

2.3
(0.1-5.7)

4.1
(1.9-8.8)
33.9

(16.6-68.9)

Values are mean ± s.e.mean for pD2, E., (maximal contraction expressed as % of E.|, obtained for 5-HT) and geometric mean (95%
confidence limits) for relative potency (ECm agonist/EC50 5-HT). pD2 values obtained from respective control response curve to 5-HT
constructed before each agonist response curve are given in brackets. The EC50 for 8-OH-DPAT could not be determined (see Results
section for details). *P<0.05 compared with respective 5-HT data. For abbreviations, see text.
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Figure 1 Average concentration-effect curves to 5-hydroxytrypta-
mine (5-HT) and to 5-HT receptor agonists in rabbit middle (a,b)
and posterior (c,d) cerebral arteries. 5-HT control curve (0); 5-
carboxamidetryptamine (U); sumatriptan (0); 5-methoxytryptamine
(A); a-methyl-5-HT (A); 8-hydroxy-2-(di-n-propylamino) tetralin
( x ). The average control curve to 5-HT, which is the same curve in
left and right panels, represents the pooled data obtained with all
tissues. Mean ± s.e.mean is shown of n = 5 to 32 experiments.

to that of 5-HT (Table 1). Although the maximum response
to a-Me-5-HT in MCA appeared larger than that to 5-HT,
this was not statistically significant (Table 1). 8-OH-DPAT
was the weakest contractile agent in both rabbit MCA and
PCA (P <0.05). Because of the non-sigmoid form of its
concentration-effect curve and the poor contraction it
elicited, EC50 values for this agonist could not be determined.

Antagonist studies

The effects of various antagonists with known selectivity
towards 5-HT receptor subtypes were assessed against 5-HT-
induced contraction of rabbit isolated MCA and PCA. The
contractile response to 5-HT in both arteries was resistant to
ketanserin, a selective 5-HT2A/2c receptor antagonist (Figure
2), to SDZ 205-557 an antagonist of 5-HT4 receptor and to

-4

[5-HT] log M

Figure 2 Average concentration-effect curves to 5-hydroxytrypta-
mine (5-HT) in rabbit middle (a) and posterior (b) cerebral arteries
in the absence (0) and in the presence of ketanserin 3 nM (A) and
300 nm (U). Mean ± s.e.mean of n = 6 to 9 experiments.

S-(-)-propranolol, a P-adrenoceptor blocker with a rela-
tively high affinity for 5-HTIA and 5-HTIB receptors (Table
2).
MDL 72222, an antagonist of 5-HT3 receptors, produced a

significant 3 and 6 fold rightward shift of the 5-HT
concentration-effect curve at 0.1 and 1 AIM, respectively
(Figure 3). The maximum contractile response was un-

Agonist

5-HT
5-CT

Sumatriptan

5-MeOT

a-Me-5-HT

8-OH-DPAT

E.na
(%5-HT E,,,,x)

100
76 ± 16

135±14

90± 11

132 ± 17

24± 10*

u
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Table 2 Effects of antagonists on 5-hydroxytryptamine (5-HT)-induced contraction of rabbit middle and posterior cerebral arteries

Middle cerebral artery Posterior cerebral artery
Antagonist gM n 5-HT conc.ratio Apparent pA2 Ema n 5-HT conc.-ratio Apparent pA2 Emax

Propranolol 0.1 4 1.2
1 4 1.1

Yohimbine 0.3 6 1.9
3 5 23.4

SDZ 205-557 0.1 4 1.6
1 4 2.2

ICS 205-930 0.01 6 0.8
0.1 6 1.9

(0.1-20.4)
(0.5-2.5)
(0.8-4.7)
(7.9-69.5)
(0.15-16.5)
(0.5-9.4)
(0.2-2.7)
(0.2-20.2)

6.77 ± 0.22
6.86 ± 0.18

88 ± 6
84± 17
80 ± 9
68 ± 14
74 ± 10
72 ± 12
78 ± 9
88 ± 24

4 1.5 (0.4-5.6)
4 2.0 (0.91-4.6)
6 3.6 (2.4-5.5)
6 28.5 (7.0-116.0)
4 0.7 (0.1-5.3)
4 2.7 (0.3-20.7)
4 0.7 (0.33-1.25)
4 1.5 (0.4-5.4)

5-HT concentration-ratio in the presence of indicated antagonist concentration are given as geometric mean (95% confidence limits),
apparent pA2 and 5-HT Em, are given as mean value ± s.e.mean of n experiments. *P<0.05 compared with respective 5-HT data.
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Figure 3 Average concentration-effect curves to 5-hydroxytrypta-
mine (5-HT) in rabbit middle (a) and posterior (b) cerebral artery in
the absence (0) and in the presence of MDL 72222 0.01 gM (A),
0.1 M (U) and 1 gM (*). Mean ± s.e.mean of n =4 to 9 experi-
ments.

changed in PCA but was significantly reduced in MCA by
MDL 72222 (P <0.05). ICS 205-930 at low concentrations
(0.1-1O nM) has a known antagonist action on 5-HT3 recep-
tors whilst at higher concentrations (1 gM) it antagonizes
5-HT4 receptors (Clarke et al., 1989). ICS 205-930, at 0.01
and 0.1 sM, did not affect in terms of maximal contraction
and sensitivity the 5-HT-induced contraction in either MCA
or PCA (Table 2).

Methiothepin (0.001-0.1 M), a mixed 5-HTI-like/5-HT2A
receptor antagonist, behaved as a potent antagonist causing a

concentration-dependent parallel rightward shift of the con-

centration-response curve to 5-HT with no significant depres-

-10 -9 -8 -7 -6

[Methiothepin] log M

Figure 4 Average concentration-effect curves to 5-hydroxytrypta-
mine (5-HT) in rabbit middle (a,b) and posterior (c,d) cerebral
arteries in the absence (0) and in the presence of methiothepin
0.001 gM (A), 0.01 LM (U) and 0.1 LM (*). The respective Schild
regression plots are given on the right part of the figure. Mean
s.e.mean of n = 5 to 10 experiments.

sion of the maximum response (Figure 4). The Schild plot
analysis of methiothepin against 5-HT gave a pA2 value of
9.4 ± 0.7 for MCA and a pA2 value of 9.6 ± 0.8 for PCA.
The regression line had a slope of 0.9 ± 0.15 for MCA and of
0.75 ± 0.15 for PCA. The slopes were not significantly
different from one indicating competitive antagonism.

Concentration-dependent shifts of the 5-HT concentration
effect curve were observed with both yohimbine and its enan-
tiomer, rauwolscine (Table 2 and Figure 5). 5-HT concen-

tration-ratios and corresponding apparent pA2 values of
yohimbine are given in Table 2. Schild plot analysis of
rauwolscine effects against 5-HT (Figure 5), gave a pA2 value
of 7.1 ± 0.6 and a slope of 1.05 ± 0.2 for MCA. For PCA, a

pA2 value of 6.7 ± 0.6 and a slope of 1.13 ± 0.26 were deter-
mined. In each case, the slopes were not significantly different
from 1, indicating competitive antagonism.

Discussion

These results demonstrate that contractions of rabbit isolated
MCA and PCA to 5-HT are mediated by 5-HTID receptors
with no contribution by 5-HTlA, 5-HT2A, 5-HT2c and 5-HT4

6.93 ± 0.09
6.95 ± 0.24
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2 our vessel preparations.
The mixed 5-HTl-like/5-HT2A receptor antagonist, methio-

1 thepin, was a potent competitive antagonist of 5-HT-induced
/ contractions in rabbit MCA and PCA. Respective pA2 values

I /; of 9.4 (MCA) and 9.6 (PCA) were determined suggesting that
5-HT was acting at the same receptor type in the two vessels

/1 to produce contraction. These observations are consistent
-8 -7 -6 -5 with the presence of 5-HT1-like receptors in both prepara-
[Rauwolscinel log M tions, with similar pA2 values to those found in vessels where

5-HTI-like receptors mediate vasoconstriction; 8.8 in human
curves to 5-hydroxytrypta- basilar artery (Parsons et al., 1989), 8.6 in rabbit renal artery

and posterior (c,d) cerebral (Tadipatri et al., 1992) and 8.5 in human pial arterioles
resence of rauwolscine 0.1 LM (Hamel & Bouchard, 1991). Interestingly, our pA2 values are
ective Schild regression plots also close to the pA2 value of 10.3 reported by Parsons &
Mean ± s.e.mean of n = 4 to Whalley (1989) in the rabbit basilar artery.

When comparing the contractile potency of various ago-
nists, 5-CT, a selective agonist at 5-HTI-like receptors, was
found to be the most potent in both types of arteries. The
EC50 values for 5-CT were 7.1 fold and 1.3 fold higher than

ation of 5-HT3 receptors that for 5-HT in MCA and PCA, respectively. In addition,
sumatriptan, another selective 5-HT,-like agonist effective in

ations such as the rabbit the acute treatment of migraine (Doenicke et al., 1988), was
basilar artery (Connor & found to be a potent vasoconstrictor of rabbit MCA and
smooth muscle has been PCA.
-sence of the endothelium Taken together, the ineffectiveness of ketanserin, ICS 205-
n particular, endothelial 930 and SDZ 205-557 in preventing the contractile effect of
:o 5-HT and increased the 5-HT and the potent antagonism by methiothepin as well as
,fore, in order to assay the the higher potency of 5-CT as compared with 5-HT and the
J 5-HT agonists, we con- agonist effect of sumatriptan, strongly suggest, according to
ries without endothelium. the criteria of classification proposed by Bradley et al. (1986),
ment of 5-HT2A receptors that 5-HT,-like receptors are predominantly involved in the
-mediated contraction of contraction of rabbit MCA and PCA.
based on the observation Both a-Me-5-HT and 5-MeOT contracted the rabbit MCA
ketanserin was devoid of and PCA. These compounds are usually considered as selec-

tors, however, have been tive for 5-HT2A and 5-HT4 receptors, respectively (Bradley et
tions of rabbit vertebral al., 1986; Saxena & Villalon, 1990). Nevertheless, their ability
and rabbit aorta (Feniuk to contract rabbit MCA and PCA could result from a

iration, ketanserin was a stimulation of 5-HTI-like receptors rather than 5-HT2A or
lue of 8.7 (Feniuk et al., 5-HT4 receptors since it has been demonstrated by Tadipatri
lley (1989) showed that in et al. (1992) that these agonists contracted the rabbit isolated
tivated a small population renal artery via 5-HTI-like receptors. Thus, the selectivity of
J differences in the contri- these tryptamine derivatives is questionable, particularly since
i-HT-induced contractions ax-Me-5-HT and 5-MeOT have identical binding affinity at
m the same species. It is 5-HT,, 5-HT2A and 5-HT4 sites (Hoyer & Fozard, 1991).
vascular 5-HT4 receptors The P-adrenoceptor blocker, S-(-)-propranolol, did not
contractions to 5-HT in alter the 5-HT concentration-effect curve, ruling out an

5-HT4 receptor antagonist, involvement of 5-HTIA and 5-HTlB receptor subtypes. Fur-
usly shown to be a potent thermore, the weak effect of 8-OH-DPAT a highly selective
ceptors in the guinea-pig agonist at 5-HTIA receptors argues against the presence of
,hheit et al., 1992). MDL 5-HTlA receptors. Involvement of 5-HT2c receptors was also
eptors (Fozard, 1984) pro- unlikely since ketanserin which in addition to its high affinity
concentration-effect curve for 5-HT2A sites, exhibits an affinity for 5-HT2C sites (pKD
was associated with a values of 8.9 and 7, respectively, Hoyer & Fozard, 1991) was

on in MCA only. ICSZ205- without effect. However, we found that yohimbine (0.3,
tors at low concentrations 3 LM) and rauwolscine (O.1-1O gM), two drugs with affinity
had no effect at 0.01 and for 5-HTID sites (Hoyer & Fozard, 1991) antagonized the
o 5-HT in either artery; contractile effect of 5-HT. The apparent pA2 value for
have a greater affinity for yohimbine and the pA2 value for rauwolscine were close to
(Hoyer, 1990) and thus it their respective affinity constants reported at 5-HTlD binding
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sites in mammalian brain membranes (7.1 and 7.7, respec-
tively, Hoyer & Fozard, 1991), an observation which would
favour the activation of 5-HTID receptors in rabbit MCA and
PCA. In addition, agonists displaying high affinity towards
5-HTID binding site such as, 5-CT (pKD, 9), 5-MeOT (pKD,
8.4) and sumatriptan (pKD, 7.5) matched the effect of 5-HT
(pKD, 8.4) better than x-Me-5-HT (pKD = 6.2, Hoyer &
Fozard, 1991). Furthermore, the apparent pA2 value for
-methiothepin and yohimbine as well as the pD2 values for
5-HT and 5-CT found in this study are in accordance with
the corresponding values observed for these compounds at
the presynaptic 5-HT autoreceptor in the rabbit brain cortex
(Limberger et al., 1991). Taken together our results support
the view that the receptor underlying 5-HT-mediated contrac-
tion of rabbit middle and posterior cerebral arteries is of the
5-HTlD subtype. Interestingly, such a subtype of 5-HT recep-
tor was not found in the rabbit basilar artery, where yohim-
bine failed to antagonize the contractile effect of 5-HT and of
sumatriptan (Parsons & Whalley, 1989). Such a difference
seems to reflect a differential distribution of 5-HT receptors
along the cerebral vasculature of the rabbit.

This study provides the first demonstration of 5-HTID

receptor-mediated contractile response in rabbit cerebral
arteries. Since this type of 5-HT receptor has been shown to
be involved in 5-HT-induced contraction of human cerebral
arterioles (Hamel & Bouchard, 1991) and human cerebral
arteries (Jansen et al., 1993), the rabbit isolated MCA and
PCA might constitute useful pharmacological preparations
for the development of new compounds acting at the 5-HTID
receptor. Recently, two genes encoding the human 5-HTID
receptor subtypes have been cloned and named 5-HTID, and
5-HTlDp (Weinshank et al., 1992). A weak homology of
sequence (63%) between 5-HTIDp and 5-HTD1. receptors has
been reported but their pharmacological profiles appeared
almost indistinguishable (Hartig et al., 1992). While it
appears that the human 5-HTIDP is the species homolgous of
the rat 5-HTIB receptor (Hartig et al., 1992), further studies
will be needed to determine the subtype of 5-HTID receptor
present in rabbit MCA and PCA.

The authors thank Drs T.M. Cocks and N.M.B. Martin for their
helpful comments regarding the manuscript.
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The P2z-purinoceptor of human lymphocytes: actions of
nucleotide agonists and irreversible inhibition by oxidized ATP

'James S. Wiley, Joan R. Chen, Marie B. Snook & Gary P. Jamieson

Haematology Department, Austin Hospital, Heidelberg, Victoria 3084, Australia

1 Extracellular adenosine triphosphate (ATP) is known to open a receptor-operated ion channel (P2z
class) in human lymphocytes which conducts a range of cationic permeants. The activity of a range of
different agonists and inhibitors towards the P2Z-purinoceptor was investigated by measuring the
agonist-induced influx of Ba2+ into fura-2 loaded lymphocytes.
2 The most potent agonist was 2' & 3'-0-(4-benzoylbenzoyl)-ATP (benzoylbenzoic ATP) which gave 2
fold greater maximum Ba2+ influx and had a 10 fold lower EC50 than for ATP. The rank order of
agonist potency in K+-media was benzoylbenzoic ATP>>ATP = 2-methylthio ATP = 2-chloro
ATP>ATP-y-S. ADP, UTP and a,,-methylene ATP were unable to stimulate Ba2` influx.
3 Extracellular Na+ inhibited the increment of Ba2+ influx induced by all concentrations of ATP,
2-methylthio ATP, 2-chloroATP and ATP-y-S. This inhibitory effect of extracellular Na+ is also
reflected in the different EC50s for benzoylbenzoic ATP (8 gM in K+-media, 18 jaM in Na+-media) but
the maximal response to this agonist was the same in the presence or absence of Na+.
4 Treatment of lymphocytes with 2,3 dialdehyde ATP (oxidized ATP) at 300 AM for 60 min gave total
and irreversible inhibition of ATP-induced Ba21 influx. 5'-p-Fluorosulphonyl benzoyladenosine (FSBA)
also was an irreversible inhibitor but the maximal inhibition achieved was 90%.
5 It is concluded that the P2z-purinoceptor of human lymphocytes has a rank order of agonist potency
which clearly distinguishes it from other P2-receptors and that oxidized ATP is a convenient irreversible
inhibitor for the P2Z-purinoceptor.

Keywords: P2Z-purinoceptor; ion channel, lymphocyte; lymphocytes, human leukaemic; barium influx, lymphocytes; ATP-
receptor, extracellular; 2-chloro ATP; 2-methylthio ATP; oxidized ATP; benzoylbenzoic ATP; fluorosulphonylben-
zoyladenosine

Introduction

Extracellular adenosine 5'-triphosphate (ATP) mediates a
wide range of effects by acting on P2-purinoceptors on many
tissues throughout the body. Some 5 classes of P2-receptors
have been recognized (P2x, P2y, P2U, P2z and P2T) from their
characteristic agonist selectivity and sensitivity to inhibitors
(reviewed by Gordon, 1986; Burnstock, 1990; Dubyak &
El-Moatassim, 1993). In smooth muscle, extracellular ATP
can act in signal transduction at P2x-purinoceptors (Benham
& Tsien, 1987) by an action which opens an ion channel and
which usually brings about contraction. In endothelial cells
extracellular ATP causes formation of nitric oxide and
vascular relaxation. This action of ATP is mediated via a
P2Y-receptor which is coupled to activation of the phos-
phoinositide signalling cascade, formation of inositol (1,4,5)-
trisphosphate (IP3) and release of Ca2+ from intracellular
organelles. Many features of this P2Y-receptor are func-
tionally similar to the endothelial P2U-receptor except that
UTP is the preferred agonist for the latter. ATP also induces
the formation of ion-conducting channels (pores) in mouse
and human lymphocytes (Wiley & Dubyak, 1989; Wiley et
al., 1990; 1992; El-Moatassim et al., 1990; Pizzo et al., 1991),
rat peritoneal mast cells (Tatham & Lindau, 1990), rat
parotid acinar cells (Soltoff et al., 1992) and mouse mac-
rophages (Greenberg et al., 1988). A subclass of purinocep-
tors termed P2z was first proposed for the receptor associated
with this channel based on a specificity for the fully ionized
ATP4- and need for relatively high (ca. 100 pM) ATP con-
centrations to open the channel (Gordon, 1986).

Several general features characterize the ionic fluxes
associated with opening of the P2z-associated ion channel of
lymphocytes (El-Moatassim et al., 1990; Wiley et al., 1990;
1992; 1993; Pizzo et al., 1991). First, ATP-induced in-

' Author for correspondence.

crements in permeant fluxes show a sigmoid dependence on
agonist concentration. Second, amiloride analogues such as
hexamethylene amiloride potently inhibit ATP-induced ion
fluxes. Third, ATP-induced fluxes are inhibited to a variable
extent by high concentrations of extracellular Na+. Finally
the P2z channel accepts certain large inorganic and organic
cations so that influx of Ba2+ into fura-2 loaded lymphocytes
can be used to study the kinetics of opening of this P2-
channel. Thus Ba2+ influx was used in the present study to
characterize the potency of various agonists of the P2-
purinoceptor of lymphocytes and the effect of irreversible
antagonists. Lymphocytes showed no ATP-induced release of
internal Ca2' (a P2Y effect) and no response to UTP, ADP or
a,-methylene ATP, agonists which are specific for the P2u,
P2T and P2x purinoceptors respectively. These results confirm
that lymphocytes possess only P2z-purinoceptors and are an
ideal cell type to study the characteristics of this receptor. 2'
& 3'-0-(4-benzoylbenzoyl) ATP (benzoylbenzoic ACP) which
potently stimulates Ca2+ responses in macrophages (El-
Moatassim & Dubyak, 1992) showed the greatest potency for
opening this P2z channel of lymphocytes. The present study
reports a rank order of agonist potency for the lymphocyte
P2z-receptor which clearly distinguishes it from other classes
of P2-purinoceptors.

Methods

Source of lymphocytes
Peripheral blood lymphocytes were obtained from eight
separate patients with B-cell chronic lymphocytic leukaemia
whose cells showed permeability responses in our previous
study (Wiley et al., 1992). Our previous work has shown that
these leukaemic lymphocytes show similar ATP-induced

'." Macmillan Press Ltd, 1994
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a permeability responses to lymphocytes of normal subjects100 - (Wiley & Dubyak, 1989).

C 80 - Lymphocyte preparation0

/ Venous blood (20 ml) from patients was added to heparin60 anti-coagulant and diluted with 2 vol HEPES buffered saline
(composition mM: NaCl 145, KCI 5, HEPES 10, pH 7.4,

40 CaCl2 1, D-glucose 5 and bovine serum albumin (BSA)
1 g 1I). Mononuclear cells were separated by density

co gradient centrifugation over Ficoll-Paque. CytocentrifugeE 20F preparations showed that >99% of the mononuclear cells
_Clo A/ were small mature lymphocytes.

10 100 1000 Cytosolic Bai measurements byfluorometry
ATP (gM)

Washed cells (1 x I0 ml-') suspended in HEPES buffered
200b saline were loaded with fura-2 by incubation in the dark with

o /0 2 ,lM fura-2-acetoxymethyl ester for 20 min at 37°C. The cells
160 / /were then washed twice and resuspended in HEPES buffered160 saline. Cells (1.0 x 108 ml-') were kept at 20'C in the dark

0 / T v and diluted to 2 x 106 ml-' in 3 ml of either 150mM NaCl
x X 120L i I / medium or 150 mM KCI medium containing HEPES 10 mM,

0- X / SYpH 7.4, BSA 1 g 1' and D-glucose 5 mM for fluorometric
+ - 80 analysis in a stirred cuvette at 370C. BaCI2 (3 JA of 1.0 M+x X U80 / / .stock) and nucleotides were added as indicated. Fluorescence
co E / /measurements were made in a Johnson Foundation fluoro-

E 40 T/1/ meter (Dubyak & De Young, 1985) with excitation at 340 nmE 40 and emission at 500 nm. Calibration was performed after/ 1-0

each run by adding 10 1 digitonin (7.5 mg ml-) followed by
0, 5 mM EGTA (Grynkiewicz & Tsien, 1985) with additional

1 10 100 NaOH added to elevate pH above 8.5 to obtain minimum
Benzoylbenzoic ATP (gM) fluorescence.

C00 Materials
Ficoll-Plaque (density 1.077) was obtained from Pharmacia

80 (Uppsala, Sweden). ATP, ADP, UTP, 2',3'-dialdehyde ATP
0 (oxidized ATP), 5'-p-fluorosulphonybenzoyladenosine (FSBA)

x ' 60
c

L

+ Figure 1 Dose-response curves of Ba2' influx for various nucleo-
40 tides and analogues. (a) ATP, (b) benzoylbenzoic ATP and (c)

x / 2-methylthio ATP measured in either isotonic KCl media (@) or

E 20 NaCi media (0). The increment of Ba2+ influx produced by eachE 20/-( nucleotide was expressed as a percentage of the maximal response to
1.0mM ATP in KCI media which was defined as 100% response.

C The curves shown were calculated by non linear regression analyses.10 100 1000 Mean values ± s.e. mean from experiments on three donors are
2-Methylthio ATP (giM) shown.

Table 1 Effect of various ATP analogues in inducing Ba2+ uptake

NaCl medium KCl medium
Maximal Maximal

Agonist pEC10 (EC50 iLm) rate* pEC50 (EC50 gLm) rate*

ATP 3.73±0.14 (187) 44 11 4.05±0.03 (89) 100±4
Benzoylbenzoic ATP 4.74 0.06 (18) 193 16 5.11 ± 0.05 (8) 189 11
2-Methylthio ATP 3.84 0.19 (146) 42± 10 4.03 ± 0.04 (94) 67± 3
2-Chloro ATP 3.86 0.15 (137) 26 4 3.81 ±0.08 (154) 86± 15
ATP-y-S (I mM) 5± 3 - 25 8
a,-Methylene ATP (2 mM) 0 - 0
ADP (2 mM) 0 - 0
UTP (2 mM) 0 - 0
FSBA (100;LM) 0 - 0
Oxidized ATP (100tiM) 0 - 0

*Maximal rates are expressed as a percentage relative to maximal rate for ATP in KCI media.
Extracellular Ba2+ concentration was 1.0 mm. Maximal rates, pEC5os (- log,0EC50) and respective standard errors were calculated by
non-linear regression analysis of plots of response versus log agonist concentration using the programme Flexifit (Guardabasso et al.,
1988). Each value was obtained using data obtained from at least three experiments. Agonists without EC5os were added at the
concentration indicated in parentheses.
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and benzoylbenzoic ATP were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). Fura-2-acetoxymethyl ester was from
Molecular Probes (Eugene, OR, U.S.A.). xP-Methylene
ATP, 2-chloroadenosine triphosphate (2-chloro ATP) and
2-methylthio ATP were obtained from Research Bio-
chemicals Inc. (Natick, MA, U.S.A.). Adenosine 5'-0-(3-
thiotriphosphate) (ATP-y-S) was from Boehringer-Mannheim
(Sydney, Australia).

Results

Nucleotide specificity of the lymphocyte P2-receptor

The use of Ba2" as a permeant for the P2z channel offers a
unique advantage over Ca2' since the increase in the fluore-
scent signal reflects uptake and the Ba2+ taken up is neither
sequestered nor pumped by transport ATP-ases (Wiley et al.,
1983; Yamaguchi et al., 1989; Schilling et al., 1989). Addition
of either 1 mM Ba2+ or 1 mM ATP to fura-2 loaded lym-
phocytes incubated in Ca2"-free media resulted, in little
change in fura-2 fluorescence. This confirms our previous
report that extracellular ATP does not cause release of intra-
cellular Ca2" stores in lymphocytes. However, addition of
ATP (0.05-1.0 mM) with Ba2+ gave a prompt increase in
fura-2 fluorescence due to influx of Ba2+ ions. The initial
slope of the increase in fluorescence was taken as a measure
of Ba2+ influx. Figure la shows the increment in Ba2+ influx
following addition of ATP showed a sigmoid dependence on
the concentration of agonist. ECjO values for this effect of
ATP are shown in Table 1 and are similar to values (ca.
100f1M) previously reported (Wiley et al., 1993). Figure la
shows that the maximal Ba21 influx was 2.5 fold greater in
KCI media than in NaCl media. Figure lb shows that ben-
zoylbenzoic ATP was 10 fold more potent than ATP in
inducing Ba2+ influx in either medium and as little as 8 EM
agonist gave half maximal Ba2" influx in KCl media. It is of
note that the maximal Ba2" influx induced by benzoylbenzoic
ATP was the same in KCI as in NaCl media (Figure lb).
2-Methylthio ATP was also effective in inducing Ba2" influx
into lymphocytes although the maximal Ba2+ influx was only
2 fold greater in KCl than in NaCl (Figure lc). Hill analyses
of the data in Figure la,b,c gave slope parameters between
1.6 and 3.6, consistent with a positive co-operative effect of
all the nucleotide agonists. Table 1 shows maximal Ba2"
influx values for different nucleotide agonists together with
their ECm values in NaCl and KCl media. The greatest Ba2+
influx was achieved with benzoylbenzoic ATP either in NaCl
or KCl media. The EC50 values showed a rank order of
agonist potency in KCl media of: benzoylbenzoic ATP>
ATP = 2-methylthio ATP = 2-chloro ATP> ATP-y-S. Neither
ADP, UTP nor a,P-methylene ATP at 2 mM concentration
could substitute for ATP in stimulating Ba2+ influx (Table 1).

Inhibition of P2z-purftroceptors by 5'-p-fluorosulphonyl
benzoyladenosine (FSBA)
FSBA is a known irreversible inhibitor of many ATP-
requiring enzymes such as ecto-ATPase (Filippini et al.,

Figure 2 Inhibition of ATP-induced Ba2+ uptake by 5'-p-fluoro-
sulphonylbenzoyladenosine (FSBA) and oxidized ATP. Fura-2
loaded cells were suspended at 2 x 108ml' in KCI medium and
additions of 1.0 mM Ba2+ and 0.1 mm ATP were made as indicated.
(a) Cells were preincubated with 0, 10 and 100 1iM FSBA in NaCl
medium at 37°C for 30 min and then washed twice with KCI
medium. (b) Cells were preincubated with 100 1M FSBA in either
NaCI or KCI medium at 37C for 30 min and then washed twice
with KCl medium. (c) Cells were preincubated with 0, 10 and 1001AM
oxidized ATP in NaCl medium at 37'C for 60 min and then washed
twice with KCI medium. (d) Cells were preincubated with 1001AM
oxidized ATP in either NaCI or KCl medium at 37°C for 60 min and
then washed twice with KCI medium.
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1990) as well as the P2-purinoceptor which mediates ADP-
induced platelet activation (Figures et al., 1981). FSBA
(100 JM) was not able to induce Ba2" influx into lym-
phocytes. Preincubation of lymphocytes with 10-100 1M
FSBA for 30 min at 370C inhibited subsequent ATP-induced
Ba21 influx whether the inhibitor was still present or was
removed by washing (Figure 2a). The maximal inhibition
achieved with 100 JM FSBA was ca. 90% and complete
inhibition could not be achieved even when inhibitor was
present in both pre-incubation and subsequent assay. Neither
increasing FSBA concentration to 200 IM nor extending the
pre-incubation time achieved 100% inhibition of ATP-
induced Ba2+ influx. The inhibitory effect of FSBA was
greater when the pre-incubation with inhibitor was in Na
media than in K-media. Figure 2b shows that FSBA pre-
incubation in Na-medium gave 90% inhibition of Ba2+ influx
compared with 60% inhibition following pre-incubation in
K-media.

