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Presence of NKj-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 NK; agonist, senktide, was used to
determine the relative number of NK;-sensitive-neurones in the Mhb of each species. The proportion of
neurones responding to NK; (Sar’Met(0O,)!'SP) and NK, (BAla*NKA(4—10) agonists was also assessed.
All (65/65) of the guinea-pig Mhb neurones tested were excited by the NK; agonist, but NK; and NK,
agonists were without effect. NK; responses in the guinea-pig were not altered by the presence of a
selective NK, antagonist, CP-99,994. NK,, NK, and NK; 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 NK; 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 NK; agonist, combined with the
apparent lack of NK, and NK, responses in the guinea-pig Mhb makes this preparation ideal for studies

of central NK;-mediated events.
Keywords: NK; receptor; medial habenula

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 NK, and NK; 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 NK; agonists
(Keegan ez al., 1992), whilst in the medial habenula nucleus
(Mhb), neurones are found which respond to either, or both,
NK, and NK; agonists (Norris ez al., 1993).

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

Given the possibility that NK; 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 NK, and
NK,; 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 pum)
were prepared from brains of guinea-pig (Dunkin-Hartley,
300-500 g), gerbil (Mongolian, 40-60g) or rat (Wistar,
150-300 g) 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-
[Asp*MePhe®Jsubstance P(6-11)); Sar’SP(Sar’Met(O,)!''sub-
stance P); neurokinin B(NKB); B-Ala®NKA(4-10); SpOMe
(substance P methyl ester). The highly selective NK;
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 NK,(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 NK, receptors. A mean EC,, value of
24.5 nM (range 5.0 to 42.0 nM, n = 9) was obtained for senk-
tide at NK; 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 ECs 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 NK; agonist alone (Table 1B). ECs,
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=15) were obtained for senktide
and Sar’Met(O,)''SP respectively in the rat Mhb. Three of 21
neurones in the rat Mhb were excited by both NK, and NK;
agonists.

In contrast to the high incidence of NKj-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 neurones responding to tachykinin agonists

No of slices No of neurones Sar’Met(0,)"'SP NKB B-Ala®NKA(4-10) Senktide
31 65 0/21 5/5 0/8 65/65
EC,, for senktide =24.5nM (5.0-42.0, n=09)
ECs, for senktide cf. NKB (n=3)=27.0nM (4.4-66.0) cf. 39.1 nm (2.7-87.0)
B Rat
No of neurones responding to tachykinin agonists
No of slices No of neurones Sar’Met(0,)!'SP B-Ala®*NKA(4-10) Senktide
18 21 11/21 0/21 9/21
ECs, for senktide =45.4nM (24-60, n=15)
ECs, for Sar’Met(0,)"'SP = 76.0 nM (16-220, n =5)
C Gerbil
No of neurones responding to tachykinin agonists
No of slices No of neurones Sar’Met(0,)''SP SpoMe B-Ala®NKA(4-10) Senktide
4 13 0/13 0/13 0/13 0/13
EC,, values are given at the end of each data set as the mean of n values followed by the range.
b
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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 ((®)
senktide; (O) NKB). (b) Shows the resulting concentration-response curves. The two compounds were approximately equipotent
with ECs, values of 4.4nm (senktide, @) and 2.7nM (NKB, O).

of 13 neurones (4 slices) was unaffected by NK,, NK, or NK;
agonists, suggesting, few if any, NK-sensitive neurones are
present in the gerbil Mhb (Table 1C).

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 NKj-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 NK, and NK; agonists caused hind-limb thump-
ing in the same species (Graham e al., 1993). We also report
here for the first time the overwhelming predominance of
neurones which are excited by an NK,; agonist in the guinea-
pig Mhb.

The data presented show that the guinea-pig Mhb is an
excellent preparation for functional NK; receptor studies.
The absence of a selective NK; antagonist meant that the
only test for the presence of NK; sites lay in the use of an
NK;-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 NK;-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 NK; receptor (Buell ez 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
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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 (¢<NOS) 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 ez 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 er al., 1975), was used as a positive
control for the induction of the iNOS gene. Lipopolysac-
charide (LPS, 10 ugml~! E. coli serotype 0128:B12, Sigma)
and mouse interferon-y (IFN-y, 100 uml~!, 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. MB84373) corresponded to the
antisense sequence of nucleotides 3554-3573, with the addi-
tion of the T30 tag (Shuldiner ez al., 1991). PCR primers for
the amplification of iINOS c¢DNA 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 5371 (upstream) and 679-696 (downstream).
Each PCR cycle consisted of: 1'-94°C, 1'-59°C, 1'-72°C (30
cycles). Aliquots of the amplification products were elect-
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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 60°C), 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-y 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 iINOS mRNA
(nucleotides 3440-3461 and 3554-3573), in a solution of
50% formamide, 4 X SSC, 1 X Denhardt’s solution,
25pg ml~! tRNA, 50 pg ml~! salmon sperm DNA, overnight
at 37°C. Following hybridisation, the slides were washed 4
times in 2 X SSC and 50% formamide at 40°C for 15 min,
twice for 1h in 1 x SSC at 22°C. 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 1a).
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 1b).

FISH followed by CLSM demonstrated that iNOS was
expressed by CGC, rather than by possible contaminating
cells in the culture. This method showed iINOS 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 | 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, €) 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 100 um.
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enzymatic activity was measured by assessing conversion of
L-’H]-arginine to L-*H]-citrulline. Exposure of CGC to LPS-
IFN-y increased the rate of conversion from 0.21 % 0.02
pmol min~! mg~! protein in untreated cells to 0.41 £ 0.04
pmol min~! mg~! protein in stimulated cells, indicating that
the iNOS message is translated to an active enzyme in these
cultured neurones. Either LPS or IFN-y 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 ctNOS 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
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Pro-inflammatory activities in elapid snake venoms
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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 5pg to 200 pg ml~' serum. Electro-
phoretic conversion of C3 was observed with all venoms in NHS containing normal concentrations of
Ca?* and Mg?*, but only by venoms from N. naja and N. melanoleuca when Ca’* was chelated by
adding Mg>*-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) (Miiller-
Eberhard & Fjellstrom, 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 Mg?* (Gétze & Miiller-
Eberhard, 1971; Gétze, 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 CS5b 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 termina! dissulphide knots of fibrinogen a
and B chains (thrombin-like enzymes), or of splitting off
fragments from the COOH terminals of a, B 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,
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Sdo 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 4°C. Stock solutions were
prepared in pH 7.2, 0.15M phosphate buffered-saline (PBS)
at 1.0mgml-!. 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 Ciéncias Biologicas, 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 pul of normal human serum (NHS) were
treated with 1.0, 5.0, 15.0 and 40.0 ug of snake venoms
previously dissolved in PBS, or with PBS alone (control
samples), far 1 h at 37°C and stored at — 20°C 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 CaCl, and 5 mM MgCl, (TBS**). Volumes of
NHS ranged from 50 pl to 450 pl in 50 pl increments, and the
volumes were adjusted to a final volume of 450 ul with
TBS?*. Two control tubes each containing 450 pl TBS?* (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% 10* ml~! in TBS?* were added to each tube. The mixtures
were incubated for 1 h at 37°C; 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 pum, and the number of haemolytic
sites (Z) calculated. The number of haemolytically active sites
of each C component can be represented by Z = — In (1-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 ul)
were used at concentrations of 1 mgml~'. 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 of proteolytic 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 & Gutiérrez, 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 pl were added to a row of test tubes. To 100 pl of egg
yolk solution (300 pul of 10% egg yolk solution in saline plus
250 pl of 0.001 M CaCly), and 200 pl of sheep red blood cells
(E) at 1.5 x 10® in saline were added to each tube. Three
control tubes each containing 200 pl saline and 200 pl 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 ul venom solution (100 pg 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 pl 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 (ulml~') 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 pg 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, Mg?*-EGTA was added into the incuba-



tion mixtures at final concentrations of 1 mM MgCl, plus
10 mM 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).

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 and fibrinolytic 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 I).

Residual Z number

0 T T T T T T T T
0 25 50 75 100 125 150 175 200
Venom (ug mi™')

Figure 1 Consumption of complement in normal human serum by
different amounts of elapid venoms using C. d. fterrificus (A), N. naja
(@), N. nigricollis (X), N. melanoleuca (@), M. ibiboboca (M) and
M. spixii (O).

N. naja
— N. nigricollis
o—
N. melanoleuca
B
M. ibiboboca
M. spixii
m—
— 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 (¢) on C3 in serum.
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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).

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).

o
S 8 MrikDal
[Te] (2] o~
| | |
M. spixii
M. ibiboboca

N. melanoleuca
N. nigricollis

N. naja

Buffer

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.