Irreversible inhibition of P2z-purinoceptor by oxidized
ATP

The 2, 3 dialdehyde derivative of ATP (oxidized ATP) is a
potent irreversible inhibitor of P2Z-purinoceptors of mouse
macrophages (Murgia et al., 1993). Added alone, oxidized
ATP was unable to induce Ba2+ influx into lymphocytes
(Table 1). Preincubation of lymphocytes with 100 JM
oxidized ATP for 60min followed by washing gave >95%
inhibition of ATP-induced Ba2+ influx (Figure 2c). Increasing
the concentration of oxidized ATP to 300 JM during 60 min
preincubation gave 100% inhibition of both ATP-induced
and benzoylbenzoic ATP-induced Ba2+ influx. Figure 2d
shows that this complete inhibition of Pa-mediated Ba2'
influx was independent of whether the preincubation of cells
with oxidized ATP (100 JM) was in Na+ or K+-media. The
irreversible inhibition by oxidized ATP was still evident in
cells exposed to inhibitor for 60 min, washed and then
incubated for 4h prior to assay of P2Z channel fluxes.

Discussion

Various subtypes of P2-purinoceptors have been recognized
by characteristic profiles of agonist activities. There are few
studies comparing agonist potencies for the P2z-purinoceptor
since few cell types express the P2z subtype in isolation.
Previous studies in mast cells and in human and mouse
lymphocytes have shown that 2-chloro ATP, 2-methylthio
ATP and ATP-'y-S are all agonists for the P2z-associated
channel in these cell types (Tatham et al., 1988; Wiley et al.,
1990; El-Moatassim et al., 1990). Table 1 and Figure Ic show
that these three nucleotide agonists are active in stimulating
Ba2+ influx into human lymphocytes. In a murine macro-
phage cell line (expressing P2Y, P2U and P2z), benzoylbenzoic
ATP powerfully stimulated influx of Ca2+ from the medium
without triggering release of internal Ca2+ and this effect was
attributed to a specific occupancy of P2z-purinoceptors (El
Moatassim & Dubyak, 1992). Our study confirms that ben-
zoylbenzoic ATP is a far more potent agonist than ATP for
the P2Z-purinoceptor in human lymphocytes, and produced 2
fold greater maximal Ba2+ influx compared to ATP. Indeed
benzoylbenzoic ATP stimulated Ba2+ influx with ECms of 8
and 18 JM compared with 89 and 187 JM for ATP in K+ and
Na+ media respectively. Benzoylbenzoic ATP has also been

reported to be > 10 fold more potent than ATP in
stimulating 45Ca2" influx via the P2Z-purinoceptor of rat
parotid acinar cells (Soltoff et al., 1992). Table 1 also shows
that recognized agonists for P2x (a,-methylene ATP), for P2T
(ADP) and for P2U (UTP) had no activity in human lym-
phocytes. Furthermore, 2-methylthio ATP and 2-chloro ATP
which are potent agonists for P2y-receptors had only
moderate agonist activity in lymphocytes. Finally these data
establish a rank order of agonist-induced Ba21 flux for the
lymphocyte P2z-purinoceptor as: benzoylbenzoic ATP>>
ATP = 2-methylthio ATP = 2-chloro ATP> ATP-y-S. A
major feature of the P2z-associated ion channel in lym-
phocytes is the inhibition of ion fluxes which is observed at
high extracellular Na' concentrations (Figure la).
A similar inhibitory action of extracellular Na' on ATP-

induced Ca21 transients has been reported for mouse
thymocytes (Pizzo et al., 1991) and human lymphocytes but
is not observed with Ca2" transients produced by agonists
such as anti human immunoglobulin antibody (Wiley et al.,
1992), an observation which excludes some generalized effect
of extracellular Na' on Ca2' homeostasis, e.g. by Ca2+-Na'
countertransport. Could this inhibitory effect of extracellular
Na+ be due to direct competition between Na+ and Ba2' (or
Ca2+) for passage through the channel? Our previous studies
have shown that both Na+ and Ba2' are permeants for the
P2z-associated ionic channel of lymphocytes (Wiley et al.,
1989; 1993). Competitive interactions between Na+ and Ba2'
must occur and provides a partial explanation for the lower
Ba2+ influxes in the presence of Na+ (Figure la,b,c). How-
ever, the data in Figure lb show maximal Ba21 influx
achieved with benzoylbenzoic ATP was independent of the
presence or absence of Na+-ions. This effect is difficult to
explain but may result from benzoylbenzoic ATP altering the
conformation of the channel in such a way that Na+ no
longer competes effectively with other permeants. Direct
effects of external Na+ ions on ion-channel conformation
have been described for the amiloride-sensitive Na+ channel
in frog skin, where Na+ ions react with modifying sites
located on or near the Na+-conductive protein to self-inhibit
the Na+ current (Sariban-Sohraby & Benos, 1986). Likewise
Na+ ions have been reported to reduce the Ca2' current
through L-type calcium channels by modulating the confor-
mation of the channel (Balke & Wier, 1992).

Finally, the irreversible inhibition of ATP-induced Ba21
influx in human lymphocytes by oxidized ATP confirms the
proposal of Murgia et al. (1993) who suggest that this 2, 3
dialdehyde derivative of ATP is a potent inhibitor of P2z-
channels in the J774 mouse macrophage cell line. Our data
also show that FSBA irreversibly inhibits 60-90% of the P2Z
channel fluxes of lymphocytes and the inhibition was more
complete when the inhibitor was added to the cells in Na+
media than in K+ media (Figure 2b). This observation pro-
vides further evidence that extracellular Na+ ions may
modify the conformation of the ATP-binding site on the P2Z
channel. Although the role of the ATP4- receptor-operated
ion channel in lymphocyte function is yet to be elucidated,
the application of these irreversible inhibitors may enable a
role for this channel to be tested in processes as diverse as
apoptosis and intercellular signalling.

We thank Dr Arthur Conigrave and Dr David Satchell for helpful
comments. This work was supported by a grant from the National
Health and Medical Research Council of Australia.
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Lack of effect of microinjection of noradrenaline or

medetomidine on stimulus-evoked release of substance P in the
spinal cord of the cat: a study with antibody microprobes

'C.W. Lang, 2P.J. Hope, 3B.D. Grubb & 4A.W. Duggan

Department of Preclinical Veterinary Sciences, Royal (Dick) School of Veterinary Studies, University of Edinburgh,
Summerhall, Edinburgh EH9 1QH

1 Experiments were performed on barbiturate anaesthetized, spinalized cats to investigate the effect of
microinjected noradrenaline or medetomidine on the release of immunoreactive substance P in the dorsal
spinal cord following peripheral nerve stimulation. The presence of immunoreactive substance P was

assessed with microprobes bearing C-terminus-directed antibodies to substance P.
2 Noradrenaline or medetomidine were microinjected into the grey matter of the spinal cord, near

microprobe insertion sites, at depths of 2.5, 2.0, 1.5 and 1.0 mm below the spinal cord surface with
volumes of approximately 0.125 fl and a concentration of O0-3M.
3 In the untreated spinal cord, electrical stimulation of the ipsilateral tibial nerve (suprathreshold for
C-fibres) elicited release of immunoreactive substance P which was centred in and around lamina II.
Neither noradrenaline nor medetomidine administration in the manner described produced significant
alterations in this pattern of nerve stimulus-evoked release.
4 In agreement with recent ultrastructural studies these results do not support a control of substance P
release by catecholamines released from sites near to the central terminals of small diameter primary
afferent fibres.

Keywords: Antibody microprobes; substance P release; spinal cord; peripheral nerve stimulation; microinjection; noradrenaline;
medetomidine

Introduction

Although there is considerable information on the brainstem
sites of origin of descending pathways controlling spinal
transmission of nociceptive information, comparatively little
is known about the mechanisms operating at the spinal ter-
mination of these pathways. A wealth of evidence suggests
that release of the monoamines, noradrenaline (NA) and
5-hydroxytryptamine (5-HT), mediates, in part, brainstem
control of spinal nociceptive transmission. This evidence
includes the effects of agonists applied either topically to the
spinal cord (mouse: (Hylden & Wilcox, 1983) rat: (Camarata
& Yaksh, 1985; Sullivan et al., 1987; Solomon & Gebhart,
1988; Gordh et al., 1989; Tseng & Tang, 1989; Danzebrink &
Gebhart, 1990; Tjolsen et al., 1990; Uhlen et al., 1990; Fisher
et al., 1991; Hylden et al., 1991; Takano & Yaksh, 1991) cat:
(Collins et al., 1984; Nakagawa et al., 1990) sheep (Water-
man et al., 1988)) or near to single neurones in the dorsal
spinal cord (Headley et al., 1978; Jeftinija et al., 1981; Nagy
& Hunt, 1982; Curtis et al., 1983; Davies & Quinlan, 1985;
Fleetwood-Walker et al., 1985; Zhao & Duggan, 1987) and
the behavioural effects of electrical stimulation of brain stem
areas exhibiting monamine containing cell bodies (rat:
(Reynolds, 1969), and man (Meyerson et al., 1979)). In addi-
tion there is a dense plexus of catecholamine containing
nerve terminals (rat: (Schroder & Skagerberg, 1985; Rajao-
fetra et al., 1992), cat: (Lackner, 1980; Doyle & Maxwell,
1991a), primate (Westlund et al., 1984)), and a marked den-
sity of catecholamine bindings sites (rat: (Young & Kuhar,
1980), Jones et al., 1982; Unnerstall et al., 1984; Giron et al.,
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1985), sheep: (Bouchenafa & Livingston, 1987) and man:
(Unnerstall et al., 1984)), in the superficial dorsal spinal cord,
the main area of termination of small diameter primary
afferent fibres.
One hypothesis for a mechanism of selective analgesia at

the spinal level is a presynaptic reduction in transmitter
release from primary afferent terminals of nociceptive origin.
This has been investigated by a number of methods for
several compounds including NA. These methods include
both in vivo and in vitro transmitter release studies (Kuraishi
et al., 1985; Pang & Vasko, 1986; Ono et al., 1991) and
electrophysiological assessments of changes in the excitability
of the spinal terminations of primary afferent fibres in res-
ponse to compounds administered microionophoretically
(Jeftinija et al., 1981; Nagy & Hunt, 1982; Curtis et al.,
1983). Such studies however, have produced controversial
results and the spinal mechanisms underlying supraspinal
controls involving monoamines remain unresolved.
The most direct method of investigating a possible pre-

synaptic control by monoamines of transmission of inform-
ation conveyed by nociceptors is to measure transmitter
release in the dorsal spinal cord, in response to defined
peripheral noxious stimuli, before and after monoamine app-
lication close to the releasing terminals. The tachykinin
neuropeptide substance P (SP) has been shown, by a variety
of techniques, to be released in the spinal dorsal horn follow-
ing peripheral noxious stimuli. With the antibody microprobe
technique, such release in spinal cats has been shown to be
centered on laminae I and II, the major sites of termination
of cutaneous small diameter primary afferents (Duggan et al.,
1988b; 1991; 1992; Schaible et al., 1992). Controls of trans-
mitter release from the central terminals of peripheral
nociceptors might, therefore, be reasonably expected to
influence the stimulus-evoked release of SP in laminae I and
II of spinal cats. In the present series of experiments
antibody microprobes have been used to measure the release
of immunoreactive SP (irSP) in the superficial dorsal horn in

'." Macmillan Press Ltd, 1994



952 C.W. LANG et al.

response to electrical stimulation of unmyelinated primary
afferent fibres. The effects of NA microinjection from a
micropipette with its tip positioned in the region of the
substantia gelatinosa have been evaluated in terms of any
change in the subsequent pattern of stimulus evoked irSP
detection. Because of existing evidence that the relevant
receptors mediating the antinociceptive action of spinal NA
are of the M2-adrenoceptor type (Fleetwood-Walker et al.,
1985), the effects of the highly selective a2-adrenoceptor
agonist, medetomidine hydrochloride, were also studied.

Methods

Animal preparation

Experiments were carried out on 7 barbiturate-anaesthetized
cats. These were skeletally mature animals, males and
females, bred specifically for research purposes and with
body weights in the range of 2.5-3 kg. Induction of anaes-
thesia was by intraperitoneal injection of pentobarbitone
sodium (35 mg kg-') and maintenance was by a continuous
intravenous infusion of the same compound (3 mg kg-' h-').
All animals were artificially ventilated following neuromus-
cular paralysis with gallamine (4 mg kg-' h-'). Gallamine
was subsequently administered intermittently to allow ade-
quate checks on the level of anaesthesia. Blood pressure was
monitored via a cannulated carotid artery and end-tidal CO2
levels were continually monitored and maintained at 4%.
The lumbar spinal cord was exposed by removal of the

overlying bony laminae and the spinal cord was then
transected at the thoraco-lumbar junction following intra-
spinal injection of 0.1 ml of a 2% lignocaine solution. The
lumbar dura mater was cut longitudinally and retracted
laterally. A thin layer of Ringer/agar was then placed over
the dorsal surface of the exposed spinal cord. At sites of
proposed microprobe insertion an area of agar and a small
part of the underlying pia-arachnoid were removed with
sterile fine forceps. The area of the spinal cord exposed in
this way was then irrigated with a sterile Ringer solution held
at 37°C by a heat exchanger jacket around the delivery tube.
Following the induction of anaesthesia, cats received two
intramuscular injection of ampicillin, 25 mg kg-', 10 h apart.
When measuring neuropeptide release by any method it is
important to have near sterile conditions (Duggan, 1992).
Although irSP release in the superficial dorsal horn is

evoked by a variety of noxious peripheral stimuli (Duggan et
al., 1988b), it is difficult to deliver such stimuli repeatedly
without damaging peripheral tissues and thus altering the
firing of peripheral nociceptors to successive stimuli. For this
reason, electrical stimulation of unmyelinated primary affer-
ent fibres in the tibial nerve was used to elicit spinal release
of irSP in the present series of experiments. The right and left
tibial nerves were exposed in the lower limb, immersed in
liquid paraffin and mounted on platinum stimulating elec-
trodes. Stimulation was with square wave pulses, 0.3 ms
duration, with an amplitude of at least 80 times the threshold
stimulus needed to produce a short latency field potential as
measured with a recording electrode placed in the upper
dorsal horn. Stimulus frequency was 20 Hz and stimulation
duration was O min in every case.

Microprobe preparation

Antibody microprobes were prepared as previously described
(Duggan et al., 1988a; Duggan, 1992). Briefly, fine glass
micropipettes, heat sealed at both ends, were incubated in a
10% solution of aminopropyltriethoxysilane in toluene. This
produced a siloxane polymer layer on the outer surfaces of
the microprobes and glutaraldehyde was then used to im-
mobilize protein A (Sigma) to this polymer. Protein A then
bound immunoglobulins present in a polyclonal antiserum

containing antibodies directed at the C-terminus of SP
(Peninsula Laboratories). These antibodies bind SP and
fragments of SP containing at least the last five amino acid
residues; data from the manufacturer indicates negligible
cross-reactivity with either neurokinin A or neurokinin B.

Microprobes were inserted into the spinal cord, in pairs,
with stepping motor micromanipulators. Prior to insertion,
microprobes had both ends removed to allow filling with a
solution of pontamine sky blue to aid visualization of the
tips. With the first probe introduced into a particular area of
the spinal cord, it was usual to obtain extracellular recor-
dings during introduction into the spinal cord in order to
confirm that fibres in the ipsilateral tibial nerve did project to
that area. All microprobes were inserted to a depth of 4 mm
which, in the lumbar spinal cord of the adult cat, places the
tip in the ventral horn. Microprobes were left in situ for
10 min following insertion into the cord, during which time
either (a) no peripheral stimulus was applied to allow detec-
tion of basal irSP levels or (b) the ipsilateral tibial nerve was
stimulated as previously described, with or without prior
drug application (see results). Insertions of consecutive pairs
of antibody microprobes, in the same area of the spinal cord,
were at intervals of at least 25 min.
The antibody microprobe technique detects bound endog-

enous ligand by the subsequent failure of binding of exo-
genous radiolabelled ligand. Thus, following removal from
the spinal cord, microprobes were washed for 15 min in a
cold solution of phosphate-buffered saline (PBS) containing
Tween (0.1 %) and then incubated for 24 h at 60C in a
PBS-azide solution of (Bolton-Hunter) 251I-radiolabelled SP
(Amersham) containing 0.5% bovine serum albumin. This
solution was diluted to give approximately 2000 counts
min-' I.I-'. After this incubation, microprobes were again
washed for 15 min in cold PBS-Tween, while continually
drawing the solution through the tips to remove any radio-
labelled SP from the inside. The tips were then carefully
broken off about 1 cm back and glued to a sheet of paper
which was placed in an X-ray film cassette with a sheet of
monoemulsion film (Kodak NMB).
The resulting X-ray film images of microprobes were

analysed with an image analysis system employing an Imag-
ing Technology PC Vision Plus frame grabber board
operating in a Data Control Systems 286e (AT based) com-
puter. A CCD camera scanned each image and, as described
previously (Hendry et al., 1988), after background subtrac-
tion in a transverse integration of the optical density of the
image of each microprobe was executed at defined intervals.
With the magnification used and the resolution of the image
analysis system (512 by 512 locations per frame) this corres-
ponds to a lOpm interval for transverse integrations. The
resultant integrals were stored on a hard disk record which
included 40 coded values for each individual image relevant
to the experimental conditions surrounding it. An analysis
programme subsequently obtained groups of microprobes
which met stated criteria and obtained the mean image
analysis of each group. This mean image analysis was plotted
with respect to distance from spinal cord surface (see Figures
la, 2 and 3a). In addition, differences between the mean
image analyses of control and experimental groups were
obtained, t statistics were then calculated and a probability
of significance assigned to the difference in the mean grey
scale values at each analysis point (see Figures lb and 3b). It
is important to emphasize the spatial resolution of this tech-
nique. For microprobes inserted into the spinal cord events
are examined optically at 100 sites per mm. Since such a
resolution exceeds the biological resolution of the microprobe
technique, the mean of 3 successive sites was calculated and
stored giving an approximate resolution of 33 sites per mm.
During in vitro tests of antibody microprobes, ['25I]-SP was

bound to a representative group of probes. At least 50%
suppression of this binding of radioactive SP was achieved by
prior incubation of the microprobes in a solution of 10- M
unlabelled SP for 30 min at 37TC.
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Microinjection of drug solutions

NA and medetomidine (a gift from Farmos) solutions
(10-3 M in sterile Ringer) were microinjected into the dorsal
horn from micropipettes (tip diameter 20-40 gm) positioned
with a micromanipulator to the appropriate regions and at
depths of 1.0, 1.5, 2.0, and 2.5 mm below the dorsal spinal
cord surface. Although in the cat, the peak release of irSP
evoked by tibial nerve stimulation is in the superficial dorsal
horn, 1.1 mm below the cord surface, (Duggan et al., 1988b;
1991; 1992; Schaible et al., 1992), there is significant release
from approximately 0.5 to 1.0 mm deep in this area. Hence
the microinjections were performed at sites deep in the region
of the substantia gelatinosa. The total drug volume was
0.5 ILI, i.e. 0.125 Isl at each site. Previous experiments (Dug-
gan et al., 1991; 1992; Schaible et al., 1992) have shown that
microinjections of Ringer solution (or of PBS), in compar-
able or larger volumes to those used in the present study,
have no effect on the stimulus-evoked release of irSP in this
region of the spinal cord.
The timing of microinjections in relation to the application

of stimuli evoking release of irSP is important in experiments
of this type for several reasons. Firstly, if a compound is
inactivated quickly, the microinjection may need to be per-
formed whilst a microprobe is already in situ and a stimulus
being delivered. Previous experiments with neuropeptide
(NPY) microinjection (Duggan et al., 1991), inhibitors of
endopeptidase 24.11 (Duggan et al., 1992) and calcitonin
gene-related peptide (CGRP) (Schaible et al., 1992) showed
that this was not necessary with these compounds. Secondly,
the injected compound may need to diffuse within the spinal
cord for an effect of irSP release to be detected; this implies a
need to inject some time prior to testing for inhibition of
release. In the present experiments injections of NA or
medetomidine were performed after control microprobes
(either no stimulus or nerve stimulus controls) had been
removed from the cord and these microinjections were then
given gradually over a 5 min period. Subsequent pairs of
microprobes were then inserted as rapidly as possible into the
cord and were typically in situ 1-2 min after cessation of
drug microinjection. Drug microinjections and subsequent
microprobe insertions during nerve stimulation were always
at least 25 min after the preceding period of ipsilateral tibial
nerve stimulation.

Both NA and medetomidine were microinjected using
I0- M solutions and in volumes of approximately 0.125 slI at
each site. These volumes correspond to spheres with a radius
of approximately 340tim and in the absence of a removal
mechanism, such as neuronal uptake, a 10 fold reduction in
concentration (to 10-4M) will occur with an expansion of
this sphere, by diffusion, to a radius of 736 lam. Drug absorp-
tion into local blood vessels will reduce the concentration still
further, but as the starting concentrations for both NA and
medetomidine were relatively high and the drugs were also
administered close to the major zone of primary afferent fibre
termination, the concentrations of drug used should have
been sufficient to reveal any action at such sites. This
methodology has successfully altered the pattern of release of
SP following microinjection of NPY or CGRP (Duggan et
al., 1991; Schaible et al., 1992).

Results

Stimulus-evoked release of immunoreactive substance P

The mean image analyses of 13 microprobes inserted 4 mm
into the spinal cord and left for O min in the absence of
peripheral nerve stimulation, and 24 microprobes inserted for
the same time and to the same depth but during electrical
stimulation of myelinated and unmyelinated primary affer-
ents of the ipsilateral tibial nerve are illustrated in Figure la.
These microprobes are derived from the same experiments.
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Figure 1 Nerve stimulus-evoked release of immunoreactive-sub-
stance P in the superficial dorsal horn. (a) The mean image analysis
of two groups of microprobes are plotted: those which remained in
the spinal cord for 10 min and no peripheral stimulus was applied
(air controls, n = 13) and those present in the spinal cord during
electrical stimulation of myelinated and unmyelinated afferents of the
ipsilateral tibial nerve (skin controls, n = 24). The mean grey scale of
microprobes was calculated in 30 am intervals and a line joins these
points. At each point the s.e.mean ( + for Stim controls, - for air
controls) is plotted. (b) A plot of the t statistics derived from the
differences of the means from the two groups of microprobes shown
in (a). This plot is superimposed on a diagram of a cross section of
the lumbar spinal cord of the cat and the hatched area indicates
where these differences are significant with a probability of <0.05.

Significant differences between these mean image analyses
occur from 0.7 to 1.2 mm from the dorsal surface of the
spinal cord, and there is also a smaller zone of significance
approximately 1.5 mm below the cord surface. The distribu-
tion of significant differences between the two groups is
illustrated in Figure lb. The maximal difference occurs at a
depth of 1.0mm below the spinal cord surface. This site of
maximal release approximates to the substantia gelatinosa
and lamina I of the dorsal grey matter and agrees with the
findings of previous studies (Duggan et al., 1988b; 1991;
1992; Schaible et al., 1992). When dye is ejected from the tip
of a single microprobe and its position in the spinal cord
subsequently determined in a spinal cord section, then sites
of neuropeptide release can be inferred with great accuracy-.
With mean image analyses, as presented here, the location of
sites of release is less precise. With microprobes inserted a
fixed distance into the spinal cord (4 mm in this series of
experiments) the relationship of spinal laminae to distance
from the tip will vary between individual ar~imals, and also
with distance from the midline. When encoding the infor-
mation describing the position of a microprobe, a correction
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factor is included when appropriate, but the relative broad-
ness of the sites of release of irSP results in part from these
anatomical differences.

Microprobes present in the spinal cordfollowing
microinjection of noradrenaline

The mean image analyses of 38 microprobes inserted 4 mm
into the spinal cord for 10 min with concurrent electrical
stimulation of myelinated and unmyelinated afferents of the
ipsilateral tibial nerve (stim. controls) and 35 microprobes
inserted under the same conditions but following the injec-
tion of 1i-0M NA at depths of 1.0, 1.5, 2.0 and 2.5 mm
below cord surface in the area of subsequent microprobe
insertions (post NA) are illustrated in Figure 2. The two
groups of microprobes are derived from the same experi-
ments. The two mean image analyses are virtually identical
and at no points do the differences between them approach
statistical significance (at P <0.05).

Microprobes present in the spinal cordfollowing
microinjection of medetomidine

The mean image analyses of 31 microprobes inserted 4 mm
into the spinal cord for 10 min with concurrent electrical
stimulation of the myelinated and unmyelinated afferents of
the ipsilateral tibial nerve (stim. controls) and 20 microprobes
inserted under the same conditions but following the microin-
jection of 10- M medetomidine at depths of 1.0, 1.5, 2.0 and
2.5 mm below the spinal cord surface in the area of subse-
quent microprobe insertion (post Med) are illustrated in
Figure 3a. These two groups are again derived from the same
experiments, i.e. the 'Stim control' groups illustrated in
Figures 2 and 3a do not represent the same microprobes.
Although the post medetomidine group is displaced above
the control group at sites deep to the superficial dorsal horn,
(suggestive of increased release) there are no statistically
significant differences between the two groups within the
spinal cord at shown in Figure 3b. A small area of increased
irSP detection following medetomidine microinjection is evi-
dent at the cord surface. This has been an observation in
previous studies with microprobes and has been related to
the late development of inflammation at the sites of removal
of pia mater at the cord surface (Duggan et al., 1988b) in
some experiments. Hence it is more likely to be seen in the
post injection than pre injection microprobes.

Thus, neither I0-3 M NA nor 10-3 M medetomidine, mic-
roinjected directly into the dorsal spinal cord, had any
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Figure 2 Lack of effect of microinjection of noradrenaline (NA)
into the dorsal horn on the nerve-stimulus-evoked release of
immunoreactive-substance P. The mean image analysis of two groups
of microprobes are plotted: those present in the spinal cord
10 min during electrical stimulation of myelinated and unmyelinated
afferents of the ipsilateral tibial nerve (Stim controls, n = 38) and
those with comparable stimulation but inserted after microinjection
of noradrenaline (10-3 M) into the dorsal horn (post NA, n = 35).
The format of plotting is similar to that of Figure la.
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Figure 3 Lack of effect of microinjection of medetomidine into the
dorsal horn on the nerve stimulus-evoked release of immunoreactive-
substance P. (a) The mean image analysis of microprobes present in
the spinal cord for 10 min during electrical stimulation of myelinated
and unmyelinated primary afferents of the ipsilateral tibial nerve
(Stim controls, n = 31) and those with comparable stimulation but
inserted after microinjection of medetonidine (10-i M) into the dor-
sal horn (post Med, n = 20). (b) A plot of the t-statistics derived
from the differences of means of the two groups shown in (a) is
superimposed on a diagram of the lumbar spinal cord of the cat. The
hatched area indicates significant differences with a probability of
<0.05.

significant effect on the subsequent nerve stimulus-evoked
release of irSP.

Discussion

The present results are part of an extended study of possible
presynaptic controls of tachykinin release from the central
terminals of nociceptors. Presynaptic inhibition of transmitter
release from such terminals has been proposed as important
in several mechanisms of analgesia, including that resulting
from impulses arriving in large, diameter afferents (Melzack &
Wall, 1965) and that produced by electrical stimulation of
certain brainstem regions (Reynolds, 1969; Meyerson et al.,
1979).
There is evidence that, in acutely spinalized cats, the irSP

detected by microprobes and localized to the region of the
substantia gelatinosa following peripheral nerve stimulation,
is largely released from the central terminals of primary
afferent fibres. The substantia gelatinosa is the major site of
termination of cutaneous unmyelinated primary afferent
fibres (Sugiura et al., 1986), and a proportion of these are
known to contain substance P (Nagy & Hunt, 1982; Price,
1985). A contribution from intrinsic substance P-containing
spinal neurones is possible, but in the spinalized animal



NORADRENALINE, MEDETOMIDINE AND SUBSTANCE P RELEASE 955

release from fibres of supraspinal origin cannot have occur-
red. Thus physiological controls acting on the terminals of
unmyelinated primary afferents should be revealed by this
methodology, provided the compounds are administered in a
relevant manner.

Although microinjection of NA directly into the substantia
gelatinosa had no effect on the stimulus-evoked release of
irSP, administration of drugs in this manner has previously
been shown to be an effective way of modulating stimulus-
evoked irSP release. Microinjection of NPY was shown to
reduce irSP detection following peripheral nerve stimulation
(Duggan et al., 1991). Conversely, microinjection of CGRP
or of a mixture of the peptidase inhibitor drugs, kelatorphan
and enalaprilat, enhanced post-stimulus detection of irSP by
antibody microprobes (Duggan et al., 1992; Schaible et al.,
1992). Microinjections of comparable volumes of Ringer or
PBS solutions in these studies were without effect. NA may,
following microinjection, have been subject to rapid re-
uptake and degradation in the spinal cord. Medetomidine, a

synthetic compound, does not appear to be subject to any
re-uptake mechanism (R. Virtanen, Farmos, personal com-
munication). Following systemic administration, medeto-
midine is metabolized by hydroxylation in the liver (Salonen
& Eloranta, 1990) but little is known of its elimination from
the central nervous system.
The current observation that NA was ineffective in reduc-

ing noxious stimulus-evoked irSP release disagrees with ear-
lier studies of catecholamines and SP release from the spinal
cord. Ono et al. (1991) demonstrated that clonidine (10- M)
and tizanidine (10` M), both M2-adrenoceptor agonist drugs,
reduced the veratridine-induced release of SP from slices of
rat spinal cord in vitro. This effect was blocked by yohimbine
(10- M) and also by prazosin (10- M), suggesting the
involvement of M2B-adrenoceptors. Pang & Vasko (1986),
reported that NA (10- M) inhibited the high potassium-
evoked release of SP from a rat spinal cord slice. Veratridine
application or simple elevation of extracellular potassium
levels do not selectively activate primary afferent fibres and
perfusion of cord slices allows no spatial resolution of the
source of neurotransmitter release. Thus SP will probably be
released from a host of structures in these experiments, in-
cluding fibres of supraspinal/propriospinal origin and intrin-
sic neurones of the slice as well as primary afferent terminals.
Thus the action of a2-agonists cannot necessarily be related
to an action on primary afferent terminals.
More directly comparable to thle present study are the

experiments of Kuraishi et al. (1985) who reported that NA
(10- M) added to the perfusate of a push-pull cannula
inserted into the upper dorsal horn of rabbit spinal cord in
vivo reduced the release of irSP in response to a peripheral
noxious mechanical stimulus. The cannulae used were of
600pm outer diameter and the flow rate was 50 dlmin-'
(0.83 s'-). Although it is uncertain how much of the per-
fusate passing through a push-pull cannula escapes into the
surrounding tissue, 0.83 gld s-' is a relatively large flow rate in
relationship to the dimensions of the dorsal horn of the
rabbit. The distance from the dorsal surface of the spinal
cord to lamina I of the grey matter is approximately 1 mm
and as 1 fil represents 1 mm3, it is probable that administra-
tion of NA in this way results in activation of adrenoceptors
over a very wide area of the spinal grey and white matter.

Indeed, an important distinction between the present study
and those in which effects on SP release have been observed
is the method of drug administration. In our experiments,
NA and medetomidine microinjections were restricted to the
dorsal horn and the volumes were relatively small.

Experiments in which large volumes of drug containing
solutions are administered will access the intraspinal preter-
minal regions of primary afferents running rostally and
caudally in the white matter and this could be a cause of
reduced stimulus-evoked release of SP which is not related to
a physiological mechanism. There is good evidence for 5-HT
receptors on the peripheral branches of unmyelinated pri-

mary afferents (Neto, 1978) and for 'y-aminobutyric acid
(GABA) receptors on undefined peripheral nerve fibres
(Sakatani et al., 1991). A recent study (Sakatani et al., 1993)
found that GABA, 10- M, applied to the hemisected spinal
cord of the neonatal rat, reduced the amplitude of the com-
pound action potential resulting from propagation of impul-
ses along dorsal column fibres. This was a receptor-mediated
and not a local anaesthetic type of effect since it was reversed
by bicuculline. Such a block of conduction in some fibres
would reduce transmitter release at the relevant terminals.
Thus caution is needed in interpreting the results of
experiments in which adrenoceptor agonists are administered
either diffusely to a slice preparation or intraspinally in large
volumes as necessarily revealing a physiological control of SP
released from the central terminals of nociceptors. Although
we do not know the precise areas at which pharmacologically
active doses of these compounds were present in our experi-
ments, it is probable that restricting administration to areas
near the central terminals of nociceptors is more likely to
study controls acting at those terminals.

Ultrastructural studies have also failed to find evidence for
a synaptic control by catecholamines of transmitter release
from the central terminals of nociceptors. In both the rat
(Sugiura et al., 1986) and cat (Doyle & Maxwell, 1991a,b;
1993a) axo-axonic contacts containing dopamine-p-hydroxy-
lase or tyrosine hydroxylase in the presynaptic element were
not identified in the region of the substantia gelatinosa, the
major site of termination of small diameter primary afferent
fibres. Axo-dendritic and axo-somatic contacts were readily
identified in the same area. These contacts have also been
observed with identified lamina I spinothalamic tract cells of
the monkey (Price, 1985). It is interesting to note that
previous results from our laboratory which provided evidence
for a control by NPY of the spinal release of SP following
activation of peripheral nociceptors (Duggan et al., 1991)
have been supported by recent ultrastructural studies (Doyle
& Maxwell, 1993b).

Electrophysiological studies of the effects of NA and 5-HT
on the electrical excitability of the central terminals of small
diameter primary afferents have given results allowing for
more than one interpretation, and have not helped resolve
the issue of whether presynaptic a2-adrenoceptors are
involved in physiological controls at such sites. With large
diameter primary afferents, presynaptic inhibition by GABA
is mediated by a terminal depolarization detected as an in-
creased excitability to stimulation by an adjacent microelec-
trode (Curtis et al., 1977). Both Carstens et al. (1982) and
Jeftinija et al. (1981) found that microiontophoretically
administered monoamines increased the electrical threshold
of the central terminals of small diameter afferents. Curtis et
al. (1983) suggested that this was an artifact due to an altered
current distribution during electrical stimulation as a result of
glial uptake of administered NA or 5-HT, rather than a
novel mechanism of presynaptic inhibition.
The present results do not support the proposal that there

is a physiological control of SP release from the central
terminals of nociceptors mediated by a2-adrenoceptors. This
is in accord with ultrastructural and electrophysiological
observations. It is more probable that the potent effects of
a2-adrenoceptor agonists in suppressing spinal transmission
of nociceptive information result from postsynaptic actions
on neurones of the spinal cord. We believe that experiments
purporting to support presynaptic control mechanisms are
difficult to interpret both in terms of the source of the
released SP by the stimuli used, and/or the sites accessed by
the method of drug administration.

Assistance with this work was provided by M. Arnott, E. Rogers, C.
Warwick and E.J. Chalmers. Animals were cared for in the Well-
come Animal Unit of the Faculty of Veterinary Medicine. Support
was provided by the Wellcome Trust and the Agricultural Food
Research Council.
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Involvement of apamin-sensitive K+ channels in
antigen-induced spasm of guinea-pig isolated trachea

Hideyuki Yamauchi, Motohiko Miura, Masakazu Ichinose, Jun Ishikawa, Natsuko Nakajima,
Masafumi Tomaki, Hiroshi Inoue, *Kazutaka Maeyama, *Takehiko Watanabe & 'Kunio
Shirato

First Department of Internal Medicine and *Pharmacology I, Tohoku University School of Medicine, Sendai 980, Japan

1 In order to examine whether K+ channels play a role in antigen-induced airway responses, the effect
of K+ channel blockers on antigen-induced airway smooth muscle contraction and mediator release was
examined in vitro in guinea-pigs actively sensitized with ovalbumin (OA).
2 Tracheal strips from sensitized animals were isuspended in organ baths under a resting tension of 1 g

and isometric tension was continuously measured. Cumulative concentration-response curves to OA
(0.1-1000 ng ml-) or histamine (10 nM-ImM) were obtained in the presence and absence of K+
channel blockers.
3 OA (10, 100 or 1000 ng ml-') was incubated with minced lung tissues from the same animals for
15 min in the presence and absence of K+ channel blockers, and released histamine and leukotriene C4
(LTC4) in the incubating medium were measured.
4 Apamin, a small conductance Ca2+-activated K+ channel (PKC) blocker, (0.1, 0.3 and 1 tiM)
significantly inhibited OA-induced smooth muscle contraction, while charybdotoxin (ChTX, 10 nM), an

intermediate and large conductance PK,C blocker, and iberiotoxin (IbTX, 3 nM), a large conductance
PK,Ca blocker, were without effect. Apamin (0.3 ELM) had no effect on exogenously administered
histamine-induced airway smooth muscle contraction, suggesting that the inhibition of OA-induced
contraction by apamin did not occur at the smooth muscle level.
5 The inhibition of OA-induced contraction by apamin (0.3 gM) was not significantly affected by
pretreatment with a leukotriene antagonist, ONO-1078 (10 LM), but was abolished by pretreatment with
a histamine HI-receptor blocker, pyrilamine (1 LM).
6 Apamin by itself (up to 0.1 aM) had no effect on spontaneous histamine release from minced lung
tissues. Histamine release induced by low and intermediate concentrations of OA (10 and 100 ng ml-')
was significantly suppressed by apamin pretreatment (P<0.05 and P<0.001), whereas LTC4 release
was not affected. ChTX (0.1 LM) and IbTX (10 nM) had no significant effect on either spontaneous or

OA (100ngml-')-induced histamine release.
7 These results suggest that apamin partially but substantially inhibits antigen-induced smooth muscle
contraction, presumably by inhibiting antigen-induced histamine release from airway mast cells through
small conductance PKc. closure.

Keywords: Apamin; K+ channel; antigen; mast cell degranulation; histamine; leukotriene C4; charybdotoxin; iberiotoxin

Introduction

The role of K+ channels has been demonstrated in many
types of airway cells (Black & Barnes, 1990). In airway
smooth muscle cells, K+ channels play a role not only in
regulating membrane potential (Kotlikoff, 1990) but also in
the relaxation responses induced by P-adrenoceptor agonists
(Jones et al., 1990; Miura et al., 1992). The activation of
certain types of K+ channels is also involved in neural func-
tion including repolarization of nerve fibres (Conti & Neher,
1980) and presynaptic modulation of neurotransmission
(Ichinose & Barnes, 1990; Stretton et al., 1992). Moreover,
airway non-excitable cells such as airway epithelial cells
(McCann & Welsh, 1990) and T-lymphocytes (Leonard et al.,
1992) possess K+ channels on the cell membrane which play
a role in th& exocytotic process.
The present study was designed to examine whether K+

channels are involved in antigen-induced airway responses,
consisting of mast cell degranulation and subsequent smooth
muscle contraction. Whether IgE-mediated mast cell de-
granulation requires the opening of ion channels has not yet
been established. Lindau & Fernandez (1986) reported that
mast cells do not use ion channels in stimulation-secretion
coupling, whereas Ca2+ influx through membrane ion chan-

I Author for correspondence.

nels is thought to be necessary to complete or maintain the
degranulation of mast cells (Penner & Neher, 1988).
Recently, changes in membrane permeability to other ions,
including Cl1, Na' and K+, have also been recognized as an
important element of the signal transduction process in mast
cells (Janizsewski et al., 1992).

Several studies on rat basophilic leukaemia (RBL) cells
(Mohr & Fewtrell, 1987; Labrecque et al., 1991), which may
be regarded as mast cell analogues, suggested the involve-
ment of K+ channels in mast cell degranulation. However,
little is known about the involvement of K+ channels in mast
cell degranulation, especially in airway mast cells. For this
reason, we have examined the effects of K+ channel blockers
on antigen-induced mediator release from lung parenchyma
and smooth muscle contraction using guinea-pigs actively
sensitized with ovalbumin (OA). We used three types of
Ca2l-activated K+ channel (PK,C.) blockers: apamin, a
blocker of small conductance PK,Ca (Banks et al., 1979),
charybdotoxin (ChTX), an intermediate and large conduc-
tance PKCa blocker (Miller et al., 1985; Beech et al., 1987)
and iberiotoxin (IbTX), a selective blocker of large conduc-
tance PKcC (Suarez-Kurtz et al., 1991). We chose these
blockers since PK,,C activity is thought to be important in the
degranulation of guinea-pig and human basophils (Labrecque
et al., 1991; Beauvais et al., 1992).

19" Macmillan Press Ltd, 1994
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Methods

Animal sensitization and preparation

Male Dunkin-Hartley guinea-pigs, weighing 250-300 g, were
sensitized by subcutaneous injection of 0.5 ml of saline con-
taining 10 g of ovalbumin (OA) and 100 mg of aluminum
hydroxide on 2 consecutive days. Three weeks after the sen-
sitization procedure, the animals were anaesthetized by int-
raperitoneal injection of urethane (2 g kg-') and killed by
exsanguination. The trachea and lungs were quickly removed
and placed in Krebs-Henseleit (K-H) solution cooled to 4°C.
The composition of the K-H solution was as follows (mM):
NaCl 118, KCI 5.9, MgSO4 1.2, CaCl2 2.5, NaH2PO4 1.2,
NaHCO3 25.5 and glucose 5.6. After being cleaned of con-
nective tissue, the trachea was opened longitudinally by cut-
ting through the cartilage and cut into segments so that each
segment contained 3-4 cartilage rings. Each segment of
tracheal tissue was mounted in a 10 ml organ bath containing
K-H solution maintained at 37°C and gassed with 95% 02
and 5% CO2, giving a pH of 7.4. Strips were connected via
silk threads to force displacement transducers (UL-1OGR,
Minebea Co., Ltd., Tokyo, Japan) for the measurement of
isometric changes in tension, and the responses were recorded
on a polygraph (Rectigraph-8K, San-ei, Tokyo, Japan). The
tissues were allowed to equilibrate for 1 h with frequent
washing under a resting tension of 1 g which was found to be
optimal for measuring the changes in tension. The remaining
lungs were dissected free of large vessels and bronchi and cut
into small pieces (1-2 mm thick) for the minced lung
preparation.

Contraction studies

Indomethacin (10 1AM) was present throughout the experi-
ment in order to avoid a possible modulation of contractile
responses by prostaglandins derived from epithelium (Holt-
zman, 1992). After the equilibration period, cumulative
concentration-response curves to OA (0.1-I000 ng ml-') or
exogenously applied histamine (0.1IgM- 1 nM) were obtained
in the tracheal strips in the presence and absence of apamin
(0.1, 0.3 or 1 gLM). Apamin or its vehicle (saline with 0.25%
bovine serum albumin (BSA)) was preincubated with tissues
for 20 min before the contraction studies. In another set of
experiments, the effects of other K+ channel blockers, ChTX
(10 nM) and IbTX (3 nM), on OA-induced concentration-
response curves were also similarly examined. The concentra-
tions of ChTX and IbTX chosen in these experiments were
the maximal concentrations which, by themselves, had no
effect on baseline tone.
We have previously shown that OA-induced contraction is

abolished under similar experimental conditions by pretreat-
ment with a combination of the histamine HI-receptor
blocker, pyrilamine (1 gLM), and a leukotriene antagonist,
ONO-1078 (10 iM; Obata et al., 1992). Thus, in a separate
series of experiments, the effect of apamin (0.3 gM) on the
OA-induced contractile response was also examined in the
presence and absence of pyrilamine (1 JAM) or ONO-1078
(10 jaM), respectively.

Mediator release assay

Minched lung fragments (80 mg) were suspended in Eppen-
dorf tubes with 1 ml of Tyrode solution containing CaCl2
(2 mM) and MgCl2 (1 mM) prewarmed to 37°C for 15 min.
Suspended tissues were preincubated with apamin (0.01, 0.1
and 1 JAM), ChTX (0.1 AM), IbTX (0.01 JM) or its vehicle
(saline with 0.25% BSA) for 15 min and then challenged with
saline and OA (10, 100 or 1000ngml-'). After a 30min
incubation at 37°C, tubes were cooled to stop further reac-
tions and centrifuged (10,000g, 3min, 4C).
Histamine was determined fluorimetrically by high perfor-

mance liquid chromatography (h.p.l.c.; Yamatodani et al.,

1985). In brief, 0.2 ml of supernatant was collected from each
tube. Then, 20 fil of 60% perchloric acid was added to both
the supernatant and tissue fractions. The tissue fraction was
homogenized with a Polytron homogenizer (Kinematica,
Luzern, Switzerland) at maximal speed for 15 s. The super-
natant and homogenate were centrifuged at 10,000 g for
3 min. An aliquot of 50 il of each supernatant was injected
into an h.p.l.c. system, and fluorescence was determined by a
fluoromonitor (F-1100, Hitachi, Tokyo, Japan). Net his-
tamine release is expressed as a percentage of the total his-
tamine content of the supernatant and tissue fractions and
corrected for the spontaneous release of histamine.
Immunoreactive LTC4 was measured by an enzyme
immunoassay system, with a claimed cross-reactivity of
<0.15% with other eicosanoids (Amersham International
PLC, Amersham). Supernatants of 0.5 ml were collected
from each tube, and concentrations of LTC4 in the super-
natants were measured, normalized by tissue weight (mg
tissue) and corrected for the spontaneous release of LTC4. In
the mediator release assays, all values were based on means
of duplicate or triplicate determinations.

Drugs

The following drugs were used; apamin (Research
Biochemicals Inc., Baltimore, U.S.A.), charybdotoxin and
iberiotoxin (Peptide Institute Inc., Osaka, Japan), histamine
hydrochloride (Wako Chemicals, Sendai, Japan),
indomethacin (Sumitomo Pharmaceutical Company, Osaka,
Japan), ovalbumin and pyrilamine (Sigma Chemical Co., St
Louis, U.S.A.) and ONO-1078 (4-oxo-8-[4-(4-phenylbut-
oxy)benzoylamino]-2-(tertrazol-5-yl)-4H-1-benzopyran hemi-
hydrate; ONO Pharmaceutial Company, Osaka, Japan).

Statistical analysis

The effect of apamin on OA-induced tracheal contraction
was assessed by calculating the EC40, namely the concentra-
tion of OA producing 40% of the maximal contraction of the
tissue induced by 1 mm of histamine. The geometric mean of
EC40 with 95% confidence interval (CI) was calculated in
each group. All other data are expressed as the arithmetic
means ± s.e.mean. The effect of K+ channel blockers on OA
or histamine-induced concentration-response studies of air-
way smooth muscle contraction was statistically analyzed by
two-way analysis of variance (two-way ANOVA). Com-
parisons between paired or unpaired mean data were per-
formed by Wilcoxon's signed rank test or Mann-Whitney U
test, respectively. In each case, P< 0.05 was considered
statistically significant.

Results

Effect of K+ channel blockers on OA-induced smooth
muscle contraction

OA (0.1-1000 ng ml-') evoked concentration-dependent
smooth muscle contraction in trachea removed from all the
experimental animals. Apamin (0.1, 0.3 and 1 JM) pretreat-
ment by itself had no effect on baseline tone. Compared with
the concentration-response curves in control tissues (n = 10),
apamin at 0.3 (n = 7) and 1 JM (n = 4) significantly supp-
ressed OA-induced contraction concentration-response curves
(P<0.01 and P<0.05, respectively, two-way ANOVA,
Figure 1), while apamin at 0.1 JAM (n = 8) failed to affect the
curves significantly (P>0.05, two-way ANOVA). The
geometric mean of EC40 for ovalbumin in control tissues was
8.2 ngml-' (95% CI, 7.1-9.3 ngml-), which was
significantly increased by pretreatment with each concentra-
tion of apamin (0.1, 0.3 and 1 JAM) in a concentration-
dependent manner; the EC40 values with 95% CI for oval-
bumin in the presence of apamin 0.1, 0.3 and 1 JAM were 14.2
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(12.9 to 15.5) ngml-' 29.0 (27.8 to 30.3)ngml-' and 31.2
(29.6 to 32.9) ng ml' (P<0.05, P<0.01 and P<0.05,
respectively, Mann-Whitney U test).

Neither ChTX (10 nM, n = 5) nor IbTX (3 nM, n = 5) had
effects on either the spontaneous basal tone or OA-induced
contraction concentration-response curves, compared with
their control tissues (both n = 5).

Effect of apamin on histamine-induced smooth muscle
contraction

Pretreatment with apamin (0.3 JiM) did not affect
exogenously applied histamine (0.1 JAM-I mM)-induced con-
traction concentration-response curves (n = 6, P> 0.05, two-
way ANOVA, Figure 2).

pretreatment, apamin (0.3 gM) failed to show a significant
inhibition of OA-induced smooth muscle contraction (n = 6,
P> 0.05, two-way ANOVA, Figure 3a), while apamin
(0.3 AM) still significantly inhibited OA-induced contraction
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Neither the HI blocker, pyrilamine (1 jAM), nor the leukot-
riene antagonist, ONO-1078 (10 AM), had an effect on
baseline smooth muscle tone. However, both drugs
significantly suppressed OA-induced smooth muscle contrac-
tion in our preliminary experiments. After pyrilamine
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Figure 1 Effect of apamin on ovalbumin (OA)-induced smooth
muscle contraction in actively sensitized guinea-pig trachea. Apamin
at 0.3JAM (U, n=7) and lIgM (A, n=4) but not at 0.1IJM (0,
n=8) significantly suppressed OA (0.1-300ngml- )-induced
cumulative concentration-response curves, compared with vehicle-
treated tissues (0, n = 10). Contractile response is expressed as a
percentage of maximal contraction induced by 1 mm of histamine (%
contraction) in each tissue. All points represents mean ± s.e.mean.
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Figure 2 Effect of apamin on exogenously administered histamine-
induced smooth muscle contraction in actively sensitized guinea-pig
trachea. Apamin (0.3 JAM, 0, n = 6) had no significant effect on
histamine (0.1 AM- I mM)-induced cumulative concentration-response
curves, compared with vehicle-treated tissues (0, n = 6). Contractile
response is expressed as a percentage of the maximal contraction
induced by 1 mM histamine, which was obtained before the
concentration-response study (% contraction) in each tissue. Each
value represents mean ± s.e.mean.
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Figure 3 Effects of a histamine HI-receptor blocker and a leukot-
riene antagonist on the inhibition of ovalbumin (OA)-induced
smooth muscle contraction by apamin in actively-sensitized guinea-
pig trachea. In the presence of pyrilamine (I jAM; a) apamin (0.3 JAM,
0, n = 6) failed to affect OA (0.1-1000 ng ml- ')-induced cumulative
concentration-response curves, compared with vehicle-treated tissues
(0, n = 6), while ONO-1078 (10 JM; b) did not influence the inhibi-
tion of OA-induced contraction by apamin (0.3 gM, n = 7) in vehicle-
treated tissues (0, n = 7). Contractile response is expressed as a
percentage of the maximal contraction induced by 1 mM histamine
(% contraction) in each tissue. Each value represents
mean + s.e.mean.
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Figure 4 Effect of apamin on ovalbumin (OA)-induced histamine
release from minced lung tissues of actively sensitized guinea-pigs.
Apamin (0.1IJM, stippled columns, n = 8) significantly inhibited low
concentrations of OA (10 and 100 ng ml- ')-induced histamine
release, compared with vehicle-treated tissues (open columns, n = 8),
although 1000 ng ml' of OA-induced histamine release was not
significantly affected. Histamine release is expressed as a percentage
of the total histamine content, corrected for spontaneous release.
Each value represents mean ± s.e.mean. Significant difference from
vehicle-treated tissues of *P<0.05 and ***P<0.001, respectively.



K+ CHANNEL AND ANTIGEN-INDUCED AIRWAY RESPONSES 961

in the presence of ONO-1078 pretreatment (n = 7, P <0.05,
two-way ANOVA, Figure 3b).

Effect of K+ channel blockers on OA-induced mediator
release

Apamin (0.01 and 0.1 M, n = 5 and n = 8, respectively) had
no effect on spontaneous histamine release from minced lung
tissues. In the presence of apamin (0.1 fLM), histamine release
induced by 10 and 100 ng ml-' of OA, but not that induced
by 1000 ng ml-1, was significantly suppressed (Figure 4). OA-
induced LTC4 release from minced lung tissues (n = 4) was
not affected by apamin (0.1 AM) pretreatment at any concent-
ration of OA; OA (10, 100 and 1000 ng ml1')-induced LTC4
release was 6.7 + 3.5, 23.4 ± 5.3 and 23.0 ± 5.1 pg mg-' tis-
sue without and 6.3 ± 4.2, 22.7 ± 6.4 and 22.7 ± 6.6 pg mg-'
tissue with apamin 0.1 LM. Higher concentrations of ChTX
(0.1ILM) and IbTX (0.01 AM) than those used in the contrac-
tion studies had no significant effect on OA (100 ng ml')-
induced histamine release. Mean histamine release by OA
(100 ng ml-') from control tissues was 12.7 ± 0.7% (n = 6),
which was not significantly different from that in the presence
of ChTX (13.6 ± 1.5%) and IbTX (13.8 ± 2.9%, both
P> 0.05, Wilcoxon's signed rank test), respectively.

Discussion

The present study shows that apamin, a small conductance
PK,Ca blocker, significantly inhibited antigen-induced airway
smooth muscle contraction in trachea isolated from actively-
sensitized guinea-pigs in vitro. This suggests that small
conductance PK,C'J play a role in antigen-induced airway con-
tractile responses.
The sensitization procedure used has been demonstrated

predominantly to produce IgE antibody (Andersson, 1980),
suggesting that OA-induced airway responses were mainly
mediated by IgE receptors. Since both pyrilamine and ONO-
1078 significantly suppressed OA-induced smooth muscle
contraction, histamine and leukotrienes appear to participate
in mediating antigen-induced airway smooth muscle contrac-
tion. Histamine released by OA challenge is thought to be
mainly derived from airway mast cells, because mast cells are
a major source of histamine in airways (Riley & West, 1966)
and possess high affinity Fc receptors to IgE (FceRI;
Ishizaka et al., 1970). On the other hand, leukotrienes
released by OA Gould be derived from eosinophils as well as
mast cells, as eosinophils have low affinity Fc receptors for
IgE (FccRII; Capron et al.,. 1986). Therefore, as far as
histamine is concerned, antigen-induced responses are likely
to reflect mast cell function through FceRI.
The mechanisms by which apamin inhibited antigen-

induced airway smooth muscle contraction in the present
study are still unclear. However, a direct action of apamin on
airway smooth muscle is unlikely to explain the inhibitory
effect obtained in the present study as the existence of
apamin-sensitive K+ channels on airway smooth muscle cells
has not been reported. It could be suggested rather that
apamin inhibits OA-induced smooth muscle contraction by
suppressing histamine release from mast cells in guinea-pig
airways. This is supported by the following findings in the
present study. First, the inhibition of OA-induced contrac-

tion by apamin was abolished by pretreatment with a HI
receptor blocker, pyrilamine, suggesting that the inhibitory
effect of apamin is expressed against a histamine component
of the OA-induced contraction. Second, the contraction
induced by exogenously administered histamine was, not
affected by apamin in sensitized tracheal smooth muscle,
implying that the inhibition by apamin was not due to the
change in responsiveness of airway smooth muscle to his-
tamine. Finally, in lung parenchyma, the histamine release
induced by lower concentrations of OA (10 and 100 ng ml-')
was significantly suppressed by apamin.

In studies using rat basophilic leukaemia (RBL)-2H3 cells,
depolarization induced by extracellular high K+ inhibited not
only Ca2" uptake but also exocytosis (Labrecque et al.,
1989). In another study from the same group, evidence was
obtained to suggest that Ca2+-activated K+ efflux pathways
serve to sustain Ca21 influx which is necessary for IgE
receptor-mediated triggering of degranulation (Labrecque et
al., 1991). In human basophils, decreasing K+ channel con-
ductance using K+ channel blockers such as 4-aminopyridine
and quinine is also known to inhibit histamine release
(Beauvais et al., 1992). These findings from mast cell
analogue cells raise the possibility that K+ channel activation
is involved in the maintenance of Ca2` influx to promote
mediator release in mast cells. In this case, apamin-sensitive
K+ channels appear to play this role in the mast cell de-
granulation of guinea-pig airways.
OA-induced LTC4 release was not affected by apamin,

whereas lower concentrations of OA-induced histamine
release were significantly suppressed. This observation may
reflect the possibility that leukotrienes are released by antigen
challenge not only from mast cells but also from eosinophils.
Alternatively, the difference may be explained by the different
releasing mechanisms between preformed mediators such as
histamine and non-performed mediators such as leukotrienes,
as shown in skin mast cells (Benyon et al., 1989).

In the present study, ChTX and IbTX were without effect
on both OA-induced smooth muscle contraction and
mediator release. Since airway smooth muscle contains large
conductance PK,.. (McCann & Welsh, 1986), higher concent-
rations of the blockers for these channels, ChTX (100 nM)
and IbTX (1O nM), by themselves increased baseline tone in
guinea-pig trachea (Jones et al., 1990; Suarez-Kurtz et al.,
1991). Therefore, these concentrations of the blockers could
not be used in the contraction studies. However, in the
mediator release study, even higher concentrations of the
toxins did not show a significant effect on mediator release,
suggesting that small conductance PK,Ca but not intermediate
or large conductance PKc, are involved in airway mast cell
degranulation mechanisms.

In summary, apamin, a blocker of small conductance PKCa,
significantly inhibited antigen-induced airway smooth muscle
contraction, presumably by suppressing histamine release
from airway mast cells in actively-sensitized guinea-pigs. This
result provides evidence that the activation of apamin-
sensitive K+ channels is involved in antigen-induced airway
responses.

The authors thank Mr Brent Bell for reading the manuscript and Dr
E. Sakurai for technical assistance.
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Endothelin-1-induced myocardial ischaemia and oedema in the
rat: involvement of the ETA receptor, platelet-activating factor
and thromboxane A2

'Janos G. Filep, *Alain Fournier & Eva Fddes-Filep

Research Center, Maisonneuve-Rosemont Hospital, University of Montreal, Montreal, P.Q., Canada HIT 2M4 and *Institut
National de la Recherche Scientifique-Sante, Pointe-Claire, P.Q., Canada H9R 1G6

1 The objectives of the present experiments were to assess the role of ETA receptors in mediating
endothelin-1 (ET-1)-induced myocardial ischaemia and oedema and to study the involvement of platelet-
activating factor (PAF) and thromboxane A2 (TxA2) in these actions of ET-1 in rats.
2 Intravenous bolus injection of ET-1 (0.1-2 nmol kg-') into anaesthetized rats induced ST segment
elevation of the electrocardiogram in a dose-dependent manner without causing arrhythmias. ST
segment elevation developed within 20-90 s and persisted for at least 10-20 min following administra-
tion of ET-1.
3 Pretreatment of the animals with the selective endothelin ETA receptor antagonist, FR 139317
(2.5 mg kg-', i.v.) inhibited by 86% the ST segment elevation elicited by ET-l (1 nmol kg- 1). Pretreat-
ment with intravenous administration of BM 13505 (1 mg kg-'), a TxA2 receptor antagonist, OKY-046
(10 mg kg-'), a thromboxane synthase inhibitor or the specific PAF receptor antagonist, WEB 2086
(1 mg kg-') or BN 52021 (10 mg kg-') markedly suppressed ST segment elevation in response to ET-1.
Infusion of indomethacin (3 mg kg-' bolus plus 2 mg kg-' h-') did not significantly affect ET-1-induced
ST segment elevation.
4 Bolus injection of ET-1 (1 nmol kg-', i.v.) to conscious rats resulted in a prolonged pressor effect
preceded by a transient depressor response. Corresponding to changes in blood pressure, a small
transient tachycardia was followed by a sustained bradycardia. ET-l enhanced albumin leakage by 87
and 120% in the left ventricle and right atrium, respectively, as measured by the extravasation of Evans
blue dye.
5 The selective ETA receptor antagonist, FR 139317 (2.5 mg kg-') significantly blunted the pressor

action of ET-1 and the accompanying bradycardia without affecting the depressor response. Further-
more, FR 139317 almost completely abolished the permeability effect of ET-l in both vascular beds
studied.
6 Pretreatment of the animals with BM 13505 (1 mg kg-'), OKY-046 (10mg kg-'), WEB 2086
(1 mg kg-') or BN 52021 (10mg kg-') significantly reduced ET-1 (1 nmol kg-')-induced albumin extra-
vasation both in the left ventricle and right atrium. The PAF receptor antagonists, WEB 2086 and
BN 52021 were equally potent inhibitors in the left ventricle, whereas BN 52021 appeared to be a more

potent inhibitor than WEB 2086 in the right atrium. Pretreatment with indomethacin (3 mg kg-' plus
2 mg kg-' h-') did not modify the permeability response to ET-1. None of these compounds affected
significantly ET-l-induced changes in mean arterial blood pressure and heart rate.
7 These results indicate that intravenous administration of ET-1 provokes ST segment elevation and
myocardial oedema and suggest that these events are mediated, in part, through release of secondary
mediators, such as PAF and TxA2 via the activation of ETA receptors.