COF

N. naja

N. melanoleuca

N. nigricollis

M. ibiboboca

M. spixii
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 1 Thrombin-like activity of micrurus and naja
venoms

Thrombin-like activity

Venoms 500 pg mil-! 1000 pug mi-!
M. ibiboboca - -

M. spixii 60 min* 25 min*
N. naja - -

N. nigricollis 200 min* 75 min*

N. melanoleuca -
- No clot

*Fibrinogen coagulation time

Samples of purified bovine fibrinogen in buffer containing
Ca?* were mixed with equal volume of venom solutions
containing 5 pg 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 5pg of elapidic
venom into hind paw of mice. N. naja (@), N. nigricollis (X), N.
melanoleuca (O), M. ibiboboca (O) and M. spixii ().

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; Miiller-Eberhard &
Fjellstrom, 1971; Stocker & Batlow, 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 (Gotze, 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 Ca?*-
dependent mechanism. The C-activators certainly contribute
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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 (O), M. ibiboboca
(O) and M. spixii (H).

to the local lesions induced by venoms, through the release
into the injured tissues of the anaphylatoxins C3a and CSa.
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 A, 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 A, 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 E,).

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 A,, 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 Fundagdo Butantan.
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Pharmacology of high-threshold calcium currents in GH4C;
pituitary cells and their regulation by activation of human D,

and D, dopamine receptors
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1 The objective of this study was to characterize the pharmacology of calcium currents in GH,C,
pituitary cells and determine whether activation of heterologously expressed human dopamine receptors
can regulate their function. Human D,(short), D; and D,, receptor cDNA’s were separately transfected
into GH,C, 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 (pICs, =9.78 £ 0.21,
n=4) and 339 nM (pICs, = 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 w-agatoxin IVA (34 £ 7% at
100 nM, n = 4).

3 Activation of either D, or D, receptors by dopamine (10 uM) or quinpirole (0.1 to 10 uM) reduced
the peak calcium current by ca. 20% in the majority of cells studied. No inhibition was observed in
control or D; transfected GH,C, cell lines.

4 The mobilisation of intracellular calcium by thyrotropin releasing hormone in hD,-GH,C, cells was
also studied using Fura-2 AM microspectrofluorimetry. Thyrotropin releasing hormone caused a
concentration-dependent increase in calcium mobilisation with an ECsy of 7 nM. D, receptor activation
had no effect upon either basal or hormone-induced [Ca?*]; transients.

S5 These results demonstrate that GH,C, pituitary cells have at least two types of dihydropyridine-
sensitive high-threshold calcium currents and that like D, receptors, human D, receptors can also

regulate calcium channel function.

Keywords: Dopamine; D4 dopamine receptor; dihydropyridine; calcium channel current; pituitary; GH,C, cells

Introduction

Dopamine receptors of the D,, D; and D, 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 D, 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 D,-like dopamine receptors in rat brain
tissue are activated, and similarly human D, 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 hD; 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 D; 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 hD, receptors (Van Tol et al.,
1991) in CHO cells by stable transfection, a prerequisite to
definitive functional studies, have proved difficult. Whether
hD, 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 D,, D; and
D, receptors may couple to ion channels, the rat pituitary

! Author for correspondence.

GH,C, cell line was chosen for electrophysiological studies of
stably transfected receptors. GH,C, cells do not normally
express dopamine receptors and when transfected with rat D,
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 er al.,, 1988). High-threshold calcium currents in
GH,C, 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 hD, and hD,, but not hD; receptors, to
couple to the depression of calcium currents in transfected
GH,C, cell lines.

Methods

Cell culture

GH,C, 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 2 mM L-glutamine (Gene-
ticin). Cells were plated on poly-L-lysine coated coverslips.

Transfection procedures

Human D, and D, receptor cDNA was separately subcloned
into the mammalian expression vector pcDNAneo(Invitro-
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gen) as described previously (McAllister et al., 1993). D,
receptor cDNA in the pRSVneo expression vector (Invit-
rogen) was obtained from Dr O. Civelli (Oregon). Stably
transfected cell lines were obtained by transfecting the appro-
priate cDNA into GH,C, cells by calcium phosphate precip-
itation. Transfected cells were selected for their resistance to
the antibiotic G418 and assayed for their ability to bind
['**I}-iodosulpiride or [*H]-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 10 mM Tris-HCl, pH 7.4 containing 5mM MgSO,) for
10s on ice. Membranes were centrifuged at 50,000 g for
15min at 4°C and the resulting pellet resuspended at
20 mgmi~! wet weight in assay buffer that contained (in
mM): NaCl 118, HEPES 20, KC1 4.7, MgSO, 1.2, NaHCO; 5,
KH,PO, 1.2, CaCl, 2.5, pargyline 10 uM and 0.1% ascorbic
acid. Incubations, 30 min at 30°C, were carried out in the
presence of 0.05-1nM ['**I)-iodosulpiride or [*H]-spiperone,
and were initiated by the addition of 100-200 ug protein to
final assay volumes of 0.1 ml for ['*I}-iodosulpiride and 1 ml
for [*H]-spiperone binding. The incubation was terminated by
rapid filtration over GF/B filters presoaked in 0.3% PEI and
washed with 10ml ice cold 0.9% NaCl saline for ['*I}-
iodosulpiride binding and S0mM Tris (pH 7.4) for [*H]-
spiperone binding. Specific binding was defined by 1puM
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 MgCl, 3, adjusted to pH 7.3 with CsOH. Cells were
perfused at a rate of 1 to 2mlmin~! with an extracellular
solution that contained (in mM): NaCl 155, glucose 10,
HEPES 10, KC15, CaCl,5 and tetrodotoxin (0.5 uM), 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): CsH;0,SCs 100, CsCl 25,
MgCl, 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 —20mV 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 Ca’*

Methods for determination of intracellular calcium were the
same as previously described (Seabrook & Fong, 1993).
Briefly, GH,C, cells were loaded, prior to experimentation,
with the membrane permeant fluorescent indicator Fura-2
AM (2pM; 30min) in a solution containing (in mMm):
NaCl 150, KCl1 3, HEPES 10, glucose 10, sucrose 20, CaCl, 2
and MgCl, 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 puM),
and following perfusion with solution containing 0 mMm
Ca?* + 1 mM EGTA, and then 10 mM [Ca?*] + 0 mM EGTA.
Drugs were applied by superfusion for a period of 5s, 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(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), and 4-(2-hydroxy-
ethyl)-1-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 hD,, hD; or
hD, receptor cDNA and that exhibited resistance to the
antibiotic G418 were examined for their ability to bind ['*I}-
iodosulpiride (Table 1). Saturable ['*’I)-iodosulpiride binding
was observed in approximately half of the G418 resistant
clones that had been transfected with hD, (11/22 clones), or
hD; receptor cDNA (15/35 clones). In contrast only one cell
line transfected with hD, receptor cDNA (1/23 clones)
exhibited significant [*H]-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 D, 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

Dy(short) D; D,,
CHO GH,C, CHO GH,C, GH,C,
Number of clones - 11/22 - 15/35 1/23
with binding
Clone studied - N4 - 18 21-NN
K, iodosulpiride (nMm) 0.2 0.4 0.4 0.3 0.1*
B,,. (fmolmg~! protein) 700 235 290 89 115
% inhibition of [’H]-N-0437 70-80% 40-80% 0 0-10% 20-40%

binding by GTP-y-S

Values for experiments on CHO cells are from Freedman et al. (1994). *[*H]-spiperone was used as the ligand for determining the
expression of hD, receptors because ['*I}-iodosulpiride binds with low affinity to these receptors.
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Figure 1 Block of high-threshold calcium currents in GH,C, 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 100ms depolarization from — 80 to OmV, in
control, after w-Aga IVA (100 nM), and after 5 min application of
nisoldipine (10 um). (b) Concentration-effect curves for the inhibition
of the peak calcium current by nisoldipine (O) and cadmium ions
(®). The depression by nisoldipine was biphasic (see text and Figure
2; n=5) the estimated K; for each site was 0.2 and 339 nM. The ICj,
for cadmium was 4 puM (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 w-CGTX-GVIA or w-Aga-
IVA (n=4 to 8 cells).

either the parent or transfected cell lines. The sensitivity of
H}-N-0437 (1 nM) binding to modulation by GTP-y-S
(10 uM) was used as an indicator for functional coupling in
the transfected cell lines. Significant inhibition of [*H}-N-0437
binding by GTP-y-S was detected only in the hD, (40-80%)
and hD, cell lines (20-40%), but not in the hD; line
(0-10%).

Hdentification 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 0.1nM to 10puM. 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; 2719%; n=4) and 6.47%0.12
(=339nM; 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+ 5ms (n=5), cannot account for the biphasic inhibition
of high-threshold calcium currents by nisoldipine.
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Figure 2 Comparison of the time course of the depression of the
peak (O) and ‘non-inactivating’ high-threshold calcium current (@)
in an individual hD,~-GH,C, cell by (a) dopamine (10 pM) and -
Aga-IVA (100 nM), and in (b) by increasing concentrations of nisol-
dipine and cadmium ions. Drugs were applied to the superfusion
solution for either the duration of the horizontal bar as in (a) or
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 GH,C, 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, GH,C, cells have at least
two types of dihydropyridine-sensitive calcium currents, one
of which is potently blocked by nisoldipine (ICs, <1 nM),
w-Aga-IVA and w-CGTX, and a second type that is less
sensitive to nisoldipine (ICs, ca. 300 nM) but not blocked by
nanomolar concentrations of these peptide neurotoxins.