Keywords: Endothelin; ETA receptor; FR139317; ST segment elevation; protein extravasation; myocardial ischaemia; PAF;
thromboxane; rat heart

Introduction

An increasing body of evidence suggests that endothelin-1
(ET- 1) plays an important role in coronary ischaemic
diseases. Elevated plasma concentrations of ET-1 can be
detected in the coronary circulation both in patients with
ischaemic heart diseases (Yasuda et al., 1990; Matsuyama et
al., 1991; Toyo-oka et al., 1991; Ray et al., 1992) and in
laboratory animals during experimental myocardial ischae-
mia and reperfusion (Tsuji et al., 1991; Watanabe et al.,
1991). Coronary arteries from man and other species are very
sensitive to the vasoconstrictor action of ET- 1 in vitro
(Yanagisawa et al., 1988; Chester et al., 1989; Cocks et al.,
1989; Franco-Cereceda, 1989). Administration of ET-1
directly into the coronary artery of dogs, pigs and rats
dramatically increased coronary resistance and ST segment
elevations of the electrocardiogram, similar to the clinical

' Author for correspondence.

phenomenon of Prinzmetal angina, were observed (Ezra et
al., 1989; Kurihara et al., 1989; Nichols et al., 1990; Hom et
al., 1992; Harada et al., 1993). Furthermore, intravenous
injection of ET- 1 has been reported to enhance albumin
extravasation in the rat coronary circulation (Filep et al.,
1992) and therefore contributing to oedema formation, a
characteristic feature of the inflammatory reaction associated
with acute myocardial ischaemia (Entman et al., 1991).
The cardiac actions of ET-1 may be mediated through

activation of one or more endothelin receptor subtypes. Both
ETA (which is highly selective for ET-1) and ETB (non
isopeptide-selective) receptor subtypes are expressed in car-
diac tissues (Arai et al., 1990; Sakurai et al., 1990; Lin et al.,
1991; Molenaar et al., 1993). In addition, pharmacological
studies have suggested the existence of a third, non ETA/ETB
receptor subtype in the pig coronary artery, which, like ETA
receptors, may mediate the vasoconstrictor action of ET-1
(Harrison et al., 1992). It remains to be determined whether

'." Macmillan Press Ltd, 1994
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this ET receptor subtype is similar to those described on
bovine cultured endothelial cells (Emori et al., 1990) or rat
pituitary gland (Samson et al., 1990). The mechanism of
action of ET-1 on the coronary vasculature in vivo is far from
being fully understood. Results from studies on isolated cor-
onary arteries have implicated the involvement of voltage-
gated calcium channels (Yanagisawa et al., 1988) and
stimulation of phosphoinositide hydrolysis with subsequent
release of intracellular calcium (Kasuya et al., 1989; Pang et
al., 1989) in mediating the contractile action of ET-1. The
findings that the in vivo coronary vasoconstrictor action of
ET-1 can be only partially antagonized by calcium channel
blockers (Hom et al., 1992; Harada et al., 1993) indicate that
mechanisms other than calcium influx through voltage-
operated channels are also involved. Indeed, recent evidence
suggests that secondary mediators, such as platelet-activating
factor (PAF) and thromboxane A2 (TxA2) may mediate cer-
tain actions of ET-1. Both PAF and TxA2 have been im-
plicated in ET-1-induced mobilization of intracellular Ca2" in
cultured vascular smooth muscle cells (Takayashu et al.,
1989). PAF receptor antagonists have been reported to
attenuate albumin extravasation elicited by ET-1 in the rat
pulmonary and gastrointestinal circulation (Filep et al.,
1991b) and to protect against ET-1-induced sudden-death in
mice and rats (Terashita et al., 1989). In the present study,
we examined the effects of a selective ETA receptor antag-
onist, FR 139317 (Aramori et al., 1993; Sogabe et al., 1993)
on the coronary vascular responses to ET-1 and studied the
involvement of PAF and TxA2 in mediating the coronary
vascular actions of ET-1 in the rat.

Methods

Vascular permeability measurements

The experiments were performed on conscious, chronically
catheterized male Wistar rats weighing 205-290 g. The
animals were housed in individual metabolic cages and
catheters were implanted into the abdominal aorta and vena
cava as described previously (Filep et al., 1987). During the
experiments the animals could' move freely and had free
access to food aid water. Mean, arterial blood pressure
(MABP) and heart rate were monitored continuously by a
blood pressure analyzer (Micro-Med, Louisville, KY, U.S.A.)
using a COBE CDX III pressure transducer.
On the day of the experiment, following an equilibrium

period of 1 h, basal cardiovascular parameters were mea-
sured for 20 min before drug administration. To measure
protein extravasation, Evans blue dye (20 mg kg-'), which
binds to plasma albumin (Rawson, 1943), was injected i.v.
together with ET-1 (1 nmol kg-'). Previous experiments
showed that at this dose, ET-l markedly enhances albumin
extravasation in the rat coronary circulation (Filep et al.,
1992). The animals were divided into six groups and were
pretreated with one of the following drugs: FR 139317
(2.5 mg kg'-, i.v., 5 mn prior to ET-1), a selective ETA
receptor antagonist (Aramori et al., 1993; Sogabe et al.,
1993); indomethacin (3 mg kg-' bolus followed by an in-
fusion of 2mgkg-'h-' started 60min before injection of
ET-1); OKY-046, a thromboxane synthase inhibitor (10mg
kg-l, i.v., 60 min prior to ET-1) (Garcia-Szabo et al., 1984);
the TxA2 receptor antagonist, BM 13505 (1 mg kg-, i.v.,
5 min before injection of ET-1) (Patscheke et al., 1987); the
platelet-activating factor receptor antagonists, WEB 2086
(1 mg kg', i.v.) (Casals-Stenzel et al., 1987) or BN 52021
(10mg kg-', i.v.) (Braquet et al., 1985; Foldes-Filep et al.,
1987) 10 min before administration of ET-1. Previous studies
have demonstrated that indomethacin and OKY-046 at the
dose employed inhibited prostaglandin (Filep et al., 1987)
and thromboxane A2 formation (Garcia-Szabo et al., 1984),
BM 13505 inhibited the effects of the thromboxane A2-
mimetic, U 44069 (Patscheke et al., 1984) and both WEB

2086 and BN 52021 blocked the hypotensive effect of
exogenous platplet-activating factor in rats (Filep et al.,
1991b). Ten minutes after injection of ET-1, the animals were
anaesthetized with sodium pentobarbitone (50mgkg-'), and
the heart was perfused with 40 ml 0.9% NaCl solution
through a catheter inserted into the abdominal aorta. Por-
tions of the anterior wall of the left ventricle and right atrium
were excised and weighed. Tissue Evans blue content was
measured by spectrophotometry following extraction with
formamide (4ml per g wet tissue weight). The Evans blue
content of each sample was expressed as jg dye per g dry
weight of tissue to avoid underestimation of changes due to
plasma fluid extravasation.

Electrocardiogram measurements

Male Wistar rats weighing 210-295 g were anaesthetized
with sodium pentobarbitone (50 mg kg-'). Catheters were
inserted into the right femoral artery and vein and electrodes
were placed on the left and right forlegs and left hindleg. The
change in ST-segment of the Lead II electrocardiogram
(ECG) was used to monitor coronary ischaemia. Following
control cardiovascular and ECG measurements, ET-1 (0.1, 1
or 2 nmol kg-') was injected i.v. in a volume of 25 pl kg-
body weight followed by 30 gl 0.9% NaCl. In another series
of experiments, the animals were pretreated with FR 139317,
indomethacin, OKY-046, BM 13505, WEB 2086 or BN 52021
as described above before injection of ET-l (1 nmol kg-',
i.v.). The animals were monitored for 20 min following the
injection of ET-1. Each animal received only one dose of
ET-l and one type of pretreatment. Lead II ECG was
recorded using a Siemens Sirecust 341 electrocardiograph
(Germany).

Drugs and chemicals

ET-1 was synthesized in our laboratories by solid-phase
methodology. The purity of the preparation was greater than
97% as measured by high performance liquid chromato-
graphy. ET-l was dissolved in distilled water and stored at
-20°C. On the day of the experiments, an aliquot was
removed and diluted further with 0.9% NaCI. Other drugs
were freshly prepared each day and includeed FR 139317
((R)2 - [(R) -2 - [(S) -2 - [[I -(hexahydro - 1H- azepinyl)] -carbonyl]
amino-4-methylpentanoyl] amino-3-[3-(I -methyl-1H-indoyl)]
propionyl]amino-3-(2-pyridyl) propionic acid, Fujisawa Phar-
maceutical Co., Osaka, Japan); OKY-046 ((E)-3-[4-(1-imi-
dazolylmethyl)phenyl]-2-propenoic acid hydrochloride, ONO
Pharmaceuticals, Japan); BM 13505 (4-[2-(4-chlorobenzene
sulphonylamino) ethyl) benzene] acetic acid, Boehringer-
Mannheim GmbH, Mannheim, Germany); WEB 2086 (3-[4-
(2-chlorphenyl)-9-methyl-6H-thienol [3,2-f] [1,2,4] triazolo-
[4,3-a] [1,4]-diazepine-2-yl]-1-(morpholinyl)-l-propanon, Boe-
hringer-Ingelheim KG, Ingelheim, Germany) and BN 52021
(ginkgolide B, 9H-1 ,7a-(epoxymethanol)-1H,6aH,cyclopenta
[c] [2-3-b] furo-[3,2':3,4] cyclopenta-[1,2-d]furan 5,9,12-[4H]
trione, 3 tert-butyl-hexahydro 4,7b,1 1, hydroxy-8-methyl, In-
stitut Henri Beaufour, Le Plessis Robinson, France). Drugs
were dissolved in 0.9% saline with the exception of
indomethacin and BM 13505 which were dissolved in eth-
anol, and BN 52021 which was dissolved in dimethylsulphox-
ide and were diluted further with 0.9% NaCl as appropriate.
Indomethacin and Evans blue dye were purchased from
Sigma Chemical Co., St. Louis, MO, U.S.A.

Statistical analysis

Results are expressed as means ± s.e.mean. Statistical analy-
sis of the data was performed by two-way analysis of
variance using ranks (Friedman's test) 'followed by a
Wilcoxon-Wilcox test (Wilcoxon & Wilcox, 1964) to identify
differences between control and repeated measurements on
the same animals; by one-way analysis of variance using
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ranks (Kruskal-Wallis test) followed by Dunn's multiple con-
trast hypothesis test (Dunn, 1964), when various treatments
were compared to the same control group; or by Wilcoxon
signed rank test and Mann-Whitney U test, for paired and
unpaired observations, respectively. A level of P<0.05 was
considered significant for all tests.

Results

Effects ofFR 139317, indomethacin, thromboxane and
PAF receptor blockade on ET-J-induced changes in
blood pressure and heart rate in conscious and
anaesthetized rats
In agreement with previous studies, intravenous bolus injec-
tion of ET-1 (1 nmol kg-') to conscious rats evoked biphasic
effects on MABP with a transient decrease followed by a
prolonged pressor action. Corresponding to the changes in
MABP, a small transient tachycardia was followed by a
sustained bradycardia (Figure 1). Administration of FR
139317 (2.5 mg kg-') by itself did not produce significant
changes in MABP and heart rate, whereas it inhibited by
76% the pressor action of 1 nmol kg-' ET-1 and the con-
comitant bradycardia, without affecting the depressor res-
ponse to ET-1 (Figure 1). Increasing the dose of FR 139317
did not cause further inhibition of the pressor effect of ET-1.

Pretreatment of the animals with indomethacin (3 mg kg-'
plus 2mg kg-' h-'), WEB 2086 (1 mg kg-') or BN 52021
(10 mg kg-') caused neither significant changes in MABP
and heart rate nor modified the depressor and pressor actions
of ET-1 (1 nmol kg-') (Table 1). Administration of BM
13505 (1 mg kg-') 5 min before injection of ET-1, increased
MABP from 112±4 to 125±4mmHg (n=6, P<0.05).
BM 13505 treatment prolonged the duration of the depressor
action of 1 nmol kg-' ET-1 up to 75 s without affecting its
magnitude. The pressor response to ET-1 was similar in
control and BM 13505-treated animals (Table 1). MABP rose
from 111±3 to 123±4mmHg (n=6, P<0.05) following
OKY-046 (1Omg kg-') treatment. However, OKY-046 failed
to affect the depressor and pressor responses to ET-1 (Table
1). None of these inhibitors and antagonists affected
significantly ET-l-induced changes in heart rate (Table 1).
The basal values for MABP and heart rate were sig-

nificantly higher in anaesthetized than in conscious animals
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Figure 1 Effect of FR 139317 (FR, 2.5 mg kg-', i.v.) on the peak
depressor (open columns) and pressor (hatched columns) responses
elicited by endothelin-l (ET-1, 1 nmol kg-, i.v.) and accompanying
changes in heart rate in conscious and anaesthetized rats. The basal
values for mean arterial blood pressure (MABP) and heart rate in
conscious rats were 107 ± 2 mmHg and 335 ± 8 beats min-'
(n = 10), respectively, and in anaesthetized rats were 124 ± 2 mmHg
and 426 ± 10 beats min ' (n = 10), respectively. Values are means
with s.e.mean for five experiments. *P <0.05, **P <0.01 (compared
to ET-1 by the Mann-Whitney U test).

Table 1 Endothelin-l (ET-1)-induced maximum decrease and increase in mean arterial blood pressure (MABP) and accompanying
changes in heart rate in conscious and anaesthetized rats

Basal Maximum depressor response
MABP Heart rate AMABP AHeart rate
(mmHg) (beats min-') (mmHg) (beats min-')

Maximum pressor response
AMABP AHeart rate
(mmHg) (beats min-')

Conscious rats
ET-1
Indomethacin + ET-1
OKY-034 + ET-1
BM 13505 + ET-1
WEB 2086 + ET-1
BN 52021 + ET-1
Anaesthetized rats
ET-1
Indomethacin + ET-1
OKY-034 + ET-1
BM 13505 + ET-1
WEB 2086 + ET-1
BN 52021 + ET-1

8 112±3
5 115±3
6 111±3
6 112±4
6 111± 2
6 118±2

5; 125 ± 2
4 124± 5
5 122±5
6 126±2
5 126±4
4 126±3

Following control measurements, the animals were pretreated with indomethacin (3 mg kg-' plus 2 mg kg- ' h-' for 60 min), OKY-046
(10mg kg-' for 60min), BM 13505 (1mg kg-' for 5min), WEB 2086 (1 mgkg-' for 10min) or BN 52021 (10mg kg-' for 10min)
before injection of ET-1 (1 nmol kg-', i.v.). The values are means ± s.e.mean for n experiments. Kruskal-Wallis test indicated that
variation among median values for all parameters in various treatment groups was not significantly greater (P values were between
0.08 and 0.83) than expected by chance both in conscious and anaesthetized rats. *P<0.05; **P<0.01 (compared to ET-1 injection in
conscious rats by the Mann-Whitney U test).

343 ± 9
342± 12
326 ± 11
338± 12
312 ± 9
334± 12

440± 15**
455 ± 10
445± 15
428 ± 22
439± 16
416± 26

- 18 ± 2
- 18±3
-22 ± 2
- 29± 4
-22±4
-25 ± 3

- 31 ± 3**
-31 ± 2
-34± 5
-27 ± 3
-29 ± 5
-32 ± 3

2±6
-2± 6
0±7
3±8
5 ±7
3±7

8± 1
12±8
10±6
5±3
6±5
12±3

39 ± 3
47 ±4
36±6
34±3
41 ±2
30 ± 3

28 ± 2*
37 ± 7
28 ± 2
22 ± 3
23 ± 6
28 ± 6

-42±9
- 45 ± 8
-32± 9
-31 ± 5
-41 ± 10
-29 ± 5

-22 ± 6*
-29 ± 11
- 35 ± 4
- 16 ± 5
- 24± 12
-27 ± 8

i y
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(MABP were 113 ± 1 mmHg, n = 37 and 124 ± 1 mmHg,
n = 34 in conscious and anaesthetized animals, respectively,
P<0.05; heart rate were 333 ± 5 and 433 ± 6 beats min-',
respectively, P<0.01). Both MABP and heart rate remained
stable for 80 min following control measurements. The mag-
nitude of the transient fall in MABP following injection of
ET-l (1 nmol kg-') was significantly greater in anaesthetized
than in conscious rats, whereas the pressor effect of ET-1 was
more pronounced in conscious than in anaesthetized animals
(Table 1). As observed in conscious rats, FR 139317
significantly attenuated, but did not completely prevent the
pressor response to ET-1 and the accompanying bradycardia
without affecting the depressor response (Figure 1). Intra-
venous administration of BM 13505 or OKY-046 resulted in
significant increases in MABP in anaesthetized rats. For
instance, MABP rose from 126 ± 2 mmHg to 135 ± 5 mmHg
(n = 6, P<0.05) and from 122 ± 5 mmHg to 127 ± 7 mmHg
(n = 5, P <0.05) following BM 13505 and OKY-046 treat-
ment, respectively. However, neither BM 13505 nor OKY-
046 affected the depressor and pressor responses to ET-1
(1 nmol kg-') (Table 1). In addition, indomethacin, WEB
2086 or BN 52021 also failed to modify the effects of ET-1
on MABP (Table 1). None of the TxA2 and PAF receptor
antagonists and TxA2 synthase inhibitors affected the ET-1-
induced changes in heart rate (Table 1).

Effects of ETA, thromboxane and PAF receptor blockade
on ET-J-induced albumin extravasation

In agreement with our previous observations, ET-1 at
1 nmol kg-' increased the Evans blue content in the left
ventricle and right atrium by 87 and 120%, respectively
(Figure 2). These increases were almost completely abolished
by FR 139317 (Figure 2). BM 13505 and OKY-046 reduced
ET-1-induced albumin extravasation in the left ventricle by
85 and 71%, respectively and in the right atrium by 82 and
47%, respectively (Figure 3). Pretreatment of animals with
indomethacin did not modify the increase in permeability
elicited by ET-1 (Figure 3). The PAF receptor antagonists,
WEB 2086 and BN 52021, appeared to be equally potent
inhibitors of the permeability effect of ET-l in the left ventri-
cle (73 and 86% inhibition, respectively), whereas BN 52021
was a more potent inhibitor of ET-l-induced albumin extra-
vasation than WEB 2086 in the right atrium (99% versus
69% inhibition) (Figure 3). None of the drugs alone affected
tissue Evans blue content (data not shown).

Effects of intravenous administration of ET-J on ECG

Bolus i.v. injections of ET-l (0,1, 1 or 2 nmol kg-') produced
ST segment elevation in a dose-dependent manner (Figure 4).
Statistically significant, albeit small, elevations were observed
following ET-l at a dose as low as 0.1 nmol kg-'. ST seg-
ment elevations were observed within 60-90, 30-50 and
20-40 s corresponding to the three doses of ET-l used. ST
segment elevation persisted for 10-14 min following 0.1 nmol
kg-' ET-1, whereas no complete recovery to control levels
was observed within 20 min following the injection of the two
highest doses of ET-l (Figure 4). Administration of ET-1 up
to a dose of 2 nmol kg-' did not produce arrhythmias.

Effects of ETA, thromboxane and PAF receptor blockade on
ET-J-induced ST segment elevation

The ETA receptor antagonist, FR 139317 (2.5 mg kg-') atten-
uated the ST segment elevation induced by ET-l (1 nmol
kg-', i.v.) by 86% (Figure 5). Pretreatment of the animals
with indomethacin (3 mg kg' plus 2 mg kg''h-') did not
affect the ST segment elevation elicited by ET-1 (Figure 5).
On the other hand, both the thromboxane synthase inhibitor
OKY-046 (10 mg kg-') and the TxA2 receptor antagonist
BM 13505 (1 mg kg-') suppressed ST segment elevation
elicited by ET-1 (Figure 5). Similarly, pretreatment of the

._

3:2!'

10
0l

0)

CoC

CU
w

150

100

50

0

250 -

._

4-

la

CD
cm

UJ~0
a)

(0
c
CU

wj

200-

150-

100 -

50

0

Right atrium

El-
i

r41
C FR ET-1 FR+ET-1

Figure 2 Effects of FR 139317 on endothelin-l (ET-l)-induced
albumin extravasation in the coronary circulation of conscious rats.
The animals were pretreated with 0.9% NaCl (C, control) or
FR 139317 (FR, 2.5 mgkg-, i.v. for 5min), then ET-1 (1 nmol
kg-') or its vehicle (C) were injected together with Evans blue dye
(20 mg kg-'). Ten minutes later, the animals were anaesthetized and
the heart was perfused with 0.9% NaCl. The permeability meas-
urements were made 15 min after injection of ET-l. Values are
means with s.e.mean. n = 4 for FR 139317 and FR 139317 plus
ET-I, n = 5 for control and ET-1. *P<0.05 (compared to control),
tP<0.05 (compared to ET-I by Dunn's multiple contrast hypo-
thesis test).

animals with the PAF receptor antagonist, WEB 2086
(1 mg kg-') or BN 52021 (1Omg kg-') markedly attenuated
the ET-1-induced ST segment elevation (Figure 5). None of
the inhibitors or antagonists alone caused significant changes
in ST segment (data not shown).

Discussion

The present results showed that i.v. injection of ET-l pro-
duced ST segment elevation and myocardial oedema in the
rat. These effects of ET-l were significantly attenuated by a
selective ETA receptor antagonist, a thromboxane synthase
inhibitor, and specific TxA2 or PAF receptor antagonists.

Since we are not equipped to perform ECG measurements
on freely moving rats, and anaesthesia is known to alter
cardiovascular control mechanisms (Cox & Bagshaw, 1980),
we compared the effects of the above mentioned inhibitors on
the haemodynamic effects of ET-1 in conscious and anaes-
thetized rats. In confirmation of earlier observations, the
present study also shows a biphasic change of MABP in
response to i.v. bolus injection of ET-1 in both conscious
(Gardiner et al., 1989; Le Monnier de Gouville et al., 1990)
and anaesthetized rats (Yanagisawa et al., 1988; De Nucci et
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Figure 4 ST segment elevation elicited by intravenous bolus injec-
tion of endothelin-I (ET-1) in anaesthetized rats. The animals
received 0.9% NaCl (vehicle of ET-I, n = 5) (0), ET-l, 0.1 nmol
kg-' (@, n=4), lnmolkg-I (A, n=6) or 2nmolkg-' (U, n=5)
at 0 min. Each point represents mean ± s.e.mean.
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Figure 3 Pharmacological modulation of endothelin-1 (ET-1)-in-
duced albumin extravasation in the coronary circulation of conscious
rats. The animals were pretreated with 0.9% NaCl (C, control),
indomethacin (Indo, 3 mg kg-' plus 2mg kg-' h-' for 60 min),
OKY-046 (OKY, 10mgkg-' for 60min), BM 13505 (BM, 1 mg
kg-' for 5min), WEB2086 (WEB, I mgkg-' for 10min) or
BN 52021 (BN, 10mg kg-' for 10 min) before i.v. bolus injection of
ET-1 (1 nmolkg-') or its vehicle (C) plus Evans blue dye
(20 mg kg-'). Ten minutes later, the rats were anaesthetized and the
heart was perfused with 0.9% NaCl. The permeability measurements
were made 15 min after the injection of ET-1. Values are mean with
s.e.mean, n = 8 for control and ET-1, n = 5 for indomethacin plus
ET-1 and n = 6 for all other treatments. *P<0.05; **P<0.01 (com-
pared to control), tP<0.05; ttP<0.01 (compared to ET-1 by
Dunn's multiple contrast hypothesis test).

al., 1988; Le Monnier de Gouville et al., 1990). The depressor
and pressor responses were accompanied by a transient reflex
tachycardia and a prolonged reflex bradycardia, respectively.
However, the magnitude of the changes in MABP and heart
rate were different in anaesthetized and conscious rats. ET-1
produced significantly greater decreases in MABP in anaes-
thetized than in conscious rats, whereas it evoked greater
increases in MABP in conscious than in anaesthetized rats.
These observations can be explained by differences in the
resting MABP of conscious and anaesthetized rats. Eleva-
tions in basal MABP (anaesthetized rats relative to conscious
rats) would result in augmentation of the apparent vaso-
depressor activity and attenuation of the apparent vasopres-
sor activity of various substances.
FR 139317 significantly attenuated the pressor response to

ET-1 without affecting its depressor action in both conscious
and anaesthetized rats (Sogabe et al., 1993 and the present
study). FR 139317 has been reported to be 7000 times more
potent in inhibiting the binding of ET-1 to ETA than ETB
receptors in vitro (Aramori et al., 1993). Since ETB receptors
located on the vascular endothelium have been implicated in
the mediation of the transient depressor action of ET-1
(Saeki et al., 1991; Douglas & Hiley, 1991), it might be
concluded that at the dose used, FR 139317 does not block
ETB receptors in vivo. It should be noted, however, that the
degree of inhibition of the pressor action of ET-1 by
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Fgue 5 Effects of FR 139317, indomethacin, OKY-046, BM
13505, WEB 2086 and BN 52021 on ST segment elevation induced
by intravenous administration of endothelin-l1(ET-1) in anaes-
thetized rats. The animals were pretreated with 0.9% NaCl,
FR 139317 (FR, 2.5 mg kg-' for 5 min, n = 5), indomethacin (Indo,
3 mg kg-' plus 2 mg kg-' h-' for 60 min, n = 4), OKY-046 (OKY,
10 mg kg- ' for 60 min, n = 5), BM 13505 (BM, 1 mg kg- ' for 5 min,
n = 6), WEB 2086 (WEB, 1 mg kg-' for 10 min, n = 5) or BN 52021
(BN, 10mgkg-' for 10min, n=5) before injection of ET-I
(1 nmol kg-'). Values are means ± s.e.mean. *P<0.05 (compared to
ET-I by Dunn's multiple contrast hypothesis test).

FR 139317 did not exceed 80% either in anaesthetized or
conscious rats confirming previous results (Sogabe et al.,
1993). Increasing of the dose of FR 139317 did not reduce
further the maximum increase in MABP evoked by ET-1
(Sogabe et al., 1993 and the present study). These observa-
tions lend further support to the notion that more than one
subtype of endothelin receptor is involved in the generation
of the pressor effect of ET-1 in the rat (Ihara et al., 1992;
Filep et al., 1992, 1993b; Cristol et al., 1993; McMurdo et al.,
1993a). The observations that ET-1-induced bradycardia was
also markedly attenuated by FR 139317 suggest that ET-1-
induced changes in heart rate were secondary to changes in
MABP (i.e. a pressor response resulted in reflex bradycardia).

Pretreatment of the animals with indomethacin, OKY-046,
BM 13505, WEB 2086 or BN 52021 failed to affect the ET-1-
induced changes in MABP and heart rate in both conscious
and anaesthetized rats. These findings indicate that neither
cyclo-oxygenase products nor PAF are involved in mediating
these actions of ET-1. In contrast to these observations,
indomethacin was found to potentiate the pressor effect of
ET-1 in pithed rats with resting blood pressure of about
50 mmHg (De Nucci et al., 1988). This apparent discrepancy
might be, in part, attributed to differences in cardiovascular
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control mechanisms operant in conscious and pithed rats.
Thus, one may speculate that mechanisms other than release
of vasodilator prostanoids are involved in limiting the pres-
sor activity of ET-1 in conscious rats. One of these mech-
anisms may be endothelium-derived nitric oxide, as inhibition
of nitric oxide synthesis markedly potentiated the pressor
effect of ET-1 in conscious rats (Filep et al., 1993a). Another
possibility might be that ET-1 is less active in releasing
vasodilator prostaglandins in conscious than pithed rats, and
consequently prostaglandins might be more important in
limiting the pressor effects of ET-1 in pithed than conscious
rats. The observations that cyclo-oxygenase inhibitors can
attenuate the depressor response to ET-1 in anaesthetized
dogs (Herman et al., 1989), and either inhibit or potentiate
the pressor action of ET-1 in anaesthetized guinea-pigs
(Whittle et al., 1989) or rabbits (Thiemermann et al., 1990;
Rogerson et al., 1993), respectively, indicate important
species differences in the mechanisms mediating the vascular
actions of ET-1. It is uncertain at present which receptor
subtypes mediate the ET-1-induced release of vasodilator
prostanoids in the rat. The finding that FR 139317 did not
modify the depressor response elicited by ET-1, which is
thought to be partly mediated by prostacyclin (De Nucci et
al., 1988), would argue against the involvement of ETA recep-
tors. This suggestion is further supported by the observations
that ET-1 induces prostacyclin release from bovine cultured
aortic endothelial cells (Filep et al., 1991a) which do not
possess ETA receptors (Saeki et al., 1991) and that the pros-
tacyclin releasing properties of ET-1 were not affected by
ETA receptor antagonists in the anaesthetized dog (Herman
et al., 1993) and rabbit (McMurdo et al., 1993b). On the
other hand, the supposedly selective ETA receptor antagonist,
BQ-123 (Ihara et al., 1992) was found to inhibit the
vasoconstrictor effects of ET-1 and its ability to release pros-
tacyclin from the isolated perfused rat lung (D'Orleans-Juste
et al., 1992). However, these latter experiments did not ex-
clude the possibility that prostacyclin release was a conse-
quence of a non-specific defence mechanism of the vascu-
lature in response to drastic elevations in perfusion pressure
following administration of ET-1. Furthermore, the selec-
tivity of BQ-123 has recently been questioned (see below). It
is also possible that both ETA and ETB receptors could
mediate prostacyclin release, but their involvement may differ
from vascular region to vascular region.