Depression of calcium currents by activation of D, and
D, but not D; receptors

In untransfected GH,C, cells dopamine (10 uM) 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 hD, 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 um 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 hD,-GH,C, 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.
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Figure 4 Mobilization of intracellular calcium in hD,-GH,C, 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 (1 uM;
0), and then quinpirole + TRH (M). (c) Histogram showing the
ability of repeated applications of TRH to release [Ca?*},. Data are
expressed as the geometric mean of the negative logarithm of the
estimated intracellular calcium concentration (pECs). Despite the
depression of whole cell calcium currents caused by activation of hD,
receptors (Figure 3) neither quinpirole nor dopamine reduced the
TRH-induced mobilization of intracellular calcium levels in hD,-
GH,C, cells (clone 21-NN). n=4 cells in this experiment.
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periments. In both the D, and D, 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 hD,-GH,C, cell line a
similar degree of inhibition of the whole cell calcium current
was seen with the dopamine receptor agonist, quinpirole
(13£5% at 10puM in 3/12 cells; Figure 3). Despite the
availability of a functional second messenger system that
could couple to calcium currents in the hD;-GH,C, cell line,
as was indicated by the ability of somatostatin-14 to depress
calcium currents in these cells (33 £18% at 1uM in 4/5
cells), no inhibition of calcium currents by hD; receptor
activation was observed (n = 14). The maximal depression of
the high-threshold calcium current by somatostatin-14 in the
hD; transfected cell line was comparable to that seen in
hD,-GH,C, 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
(3mM) for 20-48 h. This treatment has previously been
shown to upregulate transfected receptors in other cell types,
including 5-HTg receptors expressed in HEK-293 cells
(McAllister et al., 1992). However, in GH,C, 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 hD,-GH,C, cell line. A
hD,-GH,C, single cell clone (21-NN) was obtained with
enhanced ['*I}-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 hD,
receptor activation was blocked by w-Aga-IVa (100 nM;
n=6).

D, receptors do not regulate TRH-induced calcium
mobilisation

To determine whether the depression of calcium currents in
GH,C, cells was associated with a reduction in the driving
force for Ca?*, for example by that which may be caused
following the mobilisation of [Ca?*];, the ability of D4 recep-
tor activation to regulate thyrotropin releasing hormone
(TRH) induced increases in [Ca®*]; was examined using Fura-
2-AM microspectrofluorimetry. TRH caused a monophasic
and concentration-dependent increase in [Ca’*]; from an
estimated mean of 48 nM to 195 nM (ECs, = 7 nM; Figure 4).
Activation of hD, 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 D, (short) or D, (long) recep-
tors restores the ability of dopamine to activate potassium
channels (Einhorn et al., 1990) and inhibit adenylate cyclase
(Albert et al., 1990). We have previously reported that
human D; receptors when transfected into GH,C, 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 er al., 1994a). To investigate
further the mechanism by which dopamine receptors may
couple to ion channels, the ability of heterologously ex-
pressed hDy(short), hD; and hD, receptors to regulate
endogenous calcium currents in GH,C, cells was examined.

Activation of either hD, or hD, receptors caused approx-
imately 20% depression of the high-threshold calcium cur-
rents in transfected GH,C, 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 a,B,y; G-protein
subunits in GHj cells is similarly limited to ca. 25% (Kleuss
et al., 1993), comparable to that seen with somatostatin-14 in
the hDs- and hD,-GH,C, 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 —30mV) 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 GH,C, 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 GH; 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 GH,C, 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,
GH,C, cells may have at least two types of dihydropyridine-
sensitive calcium currents, one of which is potently blocked .
by nisoldipine (ICs, <1 nM), w-Aga-IVA and w-CGTX, and
a second type that is less sensitive to nisoldipine (ICs, ca.
300 nM) but not blocked by nanomolar concentrations of
these peptide neurotoxins. The partial and reversible block of
dihydropyridine-sensitive calcium currents by w-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
w-Aga-IVA toxin has also been reported to have non-
selective effects on w-CGTX sensitive currents in rat cerebel-
lar neurones (Sutton ez 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 Ca’*-activated K
channel activity in both GH; and GH,C, cells (Dubinsky &
Oxford, 1985; Barros et al., 1991). Rat D, receptors have
been reported to suppress the intracellular calcium mobilisa-
tion caused by activation of receptors to thyrotropin releas-
ing hormone in GH,C, cells (Valar ez al., 1990). We have
recently reported that hD; receptors, in contrast to rat D,
receptors, do not modulate this signal transduction pathway
although in this cell line hD; receptors did not couple
efficiently to either arachidonic acid release, adenylate cyc-
lase, or voltage-dependent potassium currents (Seabrook et
al., 1992). Although human D, receptors can regulate cal-
cium currents when expressed in GH,C, cells, no effects of
quinpirole or dopamine were seen on either basal [Ca’*];
levels or TRH-induced calcium mobilisation in this cell line.
Consequently, the mechanism by which hD, receptors to
calcium currents in GH,C, cells is distinct from that of
TRH-induced calcium mobilization.

Unlike hD, and hD, receptors, in hD; transfected GH,C,
cells no effect of receptor activation was seen upon endo-
genous high-threshold calcium currents. Lack of coupling of
hD; receptors in GH,C, 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 hD; receptors simply
reflects the low levels of receptor expression achieved with
the hD; receptor cDNA (Table 1) because similar levels of
expression were obtained in NG108-15 cells in which hD,
receptors were functional (Seabrook et al., 1994a). Further-
more other hD,-GH,C, clones which exhibited lower levels of
binding can still couple to adenylate cyclase (unpublished
observations).

GH,C, cells have several types of G-protein alpha subunits
which are thought to be involved in the regulation of ion
channels. These include Gy a3, as well as G, subunits
(Luthin ez al., 1992). Similarly differentiated NG108-15 cells,
in which hD, (short) and hD; receptors can couple to cal-
cium currents (Seabrook et al., 1994a,b), also have Gi,,s3 and
G, but minimal G,,, (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 hD; receptors in these
cells.
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Only limited information is available on the specificity of
D,-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 Gy, o 3 block the
coupling of dopamine receptors to calcium currents, whereas
only antibodies raised against G,; and not G, or Gy,
mediate D, 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 D, and D, subtypes
an effect correlated with the distribution of different G pro-
tein a-subunits. In this study the rat D, receptor inhibited
adenylate cyclase activity in cell lines with high levels of G,
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 B 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 GH; pituitary cells have been shown to couple selec-
tively to the inhibition of dihydropyridine-sensitive calcium
channels via ao1/B3/y4, and a02/B1/y3, subunit combinations
respectively (Kleuss et al., 1993). It remains to be determined
whether the restricted distribution of such B and/or ¥y
subunits, or indeed subtypes of G, (Mullaney & Milligan,
1990), can account for the restricted functional coupling of
the human D, receptor. Nevertheless, it is apparent from the
present study that hD, receptors do not utilise G-protein(s)
by which hD, and hD, receptors may couple to dihydro-
pyridine-sensitive calcium currents in GH,C, cells.

In conclusion, this study demonstrates that this GH,C,
pituitary cell line has at least two types of high-threshold
calcium current that are differentially sensitive to nisoldipine,
w-Aga-IVA, and w-CGTX GVIA. A subpopulation of these
dihydropyridine-sensitive calcium currents was depressed fol-
lowing activation of transfected human D, and D, receptors,
but not by D; dopamine receptors. Furthermore, the
mechanism by which hD, receptors couple to these calcium
currents was distinct from that of TRH-induced calcium
mobilization. It is considered that the lack of coupling of hD,
receptors, unlike that of the hD, and hD, receptors, may
reflect fundamental differences in the ability of these
dopamine receptor types to activate endogenous G-proteins
in GH,C, pituitary cells.
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this manuscript, as well as to Drs P. Sokoloff and O. Civelli for
supplying the hD; and hD, receptor cDNA respectively.
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Characterization of EP-receptor subtypes involved in allodynia
and hyperalgesia induced by intrathecal administration of
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1 Intrathecal (i.t.) administration of prostaglandin E, (PGE,) 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,_;) involved in these sensory
disorders by use of 7 synthetic prostanoid analogues.

2 Sulprostone (EP, <EP;) induced allodynia over a wide range of dosages from 50 pg to 5pugkg™!.
The maximal allodynic effect was observed at 5min 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 PGE,. !

3 17-Phenyl-w-trinor PGE, (EP, > EP;) and 16,16-dimethyl PGE, (EP, = EP, = EP;) were as potent as
PGE, in inducing allodynia, and more potent than sulprostone. Butaprost (EP,), 11-deoxy PGE,
(EP, = EP;), MB 28767 (EPs), and cicaprost (prostaglandin I, (IP-) receptor) induced allodynia, but with
much lower scores. 13,14-Dihydro-15-keto PGE,, a metabolite of PGE,, did not induce allodynia.
4 16,16-Dimethyl PGE, as well as PGE, induced hyperalgesia over a wide range of dosages (16,16-
dimethyl PGE,: 5 pg—0.5 ug kg~! PGE,: 50 pg—0.5 pg kg~") with two apparent peaks at 0.5 ng kg~' and
0.5 ug kg~!. Sulprostone (EP, <EP;) and 17-phenyl-w-trinor PGE, (EP, > EP3) showed a bell-shaped
hyperalgesia at lower doses of 5pg—5ngkg™' and 50 pg—50 ng kg~', respectively. MB 28767 (EP;)
showed a monophasic hyperalgesic action over a wide range of dosages at 50 pg—5 pg kg~!. Butaprost
(EP,) induced hyperalgesia at doses higher than 50 ng kg~'.

5 These results demonstrate that PGE, may exert allodynia through the EP;-receptor and hyperalgesia
through EP,- and EPs-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 PGD, and PGE, induced hyperalgesic effects.

Quite recently, we demonstrated that i.t. administration of
PGE, 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).

PGE, 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 PGE, actions is due to PGE-receptor
subtypes coupled to different signal transduction pathways.
PGE receptors are pharmacologically divided into at least
three subtypes, EP,, EP, and EP;, and they are considered to
be coupled to Ca?* 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 PGE, mediated via EP,-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 EP,-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
EP;-receptor is assumed to be involved in inhibition of
gastric acid secretion (Chen er 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,-, EP,- and EP;-subtypes,
many are now known as potent agonists for EP-receptors.

In the present study, we examined the effect of i.t. admini-
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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 Ls; and L, 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 £ 2°C. The volume of the i.t. injection was 5 pl. 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 (5pul). Drug-treated groups were
injected with 5 pl 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 13cm Plexiglas enclosure with wood
chips on the floor and observed. Allodynia was assessed once
every Smin 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 PGE,, 16,16-dimethyl PGE,, and 17-
phenyl-w-trinor PGE, were purchased from Cayman Chemi-

cal (Ann Arbor, MI, U.S.A.). The following prostaglandin
analogues were generous gifts: PGE, and 11-deoxy PGE,
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 (15S-hydroxy-9-oxo-16-phenoxy-w-tetranorprost-
13E-enoic acid) from Rhone-Poulenc Rorer, UK. 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 PGE, induced allodynia and
hyperalgesia over a wide range of dosages from 0.5 pg to
50 ug kg™! (Minami et al., 1994a). In order to specify the
EP-receptor(s) involved in the PGE,-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 ug kg~'), an EP, and EP; 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 ug
kg ')-induced allodynia showed its maximum expression at
S min after i.t. injection and gradually decreased during the
50-min experimental period in a manner similar to that
induced by PGE,. 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 PGE, at 0.5 pg kg~' (Figure 2). Allodynic
scores of butaprost, an EP, agonist, MB 28767, an EP;
agonist, and cicaprost were much lower than that of PGE, at
0.5pugkg™".

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 EP,
PGE analogue

PGE, +++
16,16-Dimethyl PGE, ++++
Sulprostone ++
17-Phenyl-w-trinor PGE, +++
Butaprost (+)
11-Deoxy PGE, +
MB 28767 (+)
PGI analogue

Cicaprost (+)

EP, EP, i
+4++ +++
++(+) +4+++
0 ++++
+ ++
++ 0
++(+) ++
+) +++
(+) 0 +4+++

Rankings of EP- and IP-receptors are from Lawrence ef 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 i.t. prostaglandin E,
(PGE,) and sulprostone. Mice were injected i.t. with 0.5pugkg~' of
PGE, (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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Figure 2 Effect of prostaglandin E, (PGE,) and prostanoid agonists
on allodynia in conscious mice. PGE, or prostanoid agonist (0.5 pg
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 PGE, 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 i.t. injection of prostaglandin E,
(PGE,) and various EP agonists on allodynia in conscious mice.
Mice were injected with various doses of PGE, (O), 17-phenyl-w-
trinor PGE, (0O), sulprostone (A), MB 28767 (@), or butaprost (H)
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.
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by EP agonists. The allodynia induced by sulprostone was
observed at a dose as low as 50 pgkg~! and the maximal
effect (35.8% of the maximum possible score) was observed
at S5pgkg~!, with a half-maximal stimulation occurring at
about 50 pgkg='. This agonist-induced allodynia showed
similar time courses over a wide range of doses of
50 pg-5pg kg~' (data not shown). Sulprostone-induced mice
did not display clonic seizure and convulsion even at a dose
as high as 5pgkg~!. 17-Phenyl-w-trinor PGE, (EP, > EP,)
showed its maximum effect (45.8% of the maximum possible
score) at 0.5 pg kg~!, with a half-maximal stimulation occurr-
ing at about 5ngkg~'. Dose-dependency of 16,16-dimethyl
PGE,, a potent EP,, EP, and EP; 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 11-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-15-keto PGE,, a metabolite of PGE,, did not induce
allodynia. Taken together, these results demonstrate that the
EP,-receptor may be involved in the PGE,-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 er al., 1990), PGE,-induced
hyperalgesia was observed between 3 and 30 min after i.t.
injection of PGE,. 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
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Figure 4 Dose-dependent effects of i.t. injection of prostaglandin E,
(PGE,) and 16,16-dimethyl PGE, on hyperalgesia assessed by the hot
plate test. Mice were injected with various doses of PGE, (a) or
16,16-dimethyl PGE, (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%0.55s).
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Figure 5 Dose-dependent effects of i.t. injection of sulprostone and
17-phenyl-w-trinor PGE, on hyperalgesia assessed by the hot plate
test. Mice were injected with various doses of sulprostone (a) or
17-phenyl-w-trinor PGE, (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£0.55s).

period between the saline control (16.2%+0.5s, mean t s.e.
mean) and the untreated control (15.4 £ 0.4s).

As reported previously (Minami ez al., 1994a), PGE, (EP,,
EP,, EP;) produced its hyperalgesic action over a wide range
of dosages from S50pg to 0.5pgkg~' Similarly, 16,16
dimethyl PGE, (EP,, EP,, EP;) produced its hyperalgesic
action at doses of 5pg-0.5pgkg~! (Figure 4); this action
showed two peaks, one at 0.5ngkg™! (11.0+£0.7 vs. 162 %
0.5 s for the control) and one at 0.5 ugkg~! (9.6 £ 0.7 5), and
returned to the control level at 5 pg kg™, the highest concen-
tration employed. On the other hand, sulprostone (EP,
< EP;) and 17-phenyl-w-trinor PGE, (EP, > EP;) produced
bell-shaped dose dependency for hyperalgesic action at doses
of Spg-Sngkg~! and 50 ngkg~', respectively (Figure 5).
Neither sulprostone nor 17-phenyl-w-trinor PGE, produced a
significant change at higher doses examined. Unlike its effects
on allodynia, MB 28767 (EP;) produced its hyperalgesic
action over a wide range of dosages from 50 pg to 5 pgkg~',
and butaprost (EP,) produced its hyperalgesic action at
higher doses of 50 ng—5ugkg~' (Figure 6). 13,14-Dihydro-
15-keto PGE, produced a weak hyperalgesic action at doses
of 0.5ng and Sngkg~! (data not shown). Cicaprost (IP)
produced no significant change. These results demonstrate
that EP,- and EP;-receptors may be involved in the PGE,-
induced hyperalgesia in the spinal cord.

Discussion

We recently reported that the i.t. administration of PGE, to
conscious mice induced allodynia and hyperalgesia (Uda et
al., 1990; Minami et al., 1994a,b). The dose-dependency of
PGE, for allodynia was apparently correlated with that for
hyperalgesia. While the PGE,-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 a,-adrenoceptor agonist, clonidine, the
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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+0.55).