Previous studies demonstrated that intracoronary adminis-
tration of ET-1 dramatically increases coronary resistance
and causes ST segment elevations and arrhythmias in pigs
(Ezra et al., 1989), dogs (Kurihara et al., 1989; Nichols et al.,
1990; Hom et al., 1992) and rats (Harada et al., 1993). The
present results extend these observations by demonstrating
that i.v. administration of ET-1 can also produce ST segment
elevation without associated arrhythmias. Following i.v.
injection of 2 nmol kgI ET-1, the peak plasma concentra-
tion of the peptide in the coronary circulation might be
about 100 fold lower than those levels that might have been
achieved by intracoronary injections of 6-7 nmol kg-' ET-1
in rats (Harada et al., 1993). The doses of ET-1 used in the
present study result in peak plasma ET-1 levels that are
two-to-three orders of magnitude higher than those detected
under pathological conditions (Yasuda et al., 1990; Mat-
suyama et al., 1991; Toyo-oka et al., 1991; Tsuji et al., 1991;
Watanabe et al., 1991; Ray et al., 1992). It should, however,
be noted that plasma ET-1 levels may not necessarily reflect
local production and/or concentration of the peptide. The ST
segment elevation by endothelin-1 is thought to be due to
myocardial ischaemia related to coronary vasoconstriction,
whereas a direct action on the myocardium has been impli-
cated in inducing arrhythmias (Harada et al., 1993). There-
fore, one may assume that under the present experimental
conditions (i.e. at lower coronary plasma concentrations)
ET-1 acted primarily on the coronary vascular smooth mus-
cle. The selective ETA receptor antagonist, FR 139317 pro-
tected the heart from ST segment elevation. The observations

that FR 139317 did not inhibit completely this action of
ET-1 are consistent with the hypothesis that in addition to
ETA receptors, non ETA/ETB receptors are also involved in
the generation of the vasoconstriction in the coronary cir-
culation (Harrison et al., 1992).

ET-1-induced ST segment elevation was significantly atten-
uated by the TxA2 synthesis inhibitor, OKY-046, the TxA2
receptor blocker, BM 13505 or by the PAF receptor antag-
onists, WEB 2086 or BN 52021. Numerous studies have
shown that ET-1 could activate phospholipase A2 via various
intracellular signalling pathways, leading to release of ara-
chidonic acid and PAF (for recent reviews see Simonson &
Dunn, 1992; Sokolovsky, 1992). Arterial tissue and the heart
actively convert arachidonic acid to cyclo-oxygenase products
including TxA2 (Hirsh et al., 1981). Both TxA2 and PAF are
potent coronary vasoconstrictors (Hirsh et al., 1981; Feuer-
stein et al., 1984). Although we did not measure TxA2 and
PAF levels in the coronary circulation in the present
experiments, previous studies have documented the capability
of ET-1 to release TxA2 from various tissues (cf. Simonson &
Dunn, 1992; Sokolovsky, 1992) and ET-1 has also been
reported to enhance PAF release from glomerular mesangial
cells (Lopez-Farre et al., 1991). Interestingly, the cyclo-oxy-
genase inhibitor, indomethacin, failed to inhibit ST segment
elevation produced by ET-1. The reason for this observation
is not known at present. One possible explanation might be
that cyclo-oxygenase blockade diverted arachidonic acid to the
lipoxygenase pathway, leading to formation of, for example,
sulphidopeptide leukotrienes, which are also known to provoke
coronary vasoconstriction (cf. Piper, 1984). Taken together,
the protective effects of TxA2 and PAF receptor blockade on
ST segment elevation appear to be due to the inhibitory
action on the coronary vasoconstrictor action of ET-1.

In addition to inducing vasoconstriction, ET-1 also en-
hanced albumin extravasation in the coronary vascular bed
of conscious rats. Pretreatment of the animals with FR
139317 almost completely abolished the ET-1-induced in-
crease in albumin extravasation in both the left ventricle and
right atrium. These results are consistent with our previous
findings with another supposedly selective ETA receptor
antagonist, BQ-123 (Filep et al., 1992). However, recent
studies have questioned the selectivity of BQ-123 as it had a
preferential antagonistic effect on the ET-3 response in the
rat vas deferens (Eglezos et al., 1993). These observations
raised the possibility that BQ-123 may also antagonize a non
ETA/ETB receptor. Whether the atypical endothelin receptor
described in the rat vas deferens might be similar to that
found in the coronary arteries (Harrison et al., 1992), is not
known at present. The findings that FR 139317 markedly
attenuated, but did not inhibit completely the ET-l-induced
ST segment elevation suggest that FR 139317 may not be an
antagonist of this receptor subtype.
The presents results also showed that the permeability

effect of ET-1 is mediated through release of secondary
mediators, such as TxA2 and PAF. As with coronary vaso-
constriction, indomethacin failed to inhibit albumin extra-
vasation evoked by ET-1, whereas tissue Evans blue
accumulation was significantly attenuated by the TxA2 syn-
thase inhibitor, OKY-046 and the TxA2 receptor antagonist,
BM 13505. However, in addition to inhibition of TxA2 pro-
duction, cyclo-oxygenase blockade might have led to
enhanced formation of other arachidonic acid metabolites,
e.g. leukotrienes (see above), which are known to promote
protein extravasation (Dahlen et al., 1981). The PAF recep-
tor antagonists, WEB 2086 and BN 52021 at the doses em-
ployed were equally potent in attenuating ET-1-induced
accumulation of Evans blue dye in the left ventricle, whereas
BN 52021 appeared to be a more potent inhibitor than
WEB 2086 in the right atrium. We have found similar differ-
ences in the inhibitory action of these PAF antagonists in the
lower bronchi and spleen of rats (Filep et al., 1991b). These
differences occurred despite the fact that WEB 2086 and
BN 52021 at the doses used, caused similar inhibition of the
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hypotensive action of exogenous PAF in the conscious rat
(Filep et al., 1991b). The different responses to WEB2086
and BN 52021 suggest that one of the antagonists might act
on a different PAF receptor population (Hwang, 1988). An
increase in MABP, per se, could not be the basis for the
observed albumin extravasation as TxA2 and PAF receptor
antagonists were highly effective in inhibiting albumin leak-
age elicited by ET-1 without affecting the pressor action of
this peptide. Indeed, mediator-stimulated increase in protein
extravasation is primarily attributable to interendothelial cells
gap formation in the venules (Grega et al., 1986). Vasocon-
strictors, like noradrenaline that can elevate capillary hydro-
static pressure, but do not elicit gap formation could not
promote protein efflux (Grega et al., 1986). ET-1 may induce
gap formation directly or more likely through release of
secondary mediators, including TxA2 and PAF. An increase
in systemic blood pressure and/or elevation in capillary hy-
drostatic pressure would, however, facilitate protein ext-
ravasation and oedema formation provided that gaps are
formed. Thus, attenuation of ET-l-induced coronary vaso-
constriction by FR 139317 would lead to a reduction in
hydrostatic pressure in the coronary circulation, which, in

turn, could contribute to the decrease in albumin extravasa-
tion.

In conclusion, the present results demonstrates that i.v.
injection of ET-1 provokes ST segment elevation and en-
hances myocardial albumin extravasation in the rat and sug-
gest that these actions of ET-1 are mediated, in part, through
release of secondary mediators, such as TxA2 and PAF via
the activation of ETA receptors. These data also suggest a
therapeutic potential for ETA receptor antagonists in the
treatment of acute ischaemic heart diseases where ET-1 prod-
uction is enhanced.
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ger-Mannheim KG, Mannheim, Germany) for generously supplying
us with BN 52021, WEB 2086 and BM 13505, respectively. This
study was supported by the Foundation of the Maisonneuve-
Rosemont Hospital. A.F. and J.G.F. are scholars of the Fonds de la
Recherche en Sante du Quebec (FRSQ).
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All-or-nothing responses to carbachol in single intestinal
smooth muscle cells of rat

'Toshio Ohta, Shigeo Ito & Yoshikazu Nakazato

Department of Pharmacology, Faculty of Veterinary Medicine, Hokkaido University, Sapporo 060, Japan

1 Concentration-response relationships for carbachol (CCh)-induced increases in the cytosolic calcium
concentration ([Ca2+]i) and membrane currents were studied by use of fura-2 microfluorimetry and
nystatin-perforated whole-cell recording in single smooth muscle cells isolated from rat intestine.
2 CCh produced an initial peak rise in [Ca21], followed by a small sustained rise. In individual cells,
the peak rise in [Ca2+]i did not increase in amplitude even with increasing concentrations of CCh,
though the threshold concentration varied in different cells. The initial peak rise in [Ca2+]j, but not the
sustained rise, was due to the release of stored Ca2+, because it was unchanged after removal of external
Ca2+ and the addition of nifedipine (1 1kM) or La3" (1 mM).
3 CCh elicited an outward and inward current in a cell dialyzed with a pipette solution containing KCl
at a holding potential of - 30 mV and with one containing NaCl at - 60 mV, respectively. In individual
cells, the amplitude of each current was similar in cells stimulated at over the threshold concentration of
CCh, but the threshold was different among cells.
4 The percentage of cells showing Ca2+-transient responses to CCh at given concentrations was similar
to those showing current responses and contractile responses.

5 In thin muscle bundles, a concentration-dependent contraction was evoked by CCh in the absence of
external Ca2 . Its threshold was similar to those of Ca2+-transient and current responses in single cells.

6 These results suggest that CCh-induced release of stored Ca2+ takes place in an all-or-nothing
fashion in individual cells of the rat intestinal smooth muscle.

Keywords: Calcium release; carbachol; intestinal smooth muscle cell; intracellular Ca2+ stores; ion channel; whole-cell voltage-
clamp

Introduction

In various smooth muscle cells, the activation of muscarinic
receptors produces an increase of cytosolic calcium concen-
tration ([Ca2+]i) due to the influx of external Ca2" and the
release of Ca2" from intracellular stores (Bolton, 1979). It is
now widely accepted that inositol 1,4,5-trisphosphate (IP3) is
the intracellular messenger which stimulates the release of
Ca2+ from intracellular stores following receptor activation
(Berridge & Irvine, 1984).

Recently, it has been shown that IP3-induced Ca2" release
is potentiated in the presence of submicromolar concentra-
tions of Ca2" and receives positive feedback regulation by
Ca2" (Iino, 1990; Bezprozvanny et al., 1991; Finch et al.,
1991; Eino & Endo, 1992). The feedback mechanism could
account for the oscillations in [Ca2+]i sometimes seen (De-
Lisle & Welsh, 1992; Miyazaki et al., 1992). Therefore, it is
suggested that IP3-induced Ca2+ release is regenerative, that
is it occurs in an all-or-nothing fashion, once Ca2+ release
has been initiated by IP3 (Iino et al., 1994). From this
suggestion, it is expected that CCh-induced release of stored
Ca2+ occurs dose-independently, if cells are stimulated by
CCh concentrations that exceed the threshold for IP3 forma-
tion, resulting in Ca2+ release from intracellular stores.
We have recently demonstrated that the muscarinic agonist

carbachol (CCh), activates two different ionic channel in rat
intestinal smooth muscle cells, probably due to Ca2+ release
from intracellular Ca2+ stores through production of IP3 (Ito
et al., 1993). One is an outward K+ current as reported in
vascular (Byrne & Large, 1988; Amedee et al., 1990a) and
visceral smooth muscle cells (Bolton & Lim, 1989; Komori &
Bolton, 1991; Ohta et al., 1992), and the other is an inward
current mainly due to an increase in membrane C1- conduc-
tance, the properties of which are similar to those in vascular
(Byrne & Large, 1988; Pacaud et al., 1989; Amedee et al.,

' Author for correspondence.

1990a,b) and tracheal smooth muscle cells (Janssen & Sims,
1992). If CCh causes the release of stored Ca2+ in an all-or-
nothing fashion, the Ca2+-activated CCh-induced current res-
ponses are also expected to occur in a similar manner.
The purpose of the present study was to determine whether

CCh causes Ca2+ release from intracellular stores and evokes
current responses in an all-or-nothing fashion. We inves-
tigated, therefore, the effects of various concentrations of
CCh on increases in [Ca2+]i and outward and inward currents
in single dispersed intestinal smooth muscle cells of the rat.

Methods

Cell preparation

Male Wistar rats (200-250 g) were killed by stunning and
bleeding. Smooth muscle cells were enzymatically isolated
from the longitudinal muscle of rat intestine with collagenase
and papain as described previously (Ohta et al., 1993). Small
aliquots of the dispersed cells were stored in normal external
solution on cover-slips in a moist chamber at 4'C for use the
same day.

Fluorescence and membrane current measurements

The cytosolic Ca2" concentration, [Ca2+],, was estimated in
single cells by fura-2 fluorescence with the ratio method using
dual-wavelength excitation and single emission (Grynkiewicz
et al., 1985). The cells adhering to cover-slips were incubated
with fura-2 in the normal external solution containing 5 1kM
fura-2 AM for 30 min at room temperature (approximately
25°C). Then the cover-slips were transferred to an experi-
mental chamber (volume about 0.2 ml) on the stage of an
inverted microscope attached to a fluorometer (CAM-200,
Japan Spectroscopic) as described previously (Ohta et al.,

'." Macmillan Press Ltd, 1994
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1993). The fluorescence signal was detected with a Nikon CF
u.v. lens ( x 40) and the emission light, which was passed
through a pinhole diaphragm slightly larger than a cell, was
collected by a photomultiplier through a 500 nm filter. The
ratio of the fluorescence due to excitation at 340 nm to that
at 380 nm was calculated and was considered to be an index
of [Ca2+]i.
Membrane currents were recorded with the nystatin-

perforated patch-clamp technique to prevent the run-down of
receptor-mediated responses (Horn & Marty, 1988; Ito et al.,
1993) using a patch-clamp amplifier (CEZ-2300, Nihon-
Koden, Japan). Nystatin (50-200p9gmlm') was introduced
into the pipette solution. The patch-pipette resistance ranged
from 2.5 to 4 MQ. The experiments were carried out
5-10min after formation of a gigaseal at which the access
resistance decreased to 10-30 MO. Data recording and illus-
tration were carried out as described previously (Ohta et al.,
1992).

Cells were constantly superfused with the external solution
at a flow rate of 2-3 ml min'- and CCh was applied to the
cell through a puffer pipette placed close to it (Ito et al.,
1993). Using this puffer system, the solution around the cell
was completely exchanged within 0.5 s. Therefore, when the
time required to attain peak response was estimated, this lag
time was neglected. All these experiments were performed at
room temperature.

Measurement of mechanical activity

Thin longitudinal muscle bundles (0.1 mm in width, 0.7-1
mm in length) were prepared from tension recording. Mech-
anical activity was measured isometrically using the experi-
mental setup described previously (Ohta et al., 1992). To
examine the contractile responses to CCh utilizing Ca2"
released from intracellular stores, the following procedure
was carried out. After the disappearance of 0.1 mM CCh-
induced contraction in Ca2"-free solution containing 2mM
EGTA, the muscle bundles were exposed to the normal
external solution containing 2.5 mM Ca2" for 2 min for the
purpose of Ca2" loading of intracellular stores. The muscle
bundles were washed with a fresh Ca2"-free solution contain-
ing 2 mM EGTA for 1 min and then stimulated by various
concentrations of CCh under Ca2"-free conditions. These
procedures were repeated and the interval between CCh-
stimulations was more than 10 min to avoid possible
receptor-desensitization.

Solutions

The ionic composition of the normal external solution was as
follows (mM): NaCl 126, KC1 6, MgCl2 1.2, CaCI2 2.5,
HEPES 10, glucose 14 (pH 7.2 with NaOH). For the Ca2"-
free solution, CaCl2 was omitted and 2 mM EGTA was
added. The K+-containing pipette solution contained (mM):
KC1 132, MgCl2 1.2, ATPNa22, HEPES 10, EGTA 0.1 (pH
7.2 with KOH). The Na+-containing pipette solution was
prepared by substitution of equimolar NaCl for KCI (pH 7.2
with NaOH).

Drugs

Chemicals used were ATPNa2 (Boehringer, Germany), car-
bamylcholine chloride (carbachol), collagenase, nystatin, pa-
pain (Sigma, U.S.A.), EGTA, fura-2AM, HEPES (Dojindo,
Japan) and nifedipine (Wako Pure Chem, Japan).

Statistics

The results were expressed as the mean value ± s.e.mean
(n = number of observations), and statistical significance was
assessed with Student's t test. P values of less than 0.05 were
considered to be significant.

Resulb

Change in cytosolic Cal+ concentration induced by CCh

Single smooth muscle cells loaded with fura-2 were stim-
ulated for 10 s by increasing concentrations of CCh at about
4 min intervals. Figure la shows typical [Ca2+]i changes
induced by CCh in two cells. In the cell shown in the upper
traces, no changes in [Ca2+]j occurred in response to 0.2 9M
CCh. However, 0.5 9M CCh was effective in increasing
[Ca2+]j, which occurred in three phases, a slow upstroke, an
initial peak and a small sustained phase. When the concen-
tration of CCh was increased to 1 to 10 JiM, the rate of
increase in [Ca2+]i became more rapid, being 6.1 ± 0.6 s at
1 9M and 2.8 ± 0.2 s at 10 giM (n = 10), without change in the
peak amplitude of [Ca2J]i. As shown in Figure lb, the amp-
litudes of the peak rise in [Ca2J]i were not significantly
different among doses of CCh over 0.2 9M. The sustained
phase of the Ca2+-transient tended to elevate with increasing
concentrations of CCh. Qualitatively, the same results were
obtained in another cell, shown in the lower traces, in which
a higher concentration of CCh (1 9AM) was needed to initiate
the rise in [Ca2+]i than in the cell shown in the upper traces.
The peak rise in [Ca2+1] elicited by 1 jM CCh was little

affected by 2 min exposure of cells to Ca2+-free solution
containing 2mM EGTA (91.9 ± 7.1% of control response,
n = 6), a voltage-dependent Ca2l channel blocker, 1 9AM
nifedipine (96.0 ± 2.2%, n = 4), or a non-specific Ca2+ entry
blocker, 1 mM La` (81.9 ± 6.0%, n = 6). These results
indicated that the CCh-induced initial peak rise in [Ca2+]
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Figue 1 Ca2+-transient responses of single rat intestinal smooth
muscle cells to various concentrations of carbachol (CCh). In this
and the following two figures, cells were stimulated by CCh for 10 s
(-) with increasing concentrations from 0.1 to 1O iM at intervals of
more than 4 min. (a) Representative data obtained from two cells;
(b) the increment of peak rise in [Ca2+]j (F340/F380) in the single
cells plotted against the concentration of CCh (mean ±s.e.mean,
n = 16). Each cell was stimulated with three or four concentrations
of CCh, the last concentration being 10 giM. The increment of F340/
F380 was estimated by subtracting the resting ratio before stimula-
tion from the peak ratio.
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was attributable to Ca2" released from internal stores. In
contrast, the sustained rise in [Ca2+]i evoked by 1 lM CCh
was decreased by the external Ca2" removal (17.2 ± 5.2%),
nifedipine (42.9 ± 7.8%) and La3" (32.8 ± 3.8%).

Membrane current responses to CCh

To study the membrane currents induced by CCh, the
nystatin-perforated whole-cell patch clamp technique was
adopted to eliminate run-down of receptor-mediated current
responses. First, we examined the effects of various concen-
trations of CCh on the outward K+ current, which has been
reported to be activated by Ca2' released from intracellular
stores, using K+-containing pipette solution (KC1, 132mM).
Cells were voltage-clamped at - 30 mV to avoid full activa-
tion of K+ channels. The representative data obtained from
two different cells are shown in Figure 2. In the cell shown in
the upper traces, CCh failed to evoke any current responses
at 0.21M but elicited a large outward current at 0.5 gM.
There was practically no increase in the amplitude of the
current with increases in concentration to 1 and 10 M. The
lower traces show that the outward current started to appear
at 1 gM CCh and again that no further increase in the
amplitude of the current response was observed at 10 gM. As
shown in Figure 2b, there was no significant difference
between the amplitudes of the outward current induced by
CCh with concentrations over 0.2 gM.
The effects of various concentrations of CCh on the

inward current were examined in cells dialyzed with KCl-free,
NaCl (140 mM)-containing pipette solution to prevent the
development of an outward K+ current at a holding poten-
tial of - 60 mV. Similar to the outward current response, an
almost full magnitude of the inward current response was
elicited by threshold doses of CCh, which differed slightly

a
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among cells, and thus there was no further increase in the
amplitude with increasing concentrations of CCh (Figure 3).

Concentration-dependent increase in the number of cells
responding to CCh

There was no concentration-dependent increase in the amp-
litudes of Ca2"-transient and membrane currents evoked by
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Figure 2 Outward current responses to various concentrations of
carbachol (CCh). Membrane currents were recorded with nystatin-
perforated whole-cell recording at a holding potential of - 30 mV
using a KCI (134 mM)-containing pipette. (a) Representative data
obtained from two different cells; (b) the peak amplitude of outward
current plotted against CCh concentrations (mean ± s.e.mean, n = 8).
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Figure 3 Inward current responses to various concentrations of
carbachol (CCh). Holding potential of - 60 mV using an NaCl
(134 mM)-containing pipette. (a) Typical inward current responses in
two cells; (b) the peak amplitude of inward current plotted against
CCh concentrations (mean ± s.e.mean, n = 11).
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Figure 4 Concentration-dependent increase in the number of single
cells responding to given concentrations of carbachol (CCh). The
number of cells responding to each concentration of CCh is ex-

pressed as a percentage of those responding to 10 gM CCh. The
number of contracted cells was counted by direct microscopical
observation. (0) CCh-induced Ca2l-transient (n = 12); (A) outward
current (n= 10), (A) inward current (n = 8) and (0) contractile
response (n = 64).
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Figure 5 Carbachol (CCh)-induced contractile responses utilizing
Ca2l released from intracellular stores in thin muscle bundles. After
2 min exposure of the muscle fibres to the normal external solution
containing 2.5 mm Ca2+, they were stimulated by various concentra-
tions of CCh for 1 min ( ) in Ca2+-free solution containing 2 mm
EGTA. (a) CCh-induced contractile responses in the absence of
external Ca2 . (b) (@) the percent amplitude of each contractile
response (mean ± s.e.mean, n = 6) as compared to that induced by
100 pM CCh (0); (0) the concentration-response curve of the mean
value of the number of cells showing Ca2+-transient, outward and
inward currents, and contraction in single cells taken from Figure 4.

CCh in the same cells, but the threshold for CCh varied from
cell to cell. Therefore, the numbers of cells responding to
various concentrations of CCh in evoking Ca2'-transient and
current responses were estimated as a percentage of the total
number of cells examined. In addition, the numbers of cells
contracted by CCh were counted by microscopical observa-
tion. The percentage of the responding cells was plotted
against the log concentrations of CCh (Figure 4). The
concentration-response curves for all CCh-induced responses
were sigmoidal and overlapped each other.

CCh-induced contraction utilizing Ca-+ releasedfrom
intracellular stores in muscle bundles

To determine the concentration-response relationships in
CCh-induced muscle contractions utilizing Ca2+ released
from internal stores, thin muscle bundles were loaded with
Ca2+ and then stimulated by various concentrations of CCh
in a Ca2+-free solution containing 2 mM EGTA. Under these
conditions, CCh over 0.2 gM evoked a transient contraction,
the amplitude of which increased in a concentration-depen-
dent manner (Figure 5a). The threshold concentration of
CCh (0.2 gM) inducing transient contraction was similar to
those for Ca2"-transient, membrane currents and contractile
responses obtained in single cells. As shown in Figure 5b, the
concentration-response curve for CCh-induced contraction in

muscle bundles extended to higher concentrations of CCh
than those obtained from single cells.

Discussion

The present results indicated that CCh evoked a peak rise in
[Ca2+]i, and outward and inward currents in an all-or-
nothing fashion, that is, there was no dose-dependent in-
crease in the amplitude of each response with concentrations
of CCh over threshold in individual cells, though the
threshold concentration varied from cell to cell.
CCh has been shown to evoke outward and inward cur-

rents by activating Ca2"-dependent K+ channels and mainly
Ca2"-dependent Cl- channels, respectively, and both current
responses were mediated by Ca2" released from intracellular
stores in rat intestinal smooth muscle cells (Ito et al., 1993).
In the present experiments, both current responses were
closely similar to Ca2+-transient responses, with regard to the
lack of concentration-dependency and the value of the
threshold concentration of CCh. It seems likely therefore that
CCh-induced current responses reflect the properties of Ca21-
transient responses. These results may provide further evi-
dence that CCh-induced outward and inward currents are
dependent on an increase in [Ca2+]i.
The peak rise in [Ca2+1] in response to CCh was due to

Ca2+ released from intracellular stores, because the Ca2+-
transient was not influenced by the removal of external Ca2+
or by Ca2+ channel blockers. In general, IP3 has been pro-
posed as a second messenger substance provoking Ca2+ re-
lease from intracellular stores (Berridge & Irvine, 1984) in
response to the activation of muscarinic receptor in smooth
muscle cells (Gardner et al., 1988; Parekh & Brading, 1991).
Recently, it has been reported that IP3-induced Ca2+ release
receives positive feedback regulation by [Ca2+]i and in conse-
quence, Ca2+ released by IP3 further accelerates IP3-induced
Ca2+ release (Iino, 1990; Bezprozvanny et al., 1991; Finch et
al., 1991; Iino & Endo, 1992). If this is the case in the present
experiments, then our results may be explained by the
regenerative all-or-nothing Ca2+ release induced by IP3.
Similarly, CCh-induced release of stored Ca2+ took place in
an all-or-nothing fashion in the freshly dispersed smooth
muscle cells of guinea-pig taenia coil (lino et al., 1994), but
not in cultured tracheal smooth muscle cells of the rat (Yang
et al., 1993). This difference may be due to the difference in
the tissue or cells cultured.

It was noted that the percentage of the cells showing
Ca2+-transient responses to various concentrations of CCh
agreed well with those responding with contractions in single
cells. These results suggest that Ca2+ release from intracel-
lular stores plays a role in initiating contractions in single
intestinal smooth muscle cells of the rat, as reported in the
tracheal (Janssen & Sims, 1992) and gastric smooth muscle
cells (Sims, 1992). The threshold concentration of CCh
required to evoke a contraction of thin muscle bundles in the
absence of external Ca2+ was almost equal to that evoking
Ca2+-transient, current and contractile responses in single
cells. This indicates that the threshold concentration of CCh
to induce Ca2" release from intracellular stores was similar
regardless of differences in the preparations, muscle bundles
or single cells. However, the diffusion rate for CCh should be
slower in muscle bundles than in single cells and this may
account for why the concentration-response curve for CCh
extended to higher concentrations in muscle bundles than in
single cells.

This work was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture of Japan, and
by The Naito Foundation (Japan).
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Action of niflumic acid on evoked and spontaneous
calcium-activated chloride and potassium currents in smooth
muscle cells from rabbit portal vein
R.C. Hogg, Q. Wang & 'W.A. Large

Department of Pharmacology and Clinical Pharmacology, St. George's Hospital Medical School, Cranmer Terrace, London
SW17 ORE

1 The action of niflumic acid was studied on spontaneous and evoked calcium-activated chloride
(IC1(ca)) and potassium (IK(Ca)) currents in rabbit isolated portal vein cells.
2 With the nystatin perforated patch technique in potassium-containing solutions at a holding poten-
tial of - 77 mV (the potassium equilibrium potential), niflumic acid produced a concentration-
dependent inhibition of spontaneous transient inward current (STIC, calcium-activated chloride current)
amplitude. The concentration to reduce the STIC amplitude by 50% (ICM) was 3.6 x 10-6 M.

3 At - 77 mV holding potential, niflumic acid converted the STIC decay from a single exponential to
2 exponential components. In niflumic acid the fast component of decay was faster, and the slow
component was slower than the control decay time constant. Increasing the concentration of niflumic
acid enhanced the decay rate of the fast component and reduced the decay rate of the slow component.

4 The effect of niflumic acid on STIC amplitude was voltage-dependent and at - 50 and + 50 mV the
IC50 values were 2.3 X 10-6 M and 1.1 X 10-6 M respectively (cf. 3.6 x 10-6 M at - 77 mV).
5 In K-free solutions at potentials of - 50 mV and + 50 mV, niflumic acid did not induce a dual
exponential STIC decay but just increased the decay time constant at both potentials in a concentration-
dependent manner.

6 Niflumic acid, in concentrations up to 5 x 10-5 M, had no effect on spontaneous calcium-activated
potassium currents.
7 Niflumic acid inhibited noradrenaline- and caffeine-evoked IO(C.) with an ICM of 6.6 x 10-6 M, i.e.
was less potent against evoked currents compared to spontaneous currents. In contrast niflumic acid
(2 x 10-6 M-5 x 105 M) increased noradrenaline- and caffeine-induced I ).

8 The results are discussed with respect to the mechanism of block of ICl(Ca) by niflumic acid and its
suitability as a pharmacological tool for assessing the role of Ic(cp) in physiological mechanisms.