PGE,-induced hyperalgesia assessed by the hot plate test was
not suppressed by taurine or clonidine. To test the hypothesis
that the mechanism of PGEj,induced allodynia might be
different from that of PGE,-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 PGE, are mediated by different EP-
receptor subtypes. It is clear that the EP,-receptor is involved
in the PGE,-induced allodynia for the following reasons:
first, 17-phenyl-w-trinor PGE, (EP, > EP;) was more potent
than sulprostone (EP, <EP;) (Figure 3). Second, butaprost
(EP,), 11-deoxy PGE, (EP,=EP; >EP,) and MB 28767
(EP;) induced allodynia, but with much lower scores. On the
other hand, the PGE,-induced hyperalgesia was complicated,
demonstrating that the hyperalgesia observed here may
reflect the action of PGE, or EP agonists at multiple sites
inherent in in vivo experiments. Both PGE, and 16,16-
dimethyl PGE, induced a biphasic hyperalgesia over a wide
range of dosages (PGE, 50 pg—0.5pugkg~', 16,16-dimethyl
PGE,: 5pg-0.5pugkg™') with two apparent peaks at 0.5 ng
and 0.5pugkg~! (Figure 4). Sulprostone (EP, <EP;) and
17-phenyl-w-trinor PGE, (EP, > EP;) showed a bell-shaped
dose-response for hyperalgesia at lower doses of 5 pg—S5ng
kg~! and 50 pg-50ngkg~!, respectively (Figure 5). MB
28767 (EP;) showed a monophasic hyperalgesic action over a
wide range of dosages of 50 pg—5pgkg~'. Butaprost (EP,)
induced hyperalgesia at doses higher than 50 ng kg~! (Figure
6). These results suggest that PGE, may exert hyperalgesia
through EP,- and EP;-receptors. Collectively, with the data
obtained with butaprost, sulprostone, and MB 28767, the
PGE;-induced hyperalgesia is likely to be mediated by the
EP;-receptor at lower doses of PGE, and by the EP,-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.



Therefore we cannot neglect the possibility that butaprost
may exert hyperalgesia through the EP;-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 EP;-, EP,- and EP;-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 EP,-receptors (Coleman et al., 1985). However, because
AH6809 showed only weak inhibition of the binding of
[*H}-PGE, to membranes prepared from EP,-receptor cDNA-
transfected CHO cells, it was suggested that there may be
other forms of EP,-receptor sensitive to AH6809 or that the
action of AH6809 is speties-specific and does not work on
the mouse receptor (Watabe et al., 1993). In this context, our
previous observation that PGE,-induced hyperalgesia was
blocked by AH6809 (Uda et al., 1990) is not inconsistent
with the present results indicating that hyperalgesia induced
by PGE, was mediated by EP;- and/or EP,-receptors (Figures
5 and 6). It was also reported that the lack of binding
activity of butaprost toward the EP,-receptor cloned from
mouse mastocytoma P-815 cells suggests another form of
EP,-receptor subtype (Honda er al., 1993). Furthermore,
there are two isoforms of EPs-receptor with different proper-
ties at the levels of signalling and desensitization in mice
(Negishi er al., 1993). It has also been shown that four
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Effects of antidepressants on the inward current mediated by
5-HT; 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-HT; 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. ICs, values for
imipramine, fluoxetine and phenelzine were 0.54 uM, 1.3 puM and 4.2 uM respectively. The correspondent
Hill coefficients were 0.9, 0.87 and 0.92.

3 The antidepressants examined increased the rate of 5-HT current desensitization. ICs, values for
imipramine, fluoxetine and phenelzine on the decrease in desensitization time constant were 0.11 uMm,
0.18 uM and 2.4 uM respectively. The correspondent Hill coefficients were 0.9, 1.14 and 1.06.

4 Intracellular applications of the protein kinase inhibitor, H-7 (100 uM), GDP-B-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-HT; 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-HT; receptor; desensitization; patch clamp; nodose ganglion neurone; imipramine; fluoxetine; phenelzine

Introduction

The 5-HT; receptor mediates fast synaptic transmission in
the central nervous system (Sugita et al., 1992). There is
evidence that 5-HT; receptors and possibly the 5-HT; recep-
tor-mediated synaptic transmission are involved in some
psychiatric disorders such as depression (Fozard, 1992;
Greenshaw, 1993). Behavioural studies have shown that 5-
HT; 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-HT; receptor sites in rat cortical membranes (Schmidt &
Peroutka, 1989), but this observation was not confirmed by a
study using the ICS205930-labelled 5-HT; receptor binding
sites in neuroblastoma N1E-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-HT; 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-HT;
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).

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 (150-300 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 mgml~! collagenase
(Sigma type IA), 0.8 mgml~! trypsin (Sigma type III) and
0.125mgml-! 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 IIs, 1 mgml~') 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 1mlmin~!. The
extracellular solution contained (in mMm): NaCl 150, KCl 5,
CaCl, 2.5, MgCl, 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 mMm): KCI 140, MgCl, 2, CaCl, 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 pm) glued together
and held by a micromanipulator (Narishige). These tubes



742 P. FAN

were connected to several different reservoirs containing
either control or test solutions. The neurone under study was
placed within 50 um 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 t s.e.mean. Data
were statistically compared by variance analysis or paired ¢
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-B-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-HT; 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 puM S5-HT which is close to the ECs,
value of 2.6 uM in rat nodose neurones (Fan and Weight,
unpublished data).

Effect of antidepressants on the peak 5-HT current

Data in Figure 1 show that a 3-4min 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 S-HT current
from the effects of antidepressants was incomplete (Figures 1
and 4a). Concentration-response curves of antidepressants
are shown in Figure 2. ICs, values for imipramine, fluoxetine
and phenelzine were 0.54 uM, 1.3 uM and 4.2 uM. The corre-
spondent Hill coefficients were 0.9, 0.87 and 0.92.

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

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 uM 5-HT in control and in the presence of 1 uM
fluoxetine. Concentration-response curves of the antidepres-
sant effect on desensitization time constant are shown in
Figure 3a. ICs, values for imipramine, fluoxetine and phenel-
zine were 0.11 uM, 0.18 uM and 2.4 uM 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-HT; receptor desensitization (Yakel & Jackson, 1988;

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-B-S, and calcium chelator, BAPTA. Intracellular
applications of H-7 (100 pm), GDP-B-S (2 mM) and BAPTA
(20 mM with 0 mM intracellular Ca®*) for 10 to 15 min had
no effect on the 5-HT current and the actions of antidepres-
sants on 5-HT current (paired ¢ 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
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Figure 1 Effects of antidepressants on 5-hydroxytryptamine (5-HT)
current. Currents were induced by 3 uM 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
3-4min and then applied together with 5-HT.
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Figure 2 Concentration-response curves of antidepressants on the
inhibition of peak current induced by 3 uM 5-hydroxytryptamine
(5-HT). Each point represents the average data from 4-9 cells. Data
were collected after 5min application of the tested antidepressant.
Standard errors are shown: (O) imipramine; (@) phenelzine; ()
fluoxetine.
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and increase the rate of current desensitization. Their effects
on 5-HT current were slow, concentration-dependent and the
recovery was incomplete. Desensitization of the 5S-HT current
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Figure 3 Effect of antidepressants on 5-hydroxytryptamine (5-HT)
current desensitization. All currents were induced by 3 um 5-HT. (a)
Concentration-response curves of antidepressants on the reduction of
desensitization time constant. Decreases in desensitization time con-
stant were plotted against concentrations of antidepressants (in pMm).
Each point represents the average data from 3-9 cells. Data were
collected after 5 min application of tested antidepressant. Standard
errors are shown. (A) Imipramine; (O) phenelzine; (@) fluoxetine.
(b) Sample recordings obtained in control (time constant: 1698 ms)
and the presence of 5 uM fluoxetine (amplitude normalized to that of
control, time constant: 355 ms).
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Figure 4 Time course of the effects of antidepressants on 5-
hydroxytryptamine (5-HT) current. Currents were induced by 3 pm
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 um
antidepressants (indicated by a bar) is highly significant (P <0.05-
0.001), n=17; 5, 9 for phenelzine, imipramine and fluoxetine respec-
tively. (a) Effect on peak current: (@) imipramine; (O) phenelzine;
(A) fluoxetine. (b) Effect on current desensitization: (O0) imipramine;
(A) phenelzine; (@) fluoxetine.

is obviously more sensitive to antidepressants than the peak
current. ICs, values of imipramine, fluoxetine and phenelzine
on current desensitization are 0.11 pM, 0.18 uM and 2.4 uM
while those on peak current are 0.54 uM, 1.6 uM and 4.2 pM.
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-B-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 20-80mg and 45-75mg 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 0.042puM to 0.16 uM and a steady-state plasma
concentration of 0.26 to 0.88 uM 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-!
to 300 ng ml~! (0.36 uM to 1.07 uM, Hollister, 1992). There-
fore, the effective concentrations of imipramine and fluoxe-
tine observed in the present study are within their therapeutic
concentrations. The effective plasma concentration of phenel-
zine is not well documented. Usually, desirable inhibition of
monoamine oxidase can be achieved with a daily dosage of
1 mgkg™' (Hollister, 1992) or 7.3uM if it is completely
absorbed, which is close to the ICs, values of phenelzine on
5-HT current (2.4 uM and 4.2 uM). These data suggest that
the 5-HT; receptor is an acting site for the therapeutic use of
antidepressants.

Fluoxetine has been shown to increase the synaptic poten-
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Figure § Effects of antidepressants on 5-hydroxytryptamine (5-HT)
current under different conditions. Currents were induced by 3 um
S-HT. Effects of 1 uM antidepressants were examined with and with-
out intracellular H-7, GDP-B-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-8-S.
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tials mediated by 5-HT; receptors in brain slices (Sugita et
al., 1992), while the present study demonstrates a S5-HT,
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 S5-HT bathing the neurones.
Second, stimulation of presynaptic terminals may activate
both excitatory and inhibitory synaptic transmissions. Flu-
oxetine may inhibit the 5-HT; receptor-mediated excitation
on inhibitory interneurones, block some of the inhibitory
transmissions and therefore increase the excitatory synaptic
potential. Third, 5-HT; receptors may have different pharma-
cological properties in different species and different tissues
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Mepacrine-induced inhibition of the inward current mediated
by 5-HT; 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-HT; receptors (5-hydroxytryptamine (5-HT)-induced current)
was investigated in isolated nodose ganglion neurones of the rat.

2 5-HT and the selective 5-HT; 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 ICs, of 2.1 uM 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-HT; receptor; patch-clamp

Introduction

Mepacrine (quinacrine) is an antimalarial drug (Webster,
1990). It has been widely used as an inhibitor for phos-
pholipase A, 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 Ca?* channel in rat hippocam-
pal cells (Mironov & Lux, 1992). Mepacrine has also been
reported to inhibit Na*/H* exchange (Karmazyn et al.,
1990), Na*/Ca®’* 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-HT,
receptors in rat nodose ganglion neurones and to increase the
rate of current decay. Results presented here also indicate
that inhibition of phospholipase A, may not be involved in
the effect of mepacrine on the 5-HT; 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 (150-300 g) 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 mgml~! trypsin (type III) and
0.125 mg ml~! deoxyribonuclease (type IV) at 35°C for 30 to
45 min, after which soybean trypsin inhibitor (Sigma type IIs,
1 mgml~!') 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 mlmin~'. The
extracellular solution contained (in mMm): NaCl 150, KC15,
CaCl, 2.5, MgCl, 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): KCl 140, MgCl, 2, CaCl, 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 pm) 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 50 pm 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 t s.e.mean. Data
were statistically compared by variance analysis of paired ¢
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.

S5-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-HT; 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-HT;
agonists, 2-methyl-5-HT and m-chlorophenylbiguanide in-
duced a current with similar kinetics (Figure 1a). Mepacrine
reduced the peak current induced by 5-HT in a concentra-
tion-dependent manner (Figure 1b,c). The effect of mepacrine
reached a steady level after 3—-4 min of application. The
concentration-response curve revealed an ICsy of 2.1 uM and
an apparent Hill coefficient of 0.99 (Figure 1c). The effect of
mepacrine was reversible (Figure 1b).

The 5-HT-induced current reverses at around OmV.
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 1 Effect of mepacrine on the inward current mediated by
S-HT; receptors. (a) Inward currents induced by 5-hydroxytryp-
tamine (5-HT), 2-methyl-5-HT (2-Me-5-HT) and m-chlorophenyl-
biguanide (mPBG). Currents induced by 5-HT and 2-Me-5-HT were
from the same cell. (b) Mepacrine inhibited the current induced by
3umMm 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
errors are shown.
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Figure 2 The current-voltage relationship for the S-hydroxytryp-
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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 um 5-HT.
(b) An example of the mepacrine effect on current decay. Amplitude
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Figure 4 Concentration-response curves for 5-hydroxytryptamine
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Mepacrine (5 um) was applied for 3—4 min and then applied together
with 5-HT. Current amplitude was normalized relative to that
induced by 1 uM 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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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 S5-HT-induced
current decay at different mepacrine concentrations.

Figure 4 shows the concentration-response curves with or
without 5 pM 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 1pum 5-HT.
Mepacrine depressed the maximal response without an ap-
parent shift of ECs, values. The ECs, was 2.6 uM in control
conditions and was 3.1 uM 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 (60 uM,
n=1T7) 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 pM) reduced the peak current and time constant of current
decay by 58+ 56% and 43 *2.6% respectively in the
absence of intracellular mepacrine. With 60 uM intracellular
mepacrine, the inhibitions of peak current and time constant
by 5uM extracellular mepacrine were 67 £ 5.5% and 49 +
2.8% respectively (Figure Sb).
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Discussion

The present study demonstrates that micromolar concentra-
tions of mepacrine non-competitively inhibit the inward cur-
rent mediated by 5-HT; receptors with an ICsy of 2.1 pM. 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 Ca’* currents (Mironov &
Lux, 1992; Sargent et al., 1992) and a fast transient outward
K* current (Kehl, 1991), depressed Na*/Ca?* and Na*/H*
exchange (Shepherd et al., 1991; Karmazyn et al., 1990) and
had a cardioprotective effect against ischaemia (Chiariello et
al., 1987; Sargent er al., 1992). All these mepacrine effects
were independent of phospholipase A, activity, although the
effective mepacrine concentration for the inhibition of phos-
pholipase A, 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 A, 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 S-
HT, 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-HT; 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 acetyicholine 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 S-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-HT;
receptors (Fan et al., 1992; Fan & Weight, 1993). Therefore,
for the S-HT; 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-HTj; receptor-mediated ion current in
neuroblastoma NI1E-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 A,
activity.

The author is grateful to Dr J.C. Szerb for reading the manuscript.
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Predominance of endotheliny (ET4) receptors in ovine airway
smooth muscle and their mediation of ET-1-induced

contraction
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1 Autoradiographic studies were conducted to investigate the receptor subtypes for endothelin-1 (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 Ca?* and inositol phosphate
generation in intracellular signal transduction were assessed.

2 Specific ['*I}-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 ET, receptor-
selective antagonist, BQ 123 (1 uM), virtually abolished specific binding to airway smooth muscle.
Quantitative analyses of autoradiographic data describing the time-dependence of specific ['*’I)-ET-1
binding in ovine airway smooth muscle in the presence and absence of BQ 123 or sarafotoxin S6c,
revealed a homogeneous population of ET, receptors. BQ 123 (1 uM) also abolished specific binding to
structures associated with submucosal glands, whereas the ETy receptor selective agonist, sarafotoxin
S6c (100 nM) had little effect on this binding, indicating the predominance of ET, receptors at these
sites. In contrast, ETy receptors predominated in the lamina propria, since sarafotoxin Séc abolished
specific binding in this tissue.

3 High levels of specific ['*I]-ET-1 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 uM; 54%) and sarafotoxin S6¢c (100 nM; 40%), suggesting the co-
existence of both ET, and ET} 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 uM), but was unaffected by sarafotoxin S6c, indicating the presence of only ET,
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 uM). ET-1 also caused concentration-dependent contraction of
ovine lung parenchyma strips. In contrast, the ETp receptor-selective agonists, sarafotoxin Séc and
BQ 3020, were virtually inactive as spasmogens in both tracheal smooth muscle and lung strip prepara-
tions. Thus contraction was mediated by ET, 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-ETp receptors, presumably ET, 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 uM), indicating that cyclo-oxygenase metabolites of arachidonic acid were not involved
in this response. Contraction induced by ET-1 was virtually abolished in Ca?*-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 uM), indicating that a
significant component of this response was mediated via the activation of L-type Ca’* 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 S6¢c 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 ET, receptors which are linked to the influx of
extracellular Ca?*, partly through voltage-dependent channels. ETy 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; ET, receptors; autoradiography

Introduction

It is now established that both ET, and ETj receptors can
mediate endothelin-1 (ET-1)-induced contraction of airway
smooth muscle (Hay, 1992; Henry, 1993). ET-1-induced con-
traction of guinea-pig tracheal smooth muscle (Tschirhart ez
al., 1991; Hay, 1992) is mediated predominantly via ETjy

! Author for correspondence.

receptors, which are selectively stimulated by sarafotoxin S6c
and BQ 3020 (Williams et al., 1991; Ihara er al, 1992b).
ET-1-induced stimulation of these receptors appears to be
linked to the activation of the inositol phosphate cascade
(Hay, 1990), and thus presumably to the mobilization of
intracellular Ca’* stores. In contrast, it has been suggested
that in sheep airways, the ET, receptor subtype predom-
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inates (Araham er al, 1993). This is consistent with data
showing that the ET, 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 ET, receptors linked to inositol phos-
phate generation and ETp receptors which facilitated the
influx of extracellular Ca** (Henry, 1993). In the present
study, we assessed the autoradiographic distribution and den-
sity of both ET, and ETj 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, KCl15.36, NaHCO,;25.0, KH,PO,1.03,
MgSO,.7H,0 0.57, CaClL,.H,02.5 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. 10 mm X 10
mm) from each animal stacked in layers in Macrodex and
frozen as described above. Transverse sections (10 pm) 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