Keywords: Niflumic acid; vascular smooth muscle; calcium-activated chloride current; calcium-activated potassium current

Introduction

Experiments with patch pipette techniques have revealed that
noradrenaline acts on ac-adrenoceptors to stimulate simultan-
eously a calcium-activated chloride current (IC(Ca)), calcium-
activated potassium current (IK(c.)) and a calcium-permeable
cation current (Icat) in the rabbit portal vein (Byrne & Large,
1988; Wang & Large, 1991) and in the rabbit ear artery
(Amrdee et al., 1990). Since it has been shown that an anion
and a cation conductance increase is responsible for the
noradrenaline-induced depolarization recorded with micro-
electrodes in isolated cells of the rabbit portal vein (Amedee
& Large, 1989), it is possible that ICk,,Ca) and It,, may have
important roles in producing depolarization and contraction
in vascular smooth muscle. Also it is relevant that Icj(ca) has
now been observed in several types of smooth muscle and
can be activated by various pharmacological agents (see
Introduction of Hogg et al., 1994). Therefore it would be
interesting to assess the contribution of IQ(ca) and Icat to
agonist-induced depolarization in smooth muscle. In order to
do this it would be necessary to have selective blocking drugs
to dissect out the roles of these conductance mechanisms.

Recently we have embarked on a series of experiments to
investigate the characteristics of established chloride channel
antagonists in blocking Icl(cI) in vascular smooth muscle cells.
It has been demonstrated that 4-acetamido-4'-isothiocyana-
tostilbene-2,2'-disulphonic acid (SITS), 4,4'-diisothiocy-
anatostilbene-2,2'-disulphonic acid (DIDS) and anthracene-9-

' Author for correspondence.

carboxylic acid (A-9-C) inhibit evoked Icc) in rat portal
vein (Baron et al., 1991). Also it was shown in rabbit portal
vein that these compounds were more potent against spon-
taneous transient inward currents (STICs, chloride currents
activated by spontaneous release of calcium from caffeine-
sensitive intracellular stores) than against Ic~ca) elicited by
noradrenaline and caffeine (Hogg et al., 1994). It was found
that all 3 compounds had low potency as the concentration
to inhibit IcQ(c,,) by 50% was greater than 10-4M i.e. the
potency against Ia(ca) is less than the action of DIDS and
SITS against their well-established effects on Cl--HCO3-
exchange in smooth muscle (e.g. see Aickin & Brading, 1983).
Consequently it seems unlikely that these channel blockers
would be of use as pharmacological tools for assessing the
physiological role of Ia(c.). A more promising candidate
might be niflumic acid, a non-steroidal anti-inflammatory
agent, which at a concentration of 10 M produced marked
attenuation of AC,(ca) in rat portal vein (Pacaud et al., 1989).
The relatively high potency of niflumic acid has been
confirmed in canine and guinea-pig tracheal cells (Janssen &
Sims, 1992) and in rabbit oesophageal smooth muscle
(Akbarali & Giles, 1993).

In the present work we have undertaken a quantitative
study of the action of niflumic acid against spontaneous and
evoked Ic(ip) in the rabbit portal vein. Evidence will be
presented to substantiate the relatively high potency of
niflumic acid and experiments will be described which indi-
cate that niflumic acid inhibits I'(ca), at least partly, by an
open channel blocking mechanism.

'." Macmillan Press Ltd, 1994
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Methods

Experiments were carried out on freshly dispersed smooth
muscle cells from the rabbit portal vein. Rabbits (2-2.5 kg)
of either sex were killed by an overdose of i.v. sodium
pentobarbitone and single cells were obtained by enzymatic
dissociation with collagenase and papain as described prev-
iously (Hogg et al., 1993). The cells were stored in a
physiological salt solution with 0.75mM Ca2" at 4C and
were used on the same day. Whole-cell currents were
measured with the perforated patch method with a patch
clamp amplifier (List EPC7; List-Electronic; Darmstadt, Ger-
many) at room temperature. In order to obtain a perforated
patch nystatin (75-200ligml-') was contained in the patch
pipette solution. The external salt solution contained (mM):
NaCl 126, KC1 6, MgCl2 1.2, CaC12 1.5, HEPES 10 and
glucose 11 and the pH was adjusted to 7.2 with NaOH. In
potassium-free conditions, 6mM KCI was omitted and in
some experiments 5 mM tetraethylammonium chloride (TEA-
Cl) was added to the bathing solution. The pipette solution
contained (mM): KCI 126, MgCl2 1.2, HEPES 10, glucose 11
and EGTA 0.2. In potassium-free conditions 126 mM KCl
was replaced by an equimolar amount of NaCl. In some
experiments the effect of niflumic acid on voltage-gated diva-
lent cation currents was studied. For these studies 10 mM
BaCl2 was added to the bathing solution instead of calcium
so that Ba2' was the charge carrier. Also in these latter
studies the pipette solution contained 126 mM CsCI and
10mM EGTA.

In experiments where noradrenaline was used, 10-6 M pro-
pranolol was included in the bathing solution to remove any
P-adrenoceptor-mediated response. The recordings were made
in a static bathing solution and the external solution was
changed with a push-pull arrangement with syringes.
Some records were illustrated by playback from videotape

onto a Gould brush recorder. Analysis of the time course of
spontaneous transient currents was carried out on a personal
computer. Signals were filtered at 400 Hz prior to digitisation
and currents were sampled at 800 Hz using a CED 1401
laboratory interface and captured on the hard disk of the
computer. Capture and averaging of signals were performed
with SIGAVG signal-averaging programme and curve fitting
was done with a voltage clamp analysis programme (both
Cambridge Electronic Design, Science Park, Cambridge).
Exponential fits were obtained using a least squares fitting
routine and the fitting procedure was weighted towards large
current values. From each cell 10-20 spontaneous chloride
or potassium currents were averaged to obtain amplitude and
time course values. The Langmuir adsorbtion isotherm curve
in Figure lb was drawn using an IC5o value (concentration of
niflumic acid to inhibit STIC amplitude to 50% of the con-
trol value) obtained by linear regression of the experimental
data points. In the text, n values refer to the number of cells
used to obtain the mean determinations. The values given in
the text are means ± s.e.mean and statistical significance was
estimated with either Student's t test or paired t test.
Chemicals used were bovine serum albumin (fatty acid free),
caffeine, dithiothreitol, noradrenaline bitartrate, nystatin,
papain (type IV), TEA-Cl (all Sigma, Poole, Dorset); ni-
flumic acid (Aldrich, Gillingham, Dorset); collagenase (CLS2
247 umg', Worthington, Reading, Berkshire).

Results

Effect of niflumic acid on STICs

In the first series of experiments we investigated the action of
niflumic acid on STICs in potassium-containing solutions.
Figure la shows records from a cell which was held under
voltage clamp at a command potential of - 77 mV (the
potassium equilibrium potential, EK) and niflumic acid was
added to the bathing solution in a cumulative manner. It can

be seen quite clearly that there was progressive diminution of
STIC amplitude and in the presence of 10-4 M niflumic acid
the STICs were blocked. The onset of inhibition was rapid
and was apparent within about 10 s of adding niflumic acid
to the external solution. Also the antagonism was readily
reversible and usually complete washout occurred within
1-3 min after removing niflumic acid from the cells (Figure
la). The concentration-effect of niflumic acid on STIC amp-
litude is illustrated graphically in Figure lb. The continuous
curve is drawn according to the Langmuir isotherm and the
estimated concentration to inhibit STIC amplitude to 50% of
the control value (ICw) at - 77 mV with potassium contain-
ing solutions was 3.6 x 10-6M. The potency of niflumic acid
against STIC amplitude at any given membrane potential did
not differ in potassium-free conditions which were used in
some experiments to investigate the voltage-dependence of
the action of niflumic acid.

It was apparent in the majority of cells at - 77 mV that
the reduction in STIC amplitude by niflumic acid was accom-
panied by a marked alteration of the STIC time course.
Figure 2a illustrates averaged STICs in the absence and
presence of various concentrations of niflumic acid taken
from the same cell as shown in Figure 1. In control con-
ditions the STIC decay time course can be described by a
single exponential with a time constant (Tco) of 77 ms (con-
trol curve in Figure 2b). In the presence of niflumic acid the
STIC decay time course became more complex and appeared
to consist of two distinct phases (Figure 2a). The semi-
logarithmic plots show that the initial decay was faster than
the control while the slow component was slower than the
control decay (Figure 2b). In Figure 2b the straight lines with
niflumic acid represent the slow exponential component from
which the slow time constant (@s) was calculated. The fast
time constant (Tf) was obtained by subtracting the slow com-
ponent from the total current. In the presence of 5 x 10-6 M
niflumic acid, rf was 28 ms and ;s was 196 ms and in
5X 10- M niflumic acid ?f was 18ms and ;s was 711 ms.
Thus an increase in the concentration of niflumic acid
accelerated the fast component of the STIC decay but
reduced the rate of decay of the slow component but both
components remained exponential in niflumic acid. It should
be emphasized that the fast phase is not a spontaneous
transient outward current (calcium-activated potassium cur-
rent, STOC) which theoretically might be observed if inade-
quate cell dialysis with the pipette solution had occurred.
First, because of their voltage-dependence STOCs are very
rarely observed at potentials negative to - 50 mV. Secondly
and most convincingly, the rapid component of the STIC
decay was very sensitive to niflumic acid (Figure 2a) whereas
STOCs are insensitive to niflumic acid (see Figure 6).

Evidence has been put forward to suggest that the STIC
decay represents closure of the calcium-activated chloride
channels (Hogg et al., 1993) and the alteration of the STIC
decay by niflumic acid could therefore be explained by
blockade of open ion channels. The usual scheme (see Col-
quoun & Sheridan, 1981) to describe open channel block is:

P' k+B
(1) closed channel-zopen channel ---blocked channel

Assuming the normal opening rate (P') is faster than the
closure rate (a) of calcium-activated chloride channels then
STIC decay in control conditions is determined by a( = /T.
see Hogg et al., 1993). In the presence of an open channel
blocking agent (with association and dissociation rate con-
stants of respectively k+B and k-B) it is expected that the
STIC decay should consist of two components as was seen
experimentally. Moreover it is predicted with certain assump-
tions (see Colquhoun & Sheridan, 1981) that

(2) 1/rf + l/?,-l/?r,,f=k+,BCB+k..B
where CB is the antagonist concentration. If open channel
block was responsible for the reduction in STIC amplitude
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Figure 1 The effect of niflumic acid on spontaneous transient inward current (STIC) amplitude. (a) Shows experimental records in
a single cell where niflumic acid was added cumulatively. Inward currents are represented as downward deflections and the records
in (a) are continuous. Note the rapid reversal on washout. Potassium-containing solutions and the holding potential was - 77 mV.
(b) Illustrates the concentration-effect relationship of niflumic acid on STIC amplitude. The amplitude is normalised to the
individual control values as I and the mean control amplitudes were between 43 and 125 pA. Each point is the mean from 6 cells.
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Figure 2 The effect of niflumic acid on spontaneous transient inward current (STIC) time course at - 77 mV. (a) Shows averaged
STICs in increasing concentrations of niflumic acid. Note the long tail in the presence of 5 x 10-5 M niflumic acid; (b) illustrates the
decay of STICs plotted on a semi-logarithmic scale. The amplitude of the currents are plotted on a logarithmic scale and the
straight lines were drawn by eye. In niflumic acid the lines represent the slow exponential components which were used to calculate
the fast components by subtraction from the total current. (0), Control; (A) 5 x 10-6 M; (V) 5 x lO- M niflumic acid.
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then it is expected that a plot of (l/Tf + 1/T- I/TO) against
niflumic acid concentration would be linear. The results from
the cell in Figure 2 are plotted according to equation (2) in
Figure 3. It can be seen that a linear relationship fits the data
points well and the intercept (kB) is 25 s- and the slope
(k+B) was 3.8 x i05 M-1 s'l. In 5 out of 6 cells in potassium-
containing solutions at - 77 mV, niflumic acid produced
similar results to those illustrated in Figures 2 and 3 and the
mean k+B was 5.8 ± 1.1 x 105 M1 s ' and k.B was 26 +
5.1 s'l. In the sixth cell the fast component was not present
and niflumic acid appeared only to increase the T value (i.e.
corresponding to T). It seems unlikely that the fast compo-
nent was not seen in this cell because of the voltage-
dependent action of niflumic acid and the fast component
was not observed at more depolarized potentials (e.g. see
Figure 5 and see discussion). Nevertheless, overall the data
are consistent with open channel block by niflumic acid.

Voltage-dependent effect of niflumic acid

Previously we had demonstrated that A-9-C reduced STICs
in a voltage-dependent manner whereas the inhibitory action
of DIDS and SITS was not influenced by membrane poten-
tial (Hogg et al., 1994). We have carried out similar
experiments with niflumic acid in potassium-free bathing and
pipette solutions to eliminate STOCs which become promi-
nent at potentials positive to - 50 mV. Figure 4a shows the
effect of 10-6 M niflumic acid at - 50 mV and + 50 mV in
the same cell. At - 50 mV this concentration of the blocker
reduced the STIC amplitude by about 10% whereas at
+ 50 mV the attenuation was more marked (about 30%).
The concentration-effect curves for several cells are shown in
Figure 4b at - 50 and + 50 mV and the curve at - 77 mV
from Figure lb is also added for comparison. The calculated
ICm values at - 50 and + 50 mV were respectively 2.3 x
10-6 M and 1.1 X 10-6 M (3.6 x 10-6 M at - 77 mV). There-
fore it is concluded that the potency of niflumic acid was
increased by depolarization by about two fold between - 50
and +5O mV.
We also investigated the effect of niflumic acid on the

STIC T at various membrane potentials and these experi-
ments were also carried out in potassium-free conditions to
remove any interference from STOCs. Figure 5a shows
averaged STICs in the absence (control) and in the presence
of 5 x 10-6 M niflumic acid at holding potentials of - 50 mV
and + 50 mV. It was apparent that the fast component of
decay was no longer observed in the presence of niflumic acid
at these potentials (to be discussed later) and that only the
slow component was present (cf. Figure 2a). At - 50 and
+ 50 mV, niflumic acid greatly prolonged the STIC decay in
addition to reducing the STIC amplitude (i.e. qualitatively
similar to the effect of niflumic acid on the slow component
of decay at - 77 mV, Figure 2). The decays of the averaged
currents in Figure 5a are plotted on a semi-logarithmic scale
in Figure Sb. In both the absence and presence of niflumic
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Figure 4 Voltage-dependent inhibition of spontaneous transient
inward current (STIC) amplitude by niflumic acid; (a) shows experi-
mental traces of the effect of 106M niflumic acid on STICs at
- 50 mV and + 50 mV in the same cell recorded in K-free condi-
tions. Niflumic acid was washed out from the cell at - 50 mV
holding potential before clamping the cell at + 50 mV when niflumic
acid was reapplied. (b) Is the concentration-effect relationship of
niflumic acid at 3 membrane potentials: (A) + 50 mV, (A)
- 50 mV, and (A) - 77 mV taken from Figure lb. Each point is the
mean from 6-7 cells and the s.e.mean have been omitted for clarity
but were similar to the error bars shown in Figure lb.
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calcium store or the calcium-activated potassium channels
responsible for STOCs.

Effect of niflumic acid on evoked calcium-activated
chloride andpotassium currents

It has been demonstrated previously that DIDS, SITS and
A-9-C were less potent in inhibiting evoked chloride currents
compared to STICs (Hogg et al., 1994). Consequently we
investigated the effect of niflumic acid on noradrenaline- and
caffeine-evoked IcQ(ca) in potassium-free conditions at a hol-
ding potential of - 50 mV. Figure 7 shows the effect of two
concentrations of niflumic acid on noradrenaline-induced
IC1(C.) (Figure 7a) and caffeine-evoked I'(ca) (Figure 7b) and it
can be seen that niflumic acid produces a concentration-

A A

NA

5 min wash

5 min wash

a
A

NA

acid the STICs decayed exponentially and the control time
constants at - 50 and + 50 mV were respectively 96 ms and
213 ms. In the presence of 5 x 10-6 M niflumic acid the ?
values were 263 ms (- 50 mV) and 485 ms (+ 50 mV). The
effect of two concentrations of niflumic acid at - 50 mV and
+ 50 mV are shown in Table 1 and there are several con-
clusions. First, the increase in the STIC T value was
concentration-dependent as 5 x 10-6M niflumic acid pro-
duced a greater effect on T than 10-6 M niflumic acid.
Secondly, although the absolute T values are larger at
+ 50 mV than - 50 mV (see Hogg et al., 1993), the ratios of
the T values (drug:control) are no greater at + 50 mV than at
- 50. Therefore the increase in T does not appear to be
voltage-dependent.

Effect of niflumic acid on STOCs

In order to ensure that the effect of niflumic acid was not
mediated by an action on the intracellular calcium store
which is the primary source of calcium for triggering STICs
we investigated the action of niflumic acid on spontaneous
transient outward currents (STOCs). These are spontaneous
calcium-activated potassium currents which are triggered by
the same calcium store responsible for STICs (Wang et al.,
1992). Figure 6a shows a continuous record of STOCs in a
cell held at 0 mV (i.e. close to Ecr) before and after the
addition of 5 x 10- M niflumic acid to the bathing solution.
From this trace and averaged STOCs illustrated in Figure 6b
it is apparent that niflumic acid did not affect STOCs. With
5 x 10-6 M, 10-5 M and 5 x 10-5 M, (n = 3 at each concentra-
tion) niflumic acid did not alter the amplitude, time to peak,
half-decay time and frequency of STOCs. It can be con-
cluded that niflumic acid does not modify the intracellular

a

Caffeine
(10 mM)

Control Niflumic 5 x 106 M
5 min

b

Caffeine + niflumic
(5 x 1 0-5 M)

5 min

Niflumic acid 5 x 10-5 M

200 pA

b

Control Niflumic acid
5 x 10i5 M

FIgure 6 Effect of niflumic acid on spontaneous transient outward
currents (STOCs): (a) is an experimental trace of a cell held at 0 mV
with K-containing solutions; 5 x 10-5 M niflumic acid was added to
the bathing solution as indicated by the horizontal bar. (b) Averaged
STOCs on an expanded time base in the absence and presence of
5 x 10-5 M niflumic acid. Horizontal calibration for, 20 s for (a) and
200 ms for (b).

c

NA NA NA
Control Niflumic 5 x10i5M Niflumic 5 x 10-5 M

5 min 10min

Figure 7 Effect of niflumic acid on evoked calcium-activated
chloride and potassium currents. (a) Effect of niflumic acid on
noradrenaline (NA)-evoked Ia(c.). Ionophoretic pulse, 50 nA for
150 ms. (b) Niflumic acid on caffeine-evoked Ia(c.). Caffeine (10 mM)
was applied in the bathing solution. In (a) and (b) the holding
potential was - 50 mV in K-free conditions. In (c), the effect of
niflumic acid on noradrenaline-evoked IK(C,) is shown. Holding
potential of 0 mV in K-containing solutions. Ionophoretic pulse:
50 nA for 600 ms. Vertical calibration bar: 20 pA in (a), 30 pA in (b)
and 200 pA in (c). Horizontal bar: 20 s in (a), 40 s in (b) and 4 s in
(c).

Table 1 Effect of niflumic acid on the spontaneous transient inward current (STIC) decay time constant

Control t (ms)
-50 mV (a) + 50 mV (b)

In niflumic acid T (ms)
-50 mV (c) + 50 mV (d)

10-6M (n=8)
5x 10-6M (n=5)

295 ± 39
595 ± 50

c/a d/b

1.34 1.51
2.63 2.32

Niflumic acid
concentration

99_± 12
1 15 ± 12

195 ± 19
257+±21

133 ± 39
303 ± 38
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dependent inhibition of I'cA) which is rapidly reversible. It is
interesting that in Figure 7b niflumic acid appears to prolong
the duration of the induced current which persisted after
washout of the drug. There is no obvious explanation for this
observation. Niflumic acid produced similar effects on both
noradrenaline- and caffeine-evoked currents and consequent-
ly the data were pooled. Figure 8 illustrates the concentra-
tion-effect relationship of niflumic acid on evoked Aa(c) at
- 50 mV obtained from several cells and the'estimated ICo
was 6.6 x 10-6 M. Also included on this graph are the data
on STICs at - 50 mV (appropriate curve from Figure 4b)
and it can be seen quite clearly that the potency of niflumic
acid against STICs (IC5 = 2.3 x 10-6 M) is greater than
against evoked chloride currents.
We also studied the effect of niflumic acid on IK(Ca)

stimulated by noradrenaline in potassium-containing solu-
tions at OmV (which is close to the chloride equilibrium
potential, - 2 mV). A typical experiment is shown in Figure
7c where it can be seen that 5 x 10-5 M niflumic acid poten-
tiates the noradrenaline-evoked IK(ca) and this enhancement is
sustained in the continued presence of niflumic acid. The
potentiating effect of niflumic acid was concentration-depen-
dent as in the presence of 2 x 10-6 M and 5 x 1i-0M
niflumic acid the noradrenaline-evoked IK(c.) was increased
respectively 1.7 ± 0.4 fold (n = 6) and 2.5 ± 0.3 (n = 8) fold.
Therefore niflumic acid increases the amplitude of evoked
IK(Ca) without affecting spontaneous calcium-activated potas-
sium currents.

Effect of niflumic acid on voltage-activated divalent
cation currents

The relative high potency (see Discussion) of niflumic acid
against Ia(Ca) suggests that this agent might be used to app-
raise the role of calcium-activated chloride currents in pro-
ducing membrane depolarization and contraction evoked by
noradrenaline (or other excitants) in smooth muscle. Conse-
quently it seemed worthwhile to see if niflumic acid inhibited
voltage-gated calcium currents which might be expected to be
the essential link between depolarization which is generated
by Icj(ca) and muscle contraction. In these experiments we
used pipettes filled with 126 mM CsCl and 10 mM EGTA (see
Methods) and the external solution contained 10 mM BaCl2
(no added calcium) so that Ba2+ was the charge carrier. Full
current-voltage experiments were not carried out but in
experiments where the holding potential was - 70 mV the

a)

'0

E

0

0

z0

l-or

01

Evoked

L II I I

0 10-5 5 x 10-5

Niflumic acid concentration [Ml

FIgure 8 Comparison of concentration-effect curves of niflumic acid
against evoked Ickca) and spontaneous transient inward currents
(STICs). Both curves derived from data in cells held at - 50 mV in
K-free conditions. For evoked currents (0) each point is the mean
from 4-8 cells. The amplitudes have been normalized but the indi-
vidual mean values of the control evoked currents were between 18
and 260 pA. The curve for STICs (V) was taken from Figure 4b and
included for comparison.

amplitude of inward currents evoked by command steps
duration of (1500 ms) to 0 mV was not altered by 2 x 10-6M
-5 x 10-5 M niflumic acid. For example, in one series of
experiments the amplitude of the control barium current was
58 ± 12 pA and in the presence of 2 X 10-6 M niflumic acid
the current 59 ± 9 pA (n = 4). In another series of experi-
ments in 5 x 10-5M niflumic acid the inward current was
79 13 pA compared to a control value of 73 ± 12 pA
(n= 3). Therefore it can be concluded that niflumic acid in
concentrations up to 5 x 10-5 M does not inhibit the influx of
divalent cations through voltage-gated calcium channels.

Discussion

This paper demonstrates that niflumic acid is a relatively
potent blocker of calcium-activated chloride currents in rab-
bit portal vein and inhibits Ia(C^) in the micromolar range. It
will be suggested later that niflumic acid inhibits Ia(c.) by
blocking open chloride channels and therefore comparison of
quantitative data in different preparations might give an
indication whether the calcium-activated chloride conduc-
tance differs from tissue to tissue. Dose-response curves with
niflumic acid have not been constructed in other smooth
muscle tissues but it has been reported that in the presence of
10-4 M niflumic acid a tail current, presumed to be chloride
current activated by the influx of calcium, was greatly
reduced but a small component still persisted in the presence
of 10-4 M niflumic acid in rabbit oesophageal smooth muscle
(Akbarali & Giles, 1993) whereas this concentration of
niflumic acid blocked STICs in the present work. This sug-
gests that there might be a difference in Ia(ca) in portal vein
and oesophagus or that another conductance might contri-
bute to the tail current in rabbit oesophageal. smooth muscle
cells. The ICo of niflumic acid against Ic(Ca) in Xenopus
oocytes was estimated to be 17 #iM (White & Aylwin, 1990)
which is almost an order less potent than against STICs at
- 50 mV (IC5o of 2.2 x 10-6 M) in the present study. This
difference is sufficiently large to suggest that there might be a
difference between ICc,1) in rabbit portal vein and oocytes. It
should be noted that niflumic acid is not specific for IC(Ca)
because this, agent inhibits cyclic AMP-activated chloride
currents in amphibian retinal pigment epithelial cells with an
IC5o of about 2.5 x 10-1 M (Hughes & Segawa, 1993). Also
niflumic acid is a potent inhibitor (ICm of 6.3 x 10-7 M) of
anion exchange in human red cells where it has been sug-
gested that niflumic acid interacts with the band 3 protein
(Cousin & Motais, 1979). It is interesting that many com-
pounds that block chloride channels also inhibit anion trans-
port in red blood cells (also see Cousin & Motais, 1982a,b).
A striking result was that niflumic acid inhibited STICs

more potently than evoked currents. Since niflumic acid in-
creased the noradrenaline-evoked IK(Ca) without altering
STOCs (spontaneous calcium-activated potassium currents) it
is possible that this compound increases the evoked release of
calcium from the intracellular store without altering the
spontaneous release of calcium. It was observed previously
that DIDS, SITS and A-9-C increased the evoked IvCac)
(Hogg et, al., 1994) and it may be a general property of
chloride channel blocking agents to enhance the amount of
calcium released from the intracellular store.

There is some evidence to suggest that niflumic acid
inhibits Ica(c.) by blocking open chloride channels. First, the
action of niflumic acid is voltage-dependent which suggests
the blocking site is within the membrane electrical field. The
rapid onset and reversibility indicates the site with which
niflumic acid binds is readily accessible from the external
solution and therefore taking these two points together it is
tempting to speculate that the ion channel is the site of
action. Secondly, at - 77 mV in the presence of niflumic acid
the STIC decay consisted of two exponentials rather than
one and the time constants of both exponentials were depen-
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dent on concentration of niflumic acid in a manner consiste
with open channel block according to scheme (1). Moreover
the data represented in Figure 3 give quantitative support for
an open channel blocking mechanism over a large concentra-
tion range. However, it is necessary to explain why in the
presence of niflumic acid the STIC decay was described by
two exponentials at - 77 mV but only a single component
was observed at more positive potentials. It should be
emphasized that the fast component at - 77 mV was not a
STOC (see Results for arguments) but was a chloride cur-
rent. The STIC decay at - 50 mV and + 50 mV (e.g. see
Figure 5a) resemble in some respects the slow component
recorded at - 77 mV (e.g. Figure 2a). At - 50 and + 50 mV
in the presence of niflumic acid the STIC decay was exponen-
tial and had a similar absolute value, for any given concen-
tration of niflumic acid, to ;s at - 77 mV. Therefore it can be
concluded that the fast component is not observed at poten-
tials more positive than - 77 mV. A common observation is
that STOCs and STICs often occur as biphasic events which
suggests that the same calcium pulse activates both potas-
sium and chloride currents (see Hogg et al., 1993). Therefore
since the STOC time course is not altered by niflumic acid it
is unlikely that the slow decay of STICs in the presence of
the blocking agents can be attributed to a prolonged time
course of the calcium signal that triggers the STIC. From
scheme (1) two components of STIC decay would be recorded
only if chloride channel opening was rapid compared to the
blocking rate by niflumic acid. We have no information on
the rate of opening of calcium-activated chloride channels in
smooth muscle but the STIC rise time is 40-60 ms which is
likely to be slow relative to chloride channel opening. There
are no data on the factors that determine the STIC rise time
although the rate of rise of calcium at the internal surface of
the cell membrane which contains calcium-activated chloride
channels remains a distinct possibility. Nevertheless since the
STIC rise time is relatively slow it is probable that significant
block of the chloride channels will occur during the STIC
rise time. If the rate of association (k+B) of niflumic acid with
the chloride channel was rapid compared to the STIC rise
time it might not be expected to record all (or any) of the
rapid phase of block and only the component associated with
unblocking of the channel might be observed. In the context
of the present work it might be necessary to postulate that
the fast component of block is resolved at - 77 mV but not
at - 50 mV or + 50 mV because the rate of association of
niflumic acid with the channel is slow compared to the STIC
rise time at - 77 mV but not at more positive potentials. For
this to occur it would be necessary for k+B to be voltage-
dependent and at more depolarized potentials block of chan-
nels might occur during the STIC rise time and only the
unblocking slow component is observed. The experimental

data confirm that membrane depolarization increases the
potency of niflumic acid which indicates that as the inside of
membrane is made more positive the rate of association of
the negatively changed molecules of niflumic acid with bind-
ing sites inside the open chloride channel is increased.
Previously it has been demonstrated at the frog motor end-
plate in the presence of lignocaine derivatives, which block
channels opened by acetylcholine, the decay of the endplate
current (e.p.c.) is prolonged but remains mono-exponential at
- 30 mV whereas at more negative potentials the e.p.c. decay
is obviously bi-exponential (Beam, 1976). These data are
qualitatively similar to the results of the present experiments.
In conclusion, it seems likely that at least part of the block-
ing action of niflumic acid on IC(Ca,) can be attributed to
block of open chloride channels.
The equilibrium constant of niflumic acid for the open

chloride channel (KB) can be estimated from keB/k+B which is
calculated to be 4.5 x 10-5 M at - 77 mV. This is about an
order greater than the IC5o (3.6 x 10-6 M) calculated from
inhibition of STIC amplitude at - 77 mV which suggests
that niflumic acid might have an additional action (other
than blocking open channels) to inhibit Ic(ca). Alternatively
the value of KB might be an overestimate resulting from the
imperfections of using STICs as a model as outlined in the
previous paragraph.