[**I]-ET-1 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 pm) were incubated for
2 X 10 min at 22°C in Tris-HCI 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 pm). For some autoradiographic experiments, tissue sec-
tions were incubated with 0.5 nM ['*I}-ET-1 for 60 min in the
presence and absence of the ET, receptor-selective antago-
nist, BQ 123 (1 uM) or the ETp receptor-selective agonist,
sarafotoxin S6c (100 nM). Non-specific binding was deter-
mined in the combined presence of 1 uM 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 er 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)].
Autc;radiographic densities were expressed as grains 1000
pm™2,

Time course of [**I]-ET-1 binding in tracheal smooth mus-
cle In these experiments, ovine tracheal smooth muscle sec-
tions were incubated with 0.35 nM ['*I}-ET-1 for 10—180 min

in the presence and absence of 1uM BQ 123, or 100 nM
sarafotoxin S6¢c or in the combined presence of 1 uM 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 2ml of Krebs bicarbonate solution of 37°C, bubbled
continuously with 5% CO, in O,. 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 uM and
10 pM 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 ET,
receptor antagonist, BQ 123 (1 uM), or the cyclo-oxygenase
inhibitor, indomethacin (5 pM). 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-1 (1 nM to
300 nM). In some experiments, tracheal responsiveness to
sarafotoxin S6¢c or BQ 3020 was also evaluated (1 nM to
300 nM). In a separate series of experiments, the influence of
the L-type Ca’* channel antagonist nicardipine (1 pM) or
reducing the extracellular Ca?* 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 15min, with Ca’*-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
S6¢-, carbachol- and K*-induced contractions were plotted
as a percentage of the initial contraction induced by 10 uM
carbachol (C,). Agonist potencies were assessed as pD,
values where pD, = — log ECs, and ECs, = the concentration
of agonist producing 50% of the maximal response (Ep,y).

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
2mm 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 S6¢c or BQ 3020 tested. Con-
tractions were assessed as % of the response to 400 um
carbachol (Cg,,). Agonist potencies were assessed as the con-
centration producing 50% of the contraction to 400 uM car-
bachol (95% confidence limits).

[?H ]-inositol phosphate accumulation

Inositol phosphates accumulation in response to ET-1, sara-
fotoxin S6¢c and carbachol were determined as previously
described (Henry et al., 1992). Lengths (approximately 5 cm)



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 37°C and
then incubated with [*H]-myo-inositol (5puCi) in 1ml of
carbogen-aerated Krebs bicarbonate solution for 3 h at 37°C
with gentle shaking. Tissues were washed twice with 5ml
Krebs bicarbonate solution for 15 min to remove excess [*HJ-
myo-inositol and a third time for a further 15min. After
washing, the tissues were incubated for a further 15 min in
1 ml Krebs bicarbonate solution containing SmM LiCl to
inhibit the breakdown of inositol monophosphate to inositol
and thus enhance the accumulation of inositol phosphates.
The tissues were stimulated for 15min by the addition of
20ul ET-1 (10nM to 3 uM) or sarafotoxin S6c (1 nM to
2.5uM) 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
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water (0.5ml) 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 15ml of a buffer containing 5 mm
sodium tetraborate and 60 mM sodium formate. [*H]-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 g17! 2,5-diphenyloxazol (PPO) in Triton X100:toluene,
1:2) and radioactivity counted in a Tricarb liquid scintillation
counter (Packard, Model 1500). Total [*H]-inositol phosphate
accumulation was expressed as d.p.m. mg~! wet wt. tracheal
smooth muscle.

Drugs

Drugs used were: ['*I}]-ET-1 (2000 Ci mmol~!), ET-1, sarafo-
toxin Séc, BQ 3020 ([Ala'"'’JAc-ET-1(6-21)]; Auspep, Mel-
bourne, Australia), carbamylcholine chloride, indomethacin,

Figure 1 (a) Bright-field photomicrograph of a 10 pm 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 ['*’I}-endothelin-1 (['*I]-ET-1). (b) Total ['*I]-ET-1 binding in the section shown in the
light-field photomicrograph. (c—e) Serial sections showing ['*I}-ET-1 binding (c) in the presence of the ET, receptor-selective
antagonist, BQ-123 (1 uM); (d) the ETjy receptor-selective agonist sarafotoxin Séc (100 nM); and (e) in the combined presence of
1uM BQ 123 and 100 nM sarafotoxin S6c (i.e. nonspecific binding). Bar = 200 um.
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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 uM) of ET-1 and sarafotoxin S6¢ were prepared
in 0.1 M acetic acid and dilutions made in 0.9% NaCl solu-
tion (saline). Stock solutions (50 uM) of BQ 3020 were
prepared in 0.1 M ammonium chloride. BQ-123 and indo-
methacin were prepared in 100 mM Na,CO; 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 ¢-statistic
(Wallenstein et al., 1980) or by Student’s unpaired ¢ 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 ['*I]-ET-
1 (0.5 nM; 60 min) in a transverse frozen section (10 um) of
sheep trachea is shown in Figure 1b. 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 ET, receptor antagonist
BQ 123 (1 pM), reduced the density of specific autoradiog-
raphic grains over airway smooth muscle and submucosal
glands to levels similar to non-specific binding (Figure 1c),
indicating that only ET,-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 ETj-selective agonist sarafotoxin Séc
(100 nM, Figure 1d), 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 ET, and ETj binding sites in sheep tracheal smooth
muscle, it was necessary to determine the binding maximum
(Buay) for all specific binding in sheep tracheal smooth mus-
cle, as well as the binding maxima for these separate binding
site populations. Since [*IJ-ET-1 binds irreversibly to its
specific sites (Marsault ez 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 ['*I]-ET-1 binding in the presence and
absence of receptor subtype-selective binding inhibitors which
are described by the relationship

Bt =B, (1-e~™L),

where Bt is the specific binding at time #, k, is association
rate constant and L is the ligand concentration.

Results show that specific ["**I}-ET-1 (0.35nM) 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 uM), but was unaffected by
sarafotoxin S6c (100 nM), consistent with the presence of
only ET, sites in airway smooth muscle (Figure 1b).
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Figure 2 (a) Time-dependence of ['*I]-endothelin-1 (['*I]-ET-1,
0.35nM) binding in 10 um transverse frozen sections of slide-
mounted ovine tracheal smooth muscle. Total (0O), specific (@) and
non-specific binding (O) is shown. Non-specific binding was assessed
in the combined presence of 1 uM BQ 123 and 100 nM sarafotoxin
Sé6c. (b) Specific ['*I}-ET-1 binding (®) assessed in the presence of
1uM BQ 123 (M) (i.e. binding to ETjy sites) or 100 nM sarafotoxin
S6c (O) (i.e. binding to ET, 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 ['*IJ-ET-1 (0.5 nM,
60 min) binding in a frozen section (10 um) 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 pum~2) was markedly reduced over alveolar wall tissue,
but not abolished in the presence of the ET,-selective
antagonist, BQ 123 (1 pM; 107 £ 8 grains 1000 pm~%; 53.5%
inhibition) alone (Figure 3c), or the ETj-selective agonist,
sarafotoxin S6c (100 nM; 139 + 8 grains 1000 um-2% 39.6%
inhibition) alone (Figure 3d). However, binding was reduced
to levels approaching background in the combined presence
of 1uM BQ 123 and 100nM sarafotoxin S6¢ (non-speci-
fic=8+ 7 grains 1000 um-% 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 uMm) only (Figure 3c), but was not
markedly altered by 100 nM sarafotoxin S6¢c (Figure 3d).

Functional studies

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



ENDOTHELIN RECEPTORS IN OVINE TRACHEA 753

Figure 3 (a) Bright-field photomicrograph of a 10 um 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 ['#I]-endothelin-1 (('*I]-ET-1, 0.5 nM, 60 min). (b) Total ['*I]-ET-1 binding in the section shown in the light-field photomic-
rograph. (c—e) Serial sections showing ['*I}-ET-1 binding in the presence of (c) the ET, receptor-selective antagonist BQ 123
(1 uM); (d) the ETy receptor-selective agonist sarafotoxin Sé6¢c (100 nM); and (e) in the combined presence of 1um BQ 123 and

100 nM sarafotoxin S6c (i.e. non-specific binding). Bar = 200 pm.

in Figures 4,5 and 6). In contrast, neither of the ETy
receptor-selective agonists, sarafotoxin S6c (Figure 4) or
BQ 3020 (data not shown) were active as contractile agonists
to any significant extent. The ET, receptor-selective antago-
nist, BQ 123 (1 uM) shifted the concentration-effect curve to
ET-1 to the right by 5.4 fold (apparent pKp = 6.7), but did
not alter tracheal responsiveness to carbachol (Figure 5).
Contractions to K* and ET-1 were virtually abolished in
Ca’*-free medium (Figure 6a and b). Under similar condi-
tions, carbachol potency was reduced by less than 2 fold
(P>0.05), although E,,, was reduced by 50% (P<<0.001)
(control n =7, test n = 6; data not shown). Furthermore, the
voltage-dependent Ca’* channel antagonist, nicardipine (1
puM), markedly attenuated responses to K* and reduced E,,
for ET-1 by approximately 45% from 76 * 8% (n=8) to
42+ 7% (n=238) of the E,,, to carbachol (P<<0.01) (Figure
6¢ and d), whereas carbachol potency was only reduced by
approximately 2 fold (P<<0.05) and E,,, remained unaffec-
ted (P>0.1) (control n= S5, test n = 6; data not shown). In
contrast, indomethacin (5puM) failed to alter significantly

either the pD; or E,, 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 Séc (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 (Cpa; 95% confidence limits, CL). ET-1 was ap-
proximately 180 times more potent than carbachol (50% Cpax
carbachol =26.1 (CL: 15.8-42.7)uM (n=4); ET-1=148
(CL: 90-230)mM (n = 4).