Finally, it is worth commenting on the potential usefulness
of niflumic acid as a pharmacological tool. It is evident that
niflumic acid does not inhibit either the a,-adrenoceptor
recognition site (as the noradrenaline-induced IK(ca) was not
blocked) or the voltage-dependent calcium channel. Also in
two cells, noradrenaline-evoked I,,, (unpublished observation)
was not reduced and thus it seems that niflumic acid might
be useful in defining the role of Icj(ca) in producing
noradrenaline-evoked depolarization and contraction. How-
ever it seems that niflumic acid appears to increase the
amount of calcium released from the intracellular store in
response to stimulation with noradrenaline. If this increased
release of calcium can activate contractile proteins niflumic
acid will tend to increase contractility of smooth muscle to
excitants such as noradrenaline in addition to blocking
calcium-activated chloride channels which are also stimulated
by noradrenaline. Therefore the effect of niflumic acid to
inhibit ICkCa) in smooth muscle and subsequent contraction
might be overcome, at least partly, by the ability to increase
the release of calcium from the sarcoplasmic reticulum and
hence the contractility of vascular smooth muscle. In these
circumstances it might be difficult to assess the role of ICpa,)
in smooth muscle contraction with niflumic acid.

This work was supported by The Wellcome Trust.
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Typical and atypical NK1 tachykinin receptor characteristics in
the rabbit isolated iris sphincter
'Judith M. Hall, Debra Mitchell & Ian K.M. Morton

Pharmacology Group, Biomedical Sciences Division, King's College London, Manresa Road, Chelsea, London SW3 6LX

1 A contraction of the rabbit isolated iris sphincter smooth muscle follows activation of either
tachykinin NKI or NK3 receptors. We have here characterized the pharmacological activity profiles of
various tachykinin receptor agonists considered to have NK,-receptor-preferring activity in this prepara-
tion.
2 Two groups of NK1-receptor-preferring agonists could be distinguished in terms of a common
pharmacological profile. The first group (Group 1) included [Glp6,L-Prol-SP(6-1 1) (septide), [Glp6]-SP
(6-11), substance P methyl ester, 6-aminovaleryl-[L-Pro9, N-MeLeu'1-SP(7-1 1) (GR73632), and [Apa9-'1-
SP. The second group (Group 2) included [Prol-SP, substance P. physalaemin and ranamargarin.
3 Under control conditions, the responses to Group 1 agonists were relatively fast in offset (time for
reversal of maximal responses, 11.2-18.2 min), and were antagonized by NK,-receptor-selective
antagonists (range of pKB estimates vs various agonists; GR82334, 7.1-8.2; (±)-CP-96,345, 8.9-9.5;
RP67580, 7.0-7.4). Following incubation of the tissue with phenoxybenzamine (20 gM, 10 min), the
affinity of GR82334, tested against the Group 1 agonists, substance P methyl ester and septide, was not
significantly different (P<0.05; n = 7-18) to that determined in untreated tissues (substance P methyl
ester pKB 7.5 ± 0.1 and 7.2 ± 0.2, respectively; septide 7.7 ± 0.2 and 7.9 ± 0.2, respectively). Further,
response offset times (5.0-8.5 min) were little reduced as compared to those observed in untreated
tissues.
4 Under control conditions, the response to Group 2 agonists was markedly slow in offset (times for
reversal of maximal responses, 51.4-70.4min), and was not attenuated significantly by the NK,-
receptor-selective antagonists GR82334 (I sM), (±)-CP-96,345 (0.1 LM) or RP67580 (1 gM). In contrast,
after phenoxybenzamine pretreatment, responses to Group 2 agonists reversed rapidly (times for reversal
of maximal responses, 13.1-24.2 min), and were now antagonized by GR82334 (pKB estimates, 6.4-
7.1).
5 The responses to the NK3-receptor-selective agonist Succ-[Asp6,Me-Phe8]-SP(6-l1) (senktide) were
relatively fast in offset (time for reversal of maximal response was 18.6 ± 1.7 min) and were not inhibited
by GR82334 (10 gM; n = 5). The contractile response resulting from co-application of the Group 1

agonist, septide together with senktide, did not exhibit prolonged response offset kinetics.
6 Assuming simple competition at equilibrium, these data from the rabbit iris smooth muscle could be
explained either by interaction of the various ligands with two separately-existing NK, receptor-subtypes
or -isoforms; or alternatively by a preferential interaction of the two agonist groups with different
binding domains on a common NK1 receptor.

Keywords: Tachykinin receptors; iris sphincter; substance P; NK, antagonist; GR82334; phenoxybenzamine; neurokinin;
(±)-CP-96,345; RP67580; receptor subtypes

Introduction

Stimulation both of NK1 and NK3 receptors, causes contrac-
tion in the rabbit isolated iris sphincter preparation (Hall et
al., 1991; 1993b; Hikanson et al., 1991; see Hall, 1994).
However, in our preliminary studies we identified profound
differences in the pharmacological characteristics of certain
tachykinins and analogues considered to act preferentially at
NKI receptors in this preparation (Hall et al., 1991; 1993c).
Thus, the contractile responses to several NKI-receptor-
preferring tachykinins including substance P methyl ester,
[Glp6,L-Prolj-SP(6-1 1) (septide), and 6-aminovaleryl-[L-Pro9,
N-MeLeu'1-SP(7-l 1) (GR73632) reverse rapidly (<20 min;
see Hall et al., 1991; 1994) and are readily inhibited by NK1
receptor antagonists with affinities typical of NK1 receptors
in rabbit preparations (Hall et al., 1994). In contrast, other
agonist ligands including substance P and physalaemin, show
'atypical' responses since these are maintained for very long
periods (>1 h) and, further, are relatively resistant to
blockade by NKI receptor antagonists (Muramatsu et al.,
1987; Too et al., 1988; Hall et al., 1994). These contrasting
washout-kinetics of tachykinins and analogues seem not to

I Author for correspondence.

result from differences in the metabolic stability of the pep-
tides (Hall et al., 1991), nor from the differential release of
other mediators (Too et al., 1988). We have previously refer-
red to the former group of agonists with 'typical' responses
as Group 1, and those with 'atypical' responses as Group 2
(Hall et al., 1994): this convention will be adopted here for
simplicity of description, and the division will be re-examined
in the Discussion.

There are reports of responses to substance P being
mediated through activation of atypical tachykinin receptors
in other preparations (Petitet et al., 1992). Indeed there are
proposals both for the existence of distinct subtypes of NK1
receptors, and for inter-species variants or homologues (see
Hall et al., 1993a; Maggi et al., 1993). In view of these issues,
it would be of the greatest pharmacological significance if
subtypes of NKI receptor could be demonstrated within a
single tissue from a given animal species. The aim of our
study, therefore, was to investigate whether NKI-receptor-
preferring agonists interact with two different NKI receptor
subtypes in rabbit iris sphincter, or if other reasons can be
advanced to explain the profoundly different phar-
macological profiles of these groups of NK1-receptor-
preferring agonists. To this end, we have compared the con-

'." Macmillan Press Ltd, 1994
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tractile responses of a number of NKI-receptor-preferring
agonists with respect to their washout-kinetics, sensitivity to
inhibition by the NKI-receptor selective antagonists GR82334
(Hagan et al., 1991); (± )-CP-96,345 (Snider et al., 1991);
RP67580 (Garret et al., 1991; see Maggi et al., 1993); and
modification of these characteristics by pretreatment with
phenoxybenzamine. There are previous reports of phenox-
ybenzamine pretreatment showing agonist-dependent effects
with certain tachykinins in various preparations, including
the rabbit iris (Too et al., 1988; Hall et al., 1993c; 1994).

Preliminary accounts of this work have been com-
municated to the British Pharmacological Society (Hall et al.,
1994) and to the International Symposium on Substance P
and Related Peptides, Shizuoka, Japan (Hall et al., 1993c).

Methods

Tissue preparation and recording arrangements

Male New Zealand albino rabbits (2.5-3.0 kg) were killed by
an overdose of i.v. pentobarbitone sodium (Sagatal). The
eyes were enucleated immediately after death and opened by
an incision 2-3 mm dorsal to the limbus, followed by
excision of the iris from the ciliary margin. The sphincter
pupillae muscles were dissected free of dilator muscle and
mounted intact on stainless steel tissue-holders in 2.5 ml
silanised glass organ baths in Krebs solution at 370C. The
preparations were attached to isometric Grass FT03B force-
displacement transducers under an initial resting tension of
150 mg. The mechanical activity was recorded on Grass
model 7E polygraphs. The composition of the Krebs solution
was (mM): Na' 140, K+ 5.9, Cl- 104.8, H2P04- 1.2, HC03-
24.9, Ca2+ 2.6, Mg2+ 1.15, S042- 1.15, glucose 10. The Krebs
solution was maintained at pH 7.4 by constant bubbling with
95% 02:5% C02, and contained hexamethonium (100tM),
mepyramine, cimetidine, guanethidine and ibuprofen (all
1 gM), and atropine (1 gM) (except in experiments with
phenoxybenzamine since effective phenoxybenzamine treat-
ment was estimated in terms of muscarinic blockade, where
atropine treatment would preclude this).

Tachykinin receptor antagonist studies

An equilibration period of 60 min was allowed. In all
experiments, paired irises from the same animal were used.
Full cumulative concentration-response curves were obtained
for agonists (see Results), either in the absence (concurrent
time control preparations), or the presence (test prepara-
tions), of GR82334 (1, 3.2 or 1OpM), RP67580 (1, 3.2 or
10tIM) or (±)-CP-96,345 (32, 100 or 320nM), with up to
four agonists applied to each preparation in a random order.
In experiments with substance P, physalaemin, ranamargarin
and [Prol-SP, the prolonged washout of responses did not
allow determination of more than one concentration-response
curve in a single preparation at the end of the experiment
(see Results). With GR82334, additional experiments were
carried out as above, but in preparations pretreated with
phenyoxybenzamine (20 pM, Omin application followed by
washing every 5 min for 20 min; see Too et al., 1988). In
these experiments, carbachol was included as an independent
test for effective (muscarinic) receptor alkylation, which was
feasible since in these experiments atropine was omitted from
the medium. Antagonist incubation time was 5 min, except in
some additional experiments with GR82334 against responses
to substance P; where in testing for possible non-equilibrium
conditions, the antagonist incubation time was increased to
30 min.

Co-administration of septide and senktide

The time course was investigated of the composite response
following co-administration ca. EC50 concentrations of both

the NKI-receptor-selective agonist septide (1-3 nM) and the
NK3-receptor-selective agonist senktide (1-3 nM).

Washout of responses to agonists

In preparations where tachykinin receptor antagonists had
not been used, the rates of offset of responses to tachykinins
were estimated. After cumulative application of doses to
reach a maximum response, the organ bath was thoroughly
washed out and this was repeated at 5 min intervals until
tension had resumed the pre-dose level. Because of their very
slow offset rates, estimates for Group 2 agonists were made
only at the end of experiments: other agonists were applied in
a random order.

Source of agents used

Agents were obtained as follows: Sagatal (RMB Animal
Health Ltd., U.K.), carbamylcholine chloride (carbachol),
hexamethonium bromide, ibuprofen, (Sigma, U.K.),
mepyramine maleate (May & Baker, U.K.), guanethidine
sulphate (CIBA, U.K.), substance P, substance P methyl ester
(Bachem, U.K.), [Glp6]-SP(6-1 1), physalaemin, Succ-[Asp6,
Me-Phe8]-SP(6-1 1) (senktide), ranamargarin (Peninsula Lab-
oratories, Europe), 6-aminovaleryl-[L-Pro9, N-MeLeu'1-SP(7-
11) (GR73632), and [D-Pro9[Spiro-i-lactam]Leu'0,Trp"']-
physalaemin(l-l 1) (GR82334) (Peninsula Laboratories
Europe; or Glaxo Group Research, U.K.), phenoxyben-
zamine (Smith, Kline & French, U.K.), [Glp6, L-Prol-SP(6-
11) (septide, gift Dr B. Williams, Merck, Sharp and Dohme,
U.K.), [Prol-SP(1-11) (Neosystems, France), [Apa9'1-SP(1-
11) (Apa = aminopentanoic acid) (gift Dr S. Lavielle, Univer-
site Pierre et Marie Curie, Paris, France), (3aR, 7aR)-7,7-
diphenyl-2-[1-imino-2-(2-methoxyphenyl)ethyl]-perhydroisoin-
dol-4-one (RP67580); gift Dr C. Garret (Rhone-Poulenc
Rorer, France), [(2s,3s)-cis-2-(diphenylmethyl)-N-(2-iodo-
phenyl)-methyl]-1-azabicyclo-[2,2,2]octan-3-amine ((± )-CP-
96,345); gift Dr C.A. Maggi (A. Menarini Pharmaceuticals,
Italy). All salts were of analytical grade and were obtained
from B.D.H., U.K.

Senktide and (± )-CP-96,345 were dissolved in dimethyl-
sulphoxide, RP67580 was dissolved in 0.05M HCl, [Glp6]-
SP(6-11) was dissolved in formic acid, and ibuprofen was
dissolved in 5% Na2CO3. All other agents, and all dilutions,
were made up in distilled water. Peptides and non-peptide
tachykinin receptor antagonists were stored at - 20°C.
Phenoxybenzamine was dissolved and diluted in 0.05 M hyd-
rochloric acid (see Too et al., 1988). Dimethylsulphoxide and
hydrochloric acid (0.05 M) (administered in volumes used in
experiments), did not effect basal tension per se or the
concentration-response curve to neurokinin A (n = 4 each,
data not shown).

Expression of results and statistical analysis

For estimation of time of reversal of agonist responses, the
times to reach 75%, 50%, 25% and 0% of maximal agonist-
induced tension were measured from individual traces, and
from these values the arithmetic mean and s.e.mean were
calculated.

In all other experiments, responses were calculated as %
maximal response to carbachol (obtained with 1-1O mM car-
bachol, in view of the presence of atropine in the Krebs
medium) in individual preparations, determined at the start
of experiments. Data from individual experiments were com-
bined and analysed in two ways. To allow conventional
graphical display, responses were calculated for each concen-
tration of test agonist in individual experiments, and plotted
as mean responses ± s.e.mean. For the purposes of obtaining
objective slope and EC50 estimates, individual agonist
concentration-response relationships were analysed by deter-
mining the least-squares fit of data to the logistic function
y = ym, AP/(AP + A50P); where y is the response (expressed in
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terms of maximum responses to carbachol), y. is the
estimated maximum response to that tachykinin, A is the
tachykinin concentration, A50 is the concentration producing
50% of that agonist's maximum response (the EC50), and p is
the slope factor (equivalent to the Hill slope). These curve-
fitting procedures were carried out using ORIGIN version 2.8
computer software (MicroCal Software Inc., MA, U.S.A.).
Tests for significant differences were made using Student's t
test for single- or two-samples, as appropriate. The pKB
estimates were determined from individual dose-ratios using
the Gaddum-Schild equation: pKB = -log KB = log (x-l) -
log [A], where x is the dose-ratio and [A] the applied
antagonist concentration. Affinities are described as pKB
values when Schild plot analysis showed no significant depar-
ture from unity slope, or as apparent pKB values when such
analysis could not be carried out because a limited antagonist
concentration range was used (see Results). In experiments
measuring the effect of antagonists against responses to sub-
stance P. [Prol-SP, physalaemin or ranamargarin under nor-
mal control conditions, in view of the prolonged washout of
responses, dose-ratios were estimated between control log
concentration-response curves obtained in concurrent time-
control preparations (no antagonist) and log concentration-
response curves obtained in test preparations (with
antagonist), studied in parallel in paired preparations taken
from the same animal. Estimates of pKB obtained with this
protocol, and calculated in this manner, with Group 1
agonists did not differ significantly (P> 0.05) from those
obtained using within-preparation controls. In all cases n
refers to the number of estimates (pKB) or preparations (all
other estimates), and represents data obtained from 4-8
animals (except as indicated in Table 1).

Results

Kinetics

The NKI-receptor-preferring agonists differed in their relative
potencies, but not in any consistent way in their slopes or
maxima (Table 1; see also Hall et al., 1991; 1993b). The rates
of offset of contractile responses to tachykinins and ana-
logues after washout, differed markedly. The responses to
Group 1 agonists (GR73632, substance P methyl ester, sep-
tide, [Apa9'-'-SP, [Glp6]-SP(6-l1)) had relatively fast offset
kinetics (12.0± 1.8, 15.6± 3.6, 13.0±2.0, 11.2± 1.7, 18.2±
3.8 min respectively; n = 5-8), and were similar to the mus-

carinic receptor agonist, carbachol (10.5 ± 2.3 min; n = 6).
Responses to Group 2 agonists (substance P, physalaemin,
ranamargarin and [Prol-SP) were very slow indeed in offset
(70.4 ± 8.4, 54.0 ± 6.7, 51.4 ± 3.8, 58.0 ± 3.9 min respec-
tively; n = 3-4). Response washout kinetics of substance P
methyl ester and substance P are represented in Figure 1.
Co-application of EC50 concentrations of the Group 1
agonist, septide together with the NK3-receptor-selective
agonist, senktide, did not result in prolonged response offset
kinetics (e.g. t1/2 of the mixture, 3.4 ± 0.9 min, n = 4; cf.
substance P, t112 35.3 + 5.4 min; Hall et al., 1991). Tissue
pretreatment with phenoxybenzamine greatly accelerated the
previously very slow washout-time of Group 2 agonists (e.g.
substance P and [Pro9]-SP; 24.2 ± 2.4 and 18.3 ± 2.4 min
respectively (P< 0.01, n = 7; P< 0.01, n = 11; respectively)).
There was less acceleration of the time of offset of Group 1
agonists (e.g. substance P methyl ester, septide; 8.5 ± 2.6 and
6.7 ± 0.8 min (P>0.05, n = 5; P<0.05, n = 7; respectively)),
or of carbachol (5.3 ± 1.1 min (P>0.05, n = 6)) (see Figure
1).

Antagonist studies

GR82334, (± )-CP-96,345 and RP67580 antagonized res-
ponses to Group 1 agonists (GR73632, substance P methyl
ester, septide, [Apa9~'0]-SP, [Glp6]-SP(6-1 1)) (Table 2). Schild
analysis indicated that the antagonism by GR82334 of res-
ponses to substance P methyl ester was competitive (Figure
2). However, even at high concentrations the NK,
antagonists did not inhibit, or only weakly attenuated, the
responses to Group 2 agonists (substance P, physalaemin,
ranamargarin and [Prol-SP) (Table 2). Indeed, in some
preparations, there was slight potentiation of agonist res-
ponses. The effect of GR82334 (10 ftM) on the averaged log
concentration-response curve to substance P is shown in
Figure 2. Despite increasing the incubation time for
GR82334 (10 pM) to 30 min, the antagonist was still without
effect on the log concentration-response curve to substance P
(n = 4; data not shown).

Phenoxybenzamine studies

Concentration-response parameters for two representative
agonists from Group 1 and from Group 2 analogues, in
control and phenoxybenzamine pretreated (test) preparations,
are compared in Table 1. Though there were some significant
changes (P< 0.05) in the slope or maxima, there seemed little

Table 1 Activities of tachykinin-receptor agonists in contracting the rabbit iris sphincter preparation: effect of phenoxybenzamine
pretreatment

Slope
Control Test
s.e.mean s.e.mean

Maximum
A& (%) Control Test
P s.e.mean s.e.mean

pD2
A (%) Control Test
P s.e.mean s.e.mean

Group I
Substance P methyl ester 0.62

0.04; 17

Septide

Group 2
Substance P

[Pro9]-SP

1.07 172.6 100.4 116.0 115.5 9.16 7.86
0.19; 5 <0.01 4.8; 17 9.7; 5 >0.05 0.10; 17 0.23; 5

1.30
<0.01

0.77 0.75 97.5 95.3 95.8 100.5 9.47 8.84 0.63
0.05; 13 0.11; 5 >0.05 2.8; 13 5.7; 5 >0.05 0.12; 13 0.31; 5 <0.05

0.73 0.91 124.6 92.1 107.9 117.1 8.45 9.58 - 1.13
0.10; 13 0.14; 9 >0.05 4.3; 13 4.6; 9 <0.05 0.26; 13 0.24; 9 <0.01

0.74 0.64 85.5 80.8 109.8 136.0 9.15 8.86 0.29
0.12; 10 0.08; 5 >0.05 3.1; 10 11.4; 5 <0.05 0.16; 10 0.14; 5 >0.05

Contractile activities of two groups of tachykinin agonists (Group 1 and Group 2) with differing receptor selectivities (see text),
described in terms of logistic parameters (see Methods). Maxima are expressed in terms of % carbachol maximum (where appropriate,
prior to phenoxybenzamine treatment), and slope in terms of a slope factor (equivalent to the Hill slope). Differences between the
control and the (test) phenoxybenzamine-pretreated (20tiM, 10 min) preparations, are expressed as % of control (A%, together with
significance of difference, P) on an arithmetic scale for slope and maximum (i.e. 100% indicates no change). Differences in pD2 values
following phenoxybenzamine treatment are shown as logarithms (i.e. 1.0 would indicate a ten fold rightward shift, and - 1.0 a ten fold
leftward shift.

Agonist groups

A (log)
p
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Figure 1 Kinetics of offset of contractions in the rabbit iris sphin-
cter after washout of subtance P methyl ester or substance P; and
effect of phenoxybenzamine pretreatment (20 gM, 1O min). The upper
and middle panels show representative trace of cumulative
concentration-responses curves over the concentration-ranges
indicated, for substance P (a) and substance P methyl ester (c),
respectively; untreated control preparations (a and c), or phenoxy-
benzamine pretreated preparations (b and d). Note the changed time
scale in the latter part of (c). The lower panel shows averaged
response versus time washout-curves for substance P methyl ester (e)
or substance P (f); untreated control preparations (0), or phenoxy-
benzamine pretreated preparations (A). Points shown are means and
s.e.means of times to reach set response levels expressed as % of
pre-washout control level (in 4-11 preparations).

Table 2 Affinity estimates in the rabbit iris preparation
tachykinin receptor agonists

consistent difference between the groups. There was a
marked rightward-shift of the concentration-response curves
for the Group 1 agonists substance P methyl ester (twenty
fold), though this was not so marked with septide (four fold)
(Table 1). In contrast, there was a marked leftward-shift of
the curve to the Group 2 agonist substance P (thirteen fold),
though with no significant change for [Prol-SP (Table 1). In
contrast to the findings with controls, in phenoxybenzamine-
pretreated preparations, GR82334 now antagonized the res-
ponses to substance P, physalaemin, ranamargarin and
[Prol-SP (Table 2). The overall results for substance P are
shown in Figure 2, where antagonism was found to be
compatible with simple equilibrium competitive interaction at
a single site (see Table 2). Following phenoxybenzamine
pretreatment, the pKB estimates obtained for GR82334
against the Group 1 agonists substance P methyl ester and
septide showed no difference (P<0.05) as compared to cont-
rols (Table 2): further, Schild analysis (Figure 2) showed that
the antagonism by GR82334 of responses to substance P
methyl ester was apparently competitive under both condi-
tions. It may be noted that GR82334 always produced an
initial fast contractile response in phenoxybenzamine-treated
preparations, and occasionally in untreated preparations
(data not shown).

Discussion

Within the tachykinin receptor analogues that are considered
to be NKI-receptor-preferring, two groups could be distin-
guished in terms of their common profile of pharmacological
properties in the rabbit iris sphincter preparation. Group 1
consisted of septide, [Glp6J-SP(6-1 1), substance P methyl
ester, GR73632 and [Apa9?-'-SP; whereas Group 2 included
substance P. physalaemin, ranamargarin and [Prol-SP. The
responses to Group 1 agonists reversed rapidly on washout
and were inhibited with high affinity by various NK1-
receptor-selective antagonists. In contrast, responses to
Group 2 agonists reversed only very slowly on washout, and
were not inhibited by NK1 receptor antagonists under normal
conditions: only after phenoxybenzamine pretreatment were
such antagonists effective. These contrasting characteristics of
the two groups seem not to result from differences in

for three tachykinin receptor antagonists tested against two groups of

Agonist groups

Group I
Substance P methyl ester

Septide

[Apa9-'0-SP

[Glp6]-SP(6-1 1)

GR73632

Group 2
Substance P

[Pro9]-SP

Physalaemin

Ranamargarin

( ± )CP-96,345 RP67580
-PBZ + PBZ

8.9
(0.3; 6)
9.3
(0.3; 6)
9.5
(0.5; 6)
n.d.

n.d.

<7.0
(3)

<7.0
(3)
n.d.

n.d.

7.0
(0.1; 6)
7.4
(0.2; 6)
n.d.

n.d.

n.d.

<6.0
(3)

<6.0
(3)
n.d.

n.d.

Antagonist affinity estimates are given as apparent pKB values ( ± s.e.mean; n), when tested against two groups of agonists (Group I
and Group 2) with differing receptor selectivities. The antagonist GR82334 was tested both with and without pretreatment of
preparations with phenoxybenzamine (20pM, 10min; see Methods); n.d. denotes not determined.

GR82334
+ PBZ-PBZ

7.5
(0.1; 18)
7.7
(0.2; 9)
7.1
(0.1; 7)
8.2
(0.3; 7)
7.5
(0.2; 15)

<5.5
(6)

<6.0
(5)

<6.0
(4)

<6.0
(8)

7.2
(0.2; 15)
7.9
(0.2; 7)
7.1
(2)
7.7
(2)
n.d.

6.4
(0.1, 15)
6.8
(0.3, 7)
7.1
(2)
6.8
(2)
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Figure 2 The effect of NKI-receptor selective antagonists on res-

ponses to substance P, or substance P methyl ester, in control and
phenoxybenzamine pretreated (20 gM, 1O min) preparations of rabbit
iris sphincter. The top panels show averaged log concentration-
response curves to substance P methyl ester (a) or substance P (b)
determined in control tissue or, middle panels, in phenoxybenzamine
pretreated tissues (c and d). Each panel shows control curves in the
absence (0), or test, after a 5 min incubation with the NKI-receptor-
selective antagonist GR82334 at I 1M (A), 3.21M (V), or 101M
(*). The lower panels show Schild regressions for antagonism by
GR82334 of responses to substance P methyl ester in control
preparations (0), and in preparations pretreated with phenoxyben-
zamine (A) (e); and of responses to substance P in phen-
oxybenzamine-treated preparations only (f). The calculated slopes
are (b ± s.e.mean; n) 0.87 ± 0.36; 18; 1.12 ± 0.42; 15; and
1.30 ± 0.18; 15, respectively: in no case do these Schild regressions
differ significantly from unity (P<0.05), so unity slopes are

imposed. For pKB estimates, see Table 2. Experiments were carried
out in the presence of hexamethonium (100 14M)., mepyramine,
cimetidine, guanethidine and ibuprofen (all I llM). Atropine (I tM)
was included only in experiments without phenoxybenzamine.

metabolic stability of the peptides, since we have shown
elsewhere (Hall et al., 1991), that in the rabbit iris, even in
combination, inhibitors of several different peptidases have
little effect on activities of a number of such tachykinin
receptor agonists; though we have found in certain other
preparations that these inhibitors can modestly prolong
tachykinin action (Hall et al., 1990).

Interactions of Group I agonists with 'typical' NK,
receptors

The Group 1 agonists (GR73632, substance P methyl ester,
septide, [Apa9-'l-SP, [Glp6]-SP(6-l 1)) certainly can contract
the rabbit iris sphincter via an interaction with 'typical' NK,
receptors, since conventional NK, receptor antagonists
(GR82334, RP67580, ( ± )-CP-96,345) competitively inhibited

their responses with affinities consistent with published data
for NKI receptors in other rabbit preparations (Hall et al.,
1993a; see Maggi et al., 1993). For example, (± )-CP-96,345
had a similar affinity in the iris (pKB 8.9-9.5) to that
reported in the rabbit jugular vein (pKB 8.33; Patacchini et
al., 1992), jugular vein and vena cava (pKB 8.9 and 9.5,
respectively; Rouissi et al., 1991), and rabbit aorta (pKB 8.81;
Beresford et al., 1991). It should be noted that for the present
experiments in the rabbit iris sphincter, antagonism of res-
ponses to substance P methyl ester by GR82334 (both under
control and phenoxybenzamine-pretreated conditions) was
compatible with fully competitive equilibrium interaction at a
single site, since the Schild regression appeared linear with a
slope close to unity. However, there was some variation in
the apparent affinity of a given antagonist depending on the
agonist under study, and it may well be that some of the
particular agonists which we designed as Group 1 for the
purposes of discussion, do not have a total selectivity for this
site. In preparations treated with the protein alkylator
phenoxybenzamine, the log concentration-response curves to
Group 1 agonists were shifted markedly to the right (twenty
fold for substance P methyl ester or four fold for septide)
(Table 1). However, most interestingly, there was no
significant change (P>0.05) in the affinity of GR82334
tested against Group 1 agonists (Table 2; e.g. pKB against
substance P methyl ester, 7.5 and 7.2; and against septide 7.7
and 7.9, respectively). These various observations, taken
together, suggest that phenoxybenzamine pretreatment
reduces the receptor number at the sites where Group 1
agonists act (as might be expected by analogy with other
receptor types) but does not change the receptor recognition
properties.

'Atypical' characteristics of Group 2-agonists

The responses to the Group 2 agonists (substance P.
physalaemin, ranamargarin, [Prol-SP) had very prolonged
response offset kinetics and were little inhibited, or in some
instances potentiated, by the NKI receptor antagonists. Thus,
Group 2 agonists must mediate contraction of iris smooth
muscle via another route as compared to that of Group 1
agonists. An interaction with NK2 receptors can be ruled out,
since we have previously demonstrated insignificant activity
of various NK2-receptor-selective ligands in the iris prepara-
tion (Hall et al., 1991; 1993b). Further, it seems unlikely that
simultaneous synergistic activation of NKI and NK3 recep-
tors account for the unusual pharmacology of Group 2
ligands, since the co-administration of Group 1 NKI-, and
NK3-receptor-selective, ligands (septide and senktide, respec-
tively) does not result in a contractile response similar in
profile to that of the Group 2 agonists. Also, it may be noted
that the Group 2 agonist, [Prol-SP, is well established in
other systems as a very selective NK, receptor agonist, being
virtually inactive at NK3 receptors (Lavielle et al., 1986;
Beaujouan et al., 1991; Petitet et al., 1992). Moreover,
tachykinins such as neurokinin A which are known to
activate both NKI and NK3 receptors, do not exhibit pro-
longed offset kinetics (Too et al., 1988; Hall et al., 1993b);
and, as might be expected, the responses to such non-
selective agonists are indeed partially inhibited by NK1-
receptor antagonists (Hall et al., 1993b). Another mechanism
that needs to be considered in attempting to explain the
unusual characteristics of Group 2 agonists, is whether they
act indirectly via the release of further mediators which, in
principle, could influence both offset kinetics and sensitivity
of responses to antagonism by NKI antagonists. Of the
possible mediators that we have tested (endothelin, [Arg]-
vasopressin, bombesin, angiotensin II, bradykinin), only
endothelin had prolonged response offset kinetics in the rab-
bit iris sphincter, but was found to be insensitive to phenoxy-
benzamine pretreatment (unpublished observations).

It must be considered whether Group 2 agonists do, in
fact, interact with 'typical' NKI receptors, but perhaps their
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prolonged action and insensitivity to NKI receptor
antagonists results from, for example, some prolonged non-
equilibrium state in the biophase. There have been a number
of reports of peptide antagonists that appear to become
inserted in the membrane by some lipophilic binding (e.g.
Hoe 140; Hall, 1992), and a similar phenomenon might well
occur for agonists (as established for the nonpeptide P2-
adrenoceptor agonist salmeterol (Ball et al., 1991)). It is
difficult to test for such phenomena, but it may be noted that
the prolonged action of Group 2 agonists is not prevented
even by 30 min prior incubation with NK1 antagonists. That
phenoxybenzamine-pretreatment prevents the agonists' pro-
longed effect, could be interpreted in a number of ways,
given this reagent's wide-ranging alkylating actions. Possible
explanations include: (1) reduction of the receptor density
reducing the diffusional drag limiting washout of agonist
molecules from high-affinity binding in the biophase (see
Bailey, 1985); and here it is noteworthy that several NKI
agonists have unusually high potency in this preparation
(Hall et al., 1991) suggesting a large receptor concentration
and/or good coupling-efficiency (this supposition of a large
receptor reserve being supported by the failure of phenoxy-
benzamine alkylation to reduce agonists' maximum responses
or slope, even when there was a substantial shift of the
concentration-response curve to the right); (2) reduction of
high-affinity binding at sites not actually involved in the
response ('silent receptors') but which exert a diffusional
drag; or (3) modification of the receptor-effector coupling-
mechanisms downstream of the receptor site (for instance, by
blocking Ca2"-channels). However, no single explanation
seems to account for all the atypical characteristics of Group
2 agonists. It would be helpful if the differences in phar-
macology of Group 1 and Group 2 agonists could be attri-
buted to some specific chemical feature; but though all the
Group 2 agonists are full-length peptides, whereas several
Group 1 agonists are made up of the truncated SP(6-1 1)
sequence, there are the notable exceptions within Group 1 of
the full-sequence agonists substance P methyl ester and
[Apa9'01-SP(l-I 1).

Discounting the potential complications discussed above,
the simplest remaining explanation for our findings is that
the rabbit iris sphincter contains two differing 'NKI-like'
receptor populations. Here, there is the possibility that these
represent two genetically-distinct receptor subtypes: alterna-
tively they may reflect receptor isoforms, resulting, for exam-
ple, from alternative pre-mRNA splicing (as has been shown
with the cloned human NK1 receptor; Fong et al., 1992). One
receptor subtype in the iris, which Group 1 agonists preferen-
tially activate, appears to have characteristics similar to those
previously described for 'typical' rabbit NKI receptors. Thus,
( ± )-CP-96,345, GR82334 and RP67580 have their charac-
teristic affinities (see Maggi et al., 1993), and responses fol-
lowing receptor activation reverse fairly rapidly on agonist
washout. In contrast, Group 2 agonists seem preferentially to
activate a very different (in terms of recognition properties)
'atypical' receptor-subtype or receptor-isoform, which is
insensitive to blockade by ( ± )-CP-96,345, GR82334 or
RP67580, and where receptor activation results in prolonged
washout offset-kinetics. It might be supposed that phenoxy-
benzamine preferentially alkylates this form of receptor,
unmasking the 'typical' NKI receptor at which Group 2
agonists have some agonist activity, so that their actions are
now rapid in offset and are inhibited by NKI receptor
antagonists. However, since Group 1 agonist activities are
attenuated by phenoxybenzamine, it would seem that
'typical' NKI sites are also susceptible to alkylation.

In practice, it is difficult to distinguish between the above
proposal of the presence of two distinct receptor proteins,
from a plausible and similar model where Group 1 and
Group 2 agonists bind to different domains of the same
(NKI) receptor protein. For instance, Group 2 agonists may
bind to additional domains not accessible to NK1 agonists,

and this could induce conformational or allosteric changes
resulting in prolonged responses, and prevention of
antagonist binding or the ability of the antagonists actually
to interfere with agonist binding. Binding of agonist and
antagonist ligands each to different domains of NK1 recep-
tors, has been described as the cloned NKI receptors of rat
and man (see Hall et al., 1993a). It could be envisaged that
the additional binding domain occupied by Group 2 agonists
is susceptible to alkylation by phenoxybenzamine; and thus
following alkylation of this site, Group 2 agonists interact
with the same receptor domains as those recognizing Group
1 agonists.

It is of interest that Petitet et al. (1992) have recently
reported pharmacological and radioligand binding data
which they interpret as indicating the existence of two NK1-
like tachykinin receptor subtypes in the guinea-pig ileum. In
their studies, two groups of agonists could also be distin-
guished. Substance P, [Prol-SP and [Sar9, Met(02)'1]-SP were
proposed to belong to one group which had high affinity for
[3H]-[Prol-SP binding sites; and further, contractile responses
to a representative agonist from this group ([Prol-SP) were
only weakly inhibited by the NKI receptor antagonist
GR71251 (pKB 6.5). In contrast, [Glp6, L-Prol-SP(6-1 1) (sep-
tide), substance P methyl ester, [Apa9'11-SP and [Pro9"1-SP
were all considered to belong to a second group having low
affinity for [3H]-[Prol-SP binding sites, and responses to
agonists in this group (septide and [Apa9'l-SP) were
inhibited by the NKI antagonist, GR71251 with relatively
high affinity (pKB 7.9 and 8.1, respectively). Further evidence
for the existence of subtypes of the NKI receptor in the
guinea-pig ileum was provided by the fact that [D-
Pro9,MeLeu'0,Trp"1]-SP was equipotent as an antagonist
against either [Prol-SP or septide evoked contractions (pA2
6.6) (Chassaing et al., 1992). Unfortunately, in the rabbit iris
sphincter, we found this analogue to be a partial agonist
(unpublished observations).
The grouping of agonists by Petitet et al. (1992) in the

guinea-pig ileum is largely in accord with our own grouping
of agonists in the rabbit iris sphincter. An obvious interpreta-
tion of this correspondence, is that there are two within-
preparations subtypes of the NKI receptor; which in turn
have some common between-preparations properties. Indeed,
others have claimed some inter-species similarities in NKI
receptors of the guinea-pig and rabbit (see Hall et al., 1993a).
However, it would be premature to propose intra-species
variants of the NK, receptor on the present evidence,
especially given some of our reservations over interpretation
of the experimental evidence. Final conclusions would be
aided by the development of selective antagonists for the
NKI receptor antagonist-insensitive 'atypical' site; but more
important would be the demonstration, by the techniques of
molecular biology, of the existence of genetically-distinct
NK, receptor-subtypes, or of receptor-isoforms, within the
single species; or alternatively, the identification of different
binding domains, for each of the two agonist groups, on a
single NKI-receptor-protein. However, irrespective of such
conclusions, the contrasting operational pharmacological
characteristics of the two groups of ligands is striking, and
the physiological importance of this, at the level of receptor
function, may well be considerable.
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Potentiation by adenosine of ATP-evoked dopamine release via
a pertussis toxin-sensitive mechanism in rat
phaeochromocytoma PC12 cells

Schuichi Koizumi, Tomokazu Watano, Ken Nakazawa & 'Kazuhide Inoue

Division of Pharmacology, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158, Japan

1 The effects of adenosine on adenosine 5'-triphosphate (ATP)-evoked dopamine release from rat

phaeochromocytoma PC12 cells was investigated to determine whether adenosine exerts a regulatory
effect on the ATP-evoked response. Adenosine potentiated ATP (30,jM)-evoked dopamine release in a

concentration-dependent manner over a concentration-range of 1 to 100 pM. Adenosine (100 pM) shifted
the concentration-dependence of the ATP-evoked response to the left without affecting the maximal
response.

2 Aminophylline, a non-selective adenosine receptor antagonist, and CP66713, a selective antagonist at

the A2 subclass of adenosine receptors, abolished the adenosine-induced potentiation. Furthermore,
8-cyclopentyltheophylline, a selective antagonist at the adenosine Al receptor partially inhibited the
adenosine-evoked potentiation. CGS22492, a selective A2 receptor agonist, potentiated ATP-evoked
dopamine release whereas N6-cyclohexyladenosine (CHA), a selective Al receptor agonist, had no effect.

3 Pertussis toxin (PTX), a bacterial exotoxin which catalyzes the ADP-ribosylation of guanosine
5'-triphosphate (GTP)-binding proteins (G-proteins), inhibited the adenosine-induced potentiation of
dopamine release. Dibutyryl cyclic AMP (db cyclic AMP), an analogue of cyclic AMP, had no effect on

the release on the ATP-evoked response.

4 Adenosine potentiated the ATP-evoked rise in intracellular Ca2+ concentration ([Ca]i) in PC12 cells.
This potentiation was also observed with CGS 22492 but not with CHA. PTX completely inhibited the
adenosine-induced potentiation of the rise in [Ca]j.
5 On the basis of these findings, we suggest that the adenosine-induced potentiation of ATP-evoked
dopamine release was due to an increase in [Ca]i in the cells. Although the potentiation is most likely
mediated by a subclass of A2 receptors, the subclass may be different from those previously reported
since the potentiation was sensitive to PTX and was not reproduced by db cyclic AMP.

Keywords: ATP; adenosine; PC12 cells; dopamine release; intracellular Ca21 concentration; pertussis toxin

Introduction

Adenosine 5'-triphosphate (ATP) has a functional role as a

neurotransmitter or modulator in smooth muscle (Burnstock
& Kennedy, 1985) and in neural tissues (Bean, 1990; Evans,
1992), including the central nervous system (Inoue & Naka-
zawa, 1992; Edwards et al., 1992; Edwards & Gibb, 1993).
ATP activates non-selective cation channels (Bean, 1992),
leading to muscle contraction (Bean, 1992) and catechola-
mine secretion (Inoue et al., 1989; Nakazawa & Inoue, 1992).
We previously characterized the ATP-activated channels in
PC12 cells, a cell line derived from a rat phaeochromocytoma
(Green & Tischler, 1975), and demonstrated that these cells
are suitable for the study of the channels and secretion
triggered by channel activation (Inoue et al., 1989; Inoue &
Nakazawa, 1992; Nakazawa & Inoue, 1992).
Few previous reports have dealt with the modulatory

effects of endogenous substances on the ATP-evoked effects.
Agents acting on dopamine receptors were shown to poten-
tiate ATP-evoked currents in PC12 cells (Inoue & Nakazawa,
1992; Nakazawa et al., 1993). ATP-activated phosphatidyl
inositide breakdown and arachidonate release are reported to
be affected by adenosine, a product of ATP metabolism, in
rat thyroid FRTL-5 cells (Okajima et al., 1989; Nazarea et
al., 1991). ATP and adenosine act synergistically to mobilize
intracellular Ca2" via the formation of inositol 1,4,5-tri-
sphosphate in a smooth muscle cell line (Gerwins & Fred-
holm, 1992). Adenosine has also been proposed as a

neuromodulator or neurotransmitter in various neuronal cells
or tissues, with mainly inhibitory action (Phillis et al., 1975;

' Author for correspondence.

Okada & Kuroda, 1980). PC12 cells have been reported to
have functional adenosine receptors (Hide et al., 1991), rais-
ing the possibility that adenosine can modulate ATP-evoked
responses in PC12 cells. We have therefore examined the
effects of adenosine on ATP-evoked dopamine release and
the increase in intracellular Ca2" concentration ([Ca]i) in the
cells.

In the present study, we demonstrate that adenosine in-
creases ATP-evoked dopamine release by potentiating the
[Ca]i rise in the cells. This potentiation is achieved via a
pertussis toxin-sensitive and adenosine 3':5'-cyclic monophos-
phate (cyclic AMP)-independent mechanism.

Methods

Cell culture

PC12 cells were the kind gift of Dr Terry Rogers (Johns
Hopkins University School of Medicine, Baltimore, MD,
U.S.A.). Culture conditions were as described previously
(Inoue & Kenimer, 1988). In brief, the cells were received in
our laboratory at passage 46 and were expanded, and a seed
lot was frozen at passage 47 and stored in liquid nitrogen.
All experiments described in this manuscript were performed
with cells at passage number between 53 and 68. Cells were
cultured in 75cm2 flask in Dulbecco's Modified Eagle's
Medium containing 7% foetal bovine serum (GIBCO, NY,
U.S.A.), 7% heat-inactivated (56°C, 40 min) horse serum

(Cell culture Laboratories, Ohio, U.S.A.), 2 mM L-glutamine
(M.A. Bioproducts, MD, U.S.A.), and 50 fg ml' gentamicin

15." Macmillan Press Ltd, 1994
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sulphate (Boehringer Mannheim GmbH, Germany) in a
humidified atmosphere of 90% air and 10% CO2 at 37C.
Cells were removed from flasks for subculture and for plating
into assay dishes using a Ca2+/Mg2+ -free solution containing
(mM): NaCl 172, KCl 5.4, NaH2PO4 1 and glucose 5.6,
pH 7.4. Afer about 5 min in this solution, the cells were
detached by gently tapping the side of the flask. The cells
were removed, plated onto collagen-coated 35 mm poly-
styrene dishes (1 x 106 cells/dish) and used 2 days later. For
measurement of [Ca]i in single cells, cells were plated onto
poly-L-lysine (Sigma, MO, U.S.A.)-coated glass coverslips
(24 x 60 x 0.15 mm, Flexiperm, W.C. Haraeus GmbH, Han-
au, Germany) at a density of 2.5 x I05 cells per well (8 x 11
mm), and cultured for an additional 2 days.

Dopamine release

Released dopamine was measured as described by Ohara-
Imaizumi et al. (1991). All the procedures including incuba-
tion, washing, and drug application, were made using 1 ml/
dish of a balanced salt solution (BSS) with the following
composition (mM): NaCl 150, KCl 5.0, CaCl2 1.2, MgCl2 1.2,
NaH2PO4 1.2, D-glucose 10, ethylenediaminetetraacetic acid
(EDTA) 0.1 and N-2-hydroxyethylpiperazine-N'-2-ethanesul-
phonic acid (HEPES) 25, pH adjusted to 7.4 with NaOH.
Dishes were washed twice and incubated with BSS for 1 h at
room temperature. After washing once with BSS, ATP was
added to the dishes and incubated for 1 min. Agonists and
antagonists to adenosine receptors were added to the medium
1 min before and during ATP application. At the end of the
incubation period, the solutions were transferred immediately
to sample cups containing 0.25 ml of 1 N HC104 for measure-
ment of dopamine released into the solution. The cellular
dopamine was extracted with 0.2 N HC104 by sonication in
the dish. After centrifugation (at 4°C for 2 min, 1000 g),
supernatants of both the incubation solutions and the
sonicated cellular solutions were collected for measurement
of dopamine content. Dopamine content was determined
with a high performance liquid chromatography-electro-
chemical detection system (Bioanalytical systems, West
Lafayette, IN, U.S.A.). The percentage of release was cal-
culated using the values obtained for the dopamine content
in the incubation solution (A) and the dopamine content
remaining in the cells (B) using the following equation: % of
total dopamine = 100 x A/(A + B).

7'

I

E

0I--

w

(n

0

6

5

4

3

2

0I

ATP 30 ,uM

05>**
0

_ __________________--_

I

Blank 0 -7 -6 -5 -4

(Control) log [Adenosinel, M

Figure 1 Effect of adenosine on ATP (30 jiM)-evoked dopamine
(DA) release from PC12 cells. Adenosine was present 1 min before
and during ATP application. Values represent the released dopamine
(% of total content per min) of 2 separate experiments (n = 6).
Broken line indicates spontaneous release (1.8 ± 0.11% of total con-

tent per min). Data are mean ± s.e.mean. Asterisks indicate signi-
ficant differences from the response by ATP alone (control):
*P< 0.05; **P<0.01.

[Cafi concentration

The increase in [Ca]i in single cells was measured by the
fura-2 method as described by Grynkiewicz et al. (1985) with
minor modifications. All the procedures including incubation,
washing, and drug application, were made using balanced
salt solution (BSS). The cells were washed with BSS and
incubated with 10 tM fura-2 acetoxymethylester at 37°C in
BSS. After 30 min incubation, the cells were washed with
0.2 mM of BSS. The coverslips were mounted on an Olympus
IMT-2 inverted epifluorescence microscope equipped with a
75 W xenon-lamp and band-pass filters of 340 nm wave-
length, for measurement of the Ca2+-dependent signal, and
360 nm wavelength, for measurement of the Ca2+-indepen-
dent signal. Image data, recorded by a high-sensitivity silicon
intensifier target camera (C-2741-08, Hamamatsu Photonics,
Co., Hamamatsu, Japan) were processed by a personal com-
puter. Fluorescence ratio images were obtained and cali-
brated as described elsewhere (Miyakawa et al., 1989). The
cells were treated twice with ATP, and the second treatment
was made with drugs. The ratio of the second response over
the first response (S2/S1) was calculated and adopted as an
index to compare the data among different cells.

Pretreatment with PTX

Pretreatment of PC12 cells with PTX was performed as
described previously (Inoue & Kenimer, 1988). PTX was
added to the conditioned medium at a final concentration of
2 ng ml-', and the cells were incubated for 20 h at 37°C.
With this procedure, a 41-kDa PTX-sensitive G-protein, was
almost completely ADP-ribosylated in PC12 cells (Inoue &
Kenimer, 1988).

Drugs

Drugs and chemicals were obtained from the following
sources: ATP (Yamasa Co., Choshi, Japan), adenosine and
N6-cyclohexyladenosine (CHA; A, agonist) were from Sigma
(MO, U.S.A.). 8-cyclopentyl-1 ,3-dimethylxanthine (8-CPT;
Al antagonist) (Research Biochemicals Inc., MA, U.S.A.),
CP66713 (A2 antagonist) (Pfizer, CT, U.S.A.), EGTA,
HEPES and fura-2AM (Dojin, Kumamoto, Japan). Other
drugs were purchased from Hayashi Pure Chemical (Tokyo,
Japan).

Statistics

Statistical differences in values for dopamine release and [Ca]i
increase were determined by analysis of variance and
Scheffe's test for multiple comparisons.

Results

Figure 1 shows the concentration-dependence of the adeno-
sine-induced potentiation of ATP-evoked dopamine release
from PC12 cells. Adenosine potentiated ATP (30 jaM)-evoked
dopamine release significantly in a concentration-dependent
manner over a concentration-range from 10 to 100 tiM. At
the highest concentration, adenosine potentiated the ATP-
evoked response by approximately 50%. Figure 2a shows the
effect of adenosine (100 IkM) on the concentration-dependent
curves of ATP-evoked dopamine release from the cells.
Adenosine (10011M) shifted the ATP-response curve to the
left but did not change the maximal response to ATP.
Adenosine potentiated the response evoked by 30pM ATP
yet had no effect on the response evoked by 300 pM ATP
(Figure 2b).
To examine the involvement of PTX-sensitive G-proteins

on the adenosine-induced responses, the cells were prein-
cubated with 2 ng ml-' of PTX for 20 h at 37°C as described
previously (Inoue & Kenimer, 1988). Figure 3 shows the
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effects of PTX on the adenosine-induced potentiation of the
ATP-evoked response. PTX abolished the effect of adenosine
almost completely, suggesting that the adenosine-induced
potentiation is mediated via a PTX-sensitive G-protein.
The effects of adenosine antagonists on the potentiation of
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the ATP-induced response was investigated. Figure 4 shows
the effects of aminophylline, a non selective adenosine receptor
antagonist, 8-cyclopentyltheophylline (8-CPT), a selective
adenosine Al subtype antagonist, and CP66713, a selective
adenosine A2 subtype antagonist, on the adenosine-evoked
potentiation. Aminophylline (<100 gLM) had no effect on
dopamine release stimulated by 30 gIM ATP alone; however,
it inhibited the potentiation seen with adenosine almost
completely. The release was reduced to the control level
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Figure 2 Effect of adenosine (100 laM, *) on the concentration-
dependent curves of ATP-evoked dopamine release from the cells (a).
Adenosine shifted the curves to the left without affecting the max-
imal response. Values represent the released dopamine (% of total
content per min) of 3 separate experiments (n = 9). (0) Control
curve (b) Shows effect of adenosine (100 jAM) on 30 IAM ATP (stippled
column) and 300 JAM ATP (hatched column). Values represent % of
the response evoked by ATP alone. Each column indicates
mean ± s.e.mean of 3-9 of dishes. Asterisks show significant
difference from ATP alone: **P<0.01.
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Figure 3 The involvement of pertussis toxin (PTX) on adenosine
(1-100 JM)-induced potentiation in ATP (30 JM)-evoked dopamine
release. The cells were treated with PTX as described in Methods.
Values represent % of the response evoked by ATP alone in control
(open columns) and the PTX (2 ng ml-', 20 h)-treated (solid col-
umns) cells, respectively. Data are mean ± s.e.mean of 3 separate
experiments (n = 9). Symbols represent significant differences from
the response to ATP alone (**P<0.01) or corresponding response in
intact cells (#P<0.05), respectively.
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Figure 4 Inhibitory effect of adenosine antagonists on adenosine-
induced potentiation of ATP-evoked dopamine (DA) release.
Aminophylline (1-100 AM) (a), 8-cyclopentyltheophylline (8-CPT,
-100 JAM) and CP66713 (1-10 AM) (b) inhibited adenosine (100

Jm)-induced potentiation of the ATP (30 ILM)-evoked release. Values
represent % of the response by ATP alone. Data are mean ± s.e.
mean obtained from at least 3 separate experiments (n = 9-12).
Asterisks indicate significant difference from ATP alone: *P<0.05.

**

100 1

0
ATP

(30 FM)
0.1 1.0

+Drugs
10.0 (>M)

Figure 5 Effects of N6-cyclohexyladenosine (CHA) (an adenosine A,
agonist) or CGS22492 (an adenosine A2 agonist) on ATP (30 JM)-
evoked dopamine (DA) release from the cells. Stippled columns:
CHA; hatched columns CGS 22492. Values represent % of the
response by ATP alone. Data are mean ± s.e.mean obtained from 2
separate experiments (n = 6). Asterisks indicate significant differences
from ATP alone: **P<0.01.
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(102.1 ± 7.3% of ATP alone, Figure 4a). Similarly, neither
8-cyclopentyltheophylline (8-CPT, 100 pM) nor CP66713 (10

- -A- -. ~ LM) affected dopamine release stimulated by 30 fuM ATP
alone (data not shown), but they inhibited the adenosine-
induced potentiation (Figure 4b). Next we examined the
effects of CHA, a selective adenosine Al receptor agonist,
and CGS22492, a selective adenosine A2 receptor agonist, on
ATP-evoked release (Figure 5). These agonists had no effects
on spontaneous dopamine release. CHA failed to enhance
the response, while CGS22492 potentiated over a concen-
tration-range of 1 to 10IAM. These results suggest that
adenosine-induced potentiation of ATP-stimulated dopamine

- release involves a subclass of adenosine A2 receptors.
We investigated the effects of dibutyryl cyclic AMP, a

cyclic AMP analogue, on ATP-evoked response because
coupling between A2 receptors and activation of adenylate
cyclase has been suggested (Gilman, 1984). As shown in

1-1000 gM) on Figure 6, dibutyryl cyclic AMP did not affect ATP-evoked
C12 cells. Each dopamine release from PC12 cells, even at concentrations up
lone. Data are to 1 mm.
ents (n = 6). Finally, we observed the effects of adenosine on ATP-
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evoked increase in [Ca]j. Figure 7a shows the time-course of
ATP-evoked [Ca]i rise in the cells. ATP was applied twice for
15 s with a 2 min interval between applications. ATP (30 gM,
15 s) stimulated transient increase in [Ca]i in the cells and the
S2/Sj ratio was 1.2 ± 0.11 (n = 5). In PTX-treated PC12 cells,
the ratio of repeated ATP application was unaffected (1.2 +
0.1 1, n = 7). The first response to ATP was measured in the
absence of adenosine (Figure 7a, left panel) and the second
response to ATP was measured in the presence of adenosine
(Figure 7a, right panel), and the ratio of S2/S1 was deter-
mined in individual cells. Adenosine (10 and 100 gM) poten-
tiated the magnitude of [Ca]i rise (S2/S1 ratio: 10 pM;
1.6 ± 0.18, n = 6; 100PM 1.9 ± 0.16, n = 8). These values
were significantly larger compared with ATP alone (P<
0.05). Figure 7b indicates the effects of PTX and CP66713
(10 EM) on adenosine (100 gM)-induced potentiation of the
ATP-evoked [Cali rise. PTX and CP66713 significantly
attenuated the potential [Ca]i rise by adenosine. Furthermore,
CGS22492 (1 and 10 gM) potentiated the ATP-evoked res-
ponse significantly whereas CHA did not (Figure 7c).

Discussion

We have demonstrated here that adenosine (100;1M) poten-
tiated ATP (30 gM)-evoked dopamine release in PC12 cells.
Adenosine (100 gM) shifted the concentration-dependent
curve of ATP-evoked dopamine release to the left without
affecting the maximal ATP response, suggesting that adeno-
sine does not increase the number of functional P2-pur-
inoceptors, but facilitates the efficiency of the response.
Adenosine acts on at least two types of receptors (Stiles,
1992), namely, Al receptors that inhibit adenylate cyclase and
A2 receptors that stimulate adenylate cyclase. Nazarea et al.
(1991) has shown that adenosine Al receptors attenuate ATP-
evoked phosphoinositide turnover and arachidonate release
in rat thyroid FRTL-5 cells, and that this inhibition involves
a PTX-sensitive G-protein. In PC12 cells, pretreatment of the
cells with PTX inhibited the adenosine-induced potentiation
almost completely (Figure 3). This observation suggests that
the modification by adenosine of ATP-evoked release is
mediated by a PTX-sensitive pathway. Thus, our present
data are in agreement with those of Nazarea et al. (1991) as
to sensitivity to PTX. However, although 8-CPT, an Al
antagonist, inhibited the potentiation, CP66713, an A2 antag-
onist, abolished the potentiation and CGS22492, an A2
agonist, potentiated ATP-evoked responses in the present
study (Figures 4, 5, 7). These results suggest that the
adenosine A2 subclass receptors are involved in the potentia-
tion. The observation that 5'-(N-cyclopropyl)-carboxamido-
adenosine, another selective A2 receptor agonist, also poten-
tiated ATP-evoked dopamine release supports this idea (S.

Koizumi & K. Inoue, unpublished data). The fact that 8-
CPT also depressed adenosine-evoked potentiation may be
explained by its poor selectivity: 8-CPT may also affect
another subclass of A2 receptors. Alternatively, this potentia-
tion may be caused by an unknown adenosine receptor,
sensitive to these antagonists and CGS22492.

It is suggested that stimulation of A2 receptors activates
adenylate cyclase, and causes cytoplasmic cyclic AMP
accumulation (Gilman, 1984). An elevated cyclic AMP by
forskolin can enhance carbachol-evoked dopamine release
from PC12 cells (Meldolesi et al., 1988). We found that
dibutyryl cyclic AMP, a membrane permeable analogue of
cyclic AMP, had no effect on ATP-evoked dopamine release
(Figure 6). The observation suggests that the potentiation of
ATP-evoked dopamine release may not be mediated by the
accumulation of cytoplasmic cyclic AMP. The lack of con-
tribution of cyclic AMP seems to be reasonable since the
subclass of adenosine A2 receptors that mediates cyclic AMP
accumulation are PTX-insensitive (Gilman, 1984) whereas the
potentiation by adenosine in the present study was abolished
by PTX-treatment (Figures 3 and 7b).

Adenosine (100fM) potentiated the ATP-evoked increase
in [Ca]i in PC12 cells (Figure 7a,b). As with the potentiation
of the evoked release, PTX abolished the potentiation of [Ca]i
increase and CGS22492 potentiated the Ca2+ response to
ATP (Figure 7b,c). It is likely that the facilitation of ATP-
evoked dopamine release by adenosine is due to an enhance-
ment of the [Ca]i increase. The enhancement of [Ca]i increase,
may at least partly, be mediated by an increase in Ca2'-influx
from extracellular media. This view is supported by our
recent results using whole-cell voltage-clamp (Inoue et al.,
1993) where adenosine (100 1AM) potentiated the ATP (30
j4M)-evoked inward current by a PTX-sensitive G-protein-
mediated mechanism. As the ATP-activated channels are
Ca2'-permeable (Inoue & Nakazawa, 1992), this current
enhancement may result in augmentation of Ca2'-influx.

In conclusion, adenosine potentiates ATP-evoked dopa-
mine release by facilitating the [Ca]i rise in PC12 cells.
Evidence is most consistent with a role for a subclass of
adenosine A2 receptors in the observed potentiation. How-
ever, we cannot exclude the possibility that the potentiation
may be mediated via a new type of adenosine receptor which
is sensitive to PTX, and cannot readily be classified into the
Al or A2 subclasses. Detailed cellular mechanisms and the
receptor subtypes are currently under investigation.
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