[?H ]-inositol phosphate generation

Carbachol caused significant concentration-dependent, increa-
ses in the accumulation of total [*H]-inositol phosphates
([*H)-InsPs) above basal levels in ovine tracheal smooth mus-
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cle (Figure 8; pD, carbachol = 6.02 + 0.18; E,,, =150t 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 [PH]-InsPs accumulated in
response to ET-1 was less than 20% of that to carbachol
(P<0.05), while the ETg receptor-selective agonist, sarafo-
toxin S6¢ was inactive at all concentrations tested (Figure 8).

Discussion

This study has clearly demonstrated that ET, receptors
predominate in ovine tracheal smooth muscle and mediate
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Figure 5 Cumulative concentration-effect curves to (a) endothelin-1
(ET-1) and (b) carbachol for contraction in ovine tracheal smooth
muscle preparations in the absence (O) or presence (@) of the ET,
receptor-selective antagonist, BQ 123 (1 um). Four preparations were
derived from each of three animals. Data are presented as mean +
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contraction in response to ET-1. The primary evidence in
support of this contention includes the fact that specific
['*I]-ET-1 binding in tracheal smooth muscle was abolished
in the presence of the ET, receptor-selective antagonist,
BQ 123 (1 uM). Quantitative autoradiographic data produced
in the presence and absence of ET, and ETg receptor-
selective ligands, also showed that all of the specific binding
to airway smooth muscle cells could be accounted for as
binding to ET, receptors. In addition, ET-1-induced contrac-
tion of this tissue was significantly inhibited in the presence
of BQ 123. The apparent pKjp 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 pA, value of 6.9 in rat thoracic aorta
(Sumner et al., 1992). Furthermore, the ETg receptor-
selective agonists, sarafotoxin S6¢ (Williams et al., 1991) and
BQ 3020 (Thara er 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 ET,
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 ETg receptors (Hay, 1992),
although evidence for multiple receptor subtypes in this tissue
has been reported (Tschirhart ez al., 1991). Furthermore, ETy
receptors were also primarily responsible for mediating ET-1-
induced contraction in human bronchus (Hay et al., 1993).
However, in rat trachea, both ET, and ETg receptors co-
existed in approximately equal proportions and mediated
responses which made approximately equivalent contribu-
tions to ET-l-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 ET, receptors was linked to the
phosphoinositide generating pathway, whereas ETy receptors
were linked to the influx of extracellular Ca>* via non L-type
Ca?* channels (Henry, 1993). In contrast, in the present
study, ET-1-induced contraction was completely dependent
upon extracellular Ca?* influx and this response was only
partially associated with voltage-dependent L-type Ca?*
channels. Furthermore, the dependence on extracellular Ca®*
influx of ET-1-induced contraction mediated via ET, recep-
tors is consistent with the trivial increases in intracellular
inositol phosphate accumulation observed in response to this
peptide and to sarafotoxin Séc.

Autoradiographic data showed that a homogeneous popu-
lation of ET, 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, ET receptors were
detected in the tracheal wall in association with submucosal
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The density of these sites was also greater than that for ET,
receptors in airway smooth muscle. While the cell type
associated with these sites could not be accurately resolved,
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likely location of these receptors, since it is established that
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al., 1991; Hirata et al., 1993).
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and was thus defined as ET, receptor-associated. As observ-
ed in the trachea, the ETjy receptor-selective agonist sarafo-
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In conclusion, this study has demonstrated that although
both ET, and ETjp receptors exist in the ovine respiratory
tract, it is the ET, 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 ETy 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

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

Institut fiir Pharmakologie, Universitdt Koln, Gleuelerstr. 24, 50931 Kéln, 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 cmH,0, Tyrode solution,
Ca?* 1.8 mmol1-!, 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~'° M), showed a higher inotropic and coronary vasodilator potency for levosimendan
(ECs: 7% 10-"M) compared to milrinone (ECs: 7.7 X 10-°M) or amrinone (ECs: 2 X 1073 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~° M) or levosimendan (5 X 10~® 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 ez 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;
Holmberg 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~% M) (Haikala et al.,
1992a). In comparison, milrinone had no effect on the skin-
ned fibres up to 10~*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 er al., 1992b). Moreover, an inhibitory
action on the voltage-sensitive Ca?* current may explain the
antiarthythmic 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
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et al., 1993d) and perfused according to Langendorff
(Langendorff, 1895) at a constant pressure of 70 cmH,O with
Tyrode solution equilibrated with 95% O, and 5% CO, at
37°C. The Tyrode solution had the following millimolar com-
position: Na* 161, K* 5.36, Ca?* 1.8, Mg?* 1.05, Cl- 148,
HCO;~ 23.8, H,PO,~ 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 (100J in 120 ps,
model Strobe 1001 S.O. 1, Drello), the light filtered through
an excitation filter (UGI1, 0.5mm, 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
beats min~!, every 10 min from 180 beats min~! 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~!° M was added to the perfusion
buffer to provide a B-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~°*M, n=5) or levosimen-
dan-treatment (5 X 10-% 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=15).

Epicardial NADH-fluorescence photographs were taken at
t = 30 min, before starting the treatment, as well as at ¢ = 40,
60, 90 and 120 min. The NADH-fluorescence area after an
ils(c):(l;;emic period of 30 min was taken as a reference and set

0.

Materials

The following substances were used: Amrinone (Sigma, St
Louis, U.S.A.), milrinone (Sanofi-Winthrop, Miinchen, Ger-
many), levosimendan ((—)-OR-125) ((R)-(-)-[[4-(1,4,5,6-tet-
rahydro-4- 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 X 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
ECs, values (Hafner ef al., 1977). Statistical significance was
evaluated at 95% confidence limits by one way or two way
ANOVA and Scheffée test.

Results

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

Accelerating the pacing-rate from 180 min~! up to 300 min~'
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-'°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).



ANTI-ISCHAEMIC EFFECTS OF PDE INHIBITORS 759

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-")
Amrinone 11712
Milrinone 134+ 13
Levosimendan 136 £ 5

LVP (mmHg) CF (ml min~")
6218 18£3
593 1812
616 211

There was no significant difference between the three groups (2>>0.05).

Table 2 ECs, values (moll-') for the chronotropic, inotropic and coronary vasodilator activity of amrinone, milrinone and

levosimendan
Chronotropy Inotropy Coronary dilatation
Amrinone - 2x 103 9.1 x 10-¢
Milrinone - 7.7 %10 3x10-¢
Levosimendan 2.3x 107 7 % 10-7 49 x 1077
100 1
80 1
80 4
60 1
60 4
40- o
201 201
01 04
-20 . v . T r . -20 v v y
-9 -8 -7 -6 -5 -4 -3 -9 -8 -7 -6 -5 -4 -3
log C (m) log C (m)

Figure 1 Cumulative concentration-response curves for the chrono-
tropic effects of amrinone (@, n=7), milrinone (M, n=6) or
levosimendan (A, n = 6) in the presence of isoprenaline (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-(11 £ 3) and levosimendan-(12
3) treated hearts. In control hearts, myocardial ischaemia
remained unchanged over the experimental time (P>>0.05)

Figure 2 Cumulative concentration-response curves for the ino-
tropic effects of amrinone (@, n=7), milrinone (M, n=6) or
levosimendan (A, n = 6) in the presence of isoprenaline (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.c.mean.

120 1

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 (M,
n=6) or levosimendan (A, n=6) in the presence of isoprenaline
(10-°Mm) 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).
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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 30 min, before starting the inotropic treatment

HR (min~")
Time (min) 0 30
Controls 2028
Milrinone 194t 5
Levosimendan 207 £ 10

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

A%

0 50 100
Time (min)

Figure 4 Time course of the relative changes of the coronary flow
(CF) over the experimental time: (@) controls (n = 5); () milrinone
10-°>M (n=5); (A) levosimendan 5 X 10=5M (n=6). The actual
values at ¢ =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 ¢ =40 and 60 min (P <<0.05).

50
30 |
xX J
°4 10
4
_10 - /1
-30 T v
0 50 100
Time (min)

Figure 5 Time course of the relative changes of the left ventricular
pressure (LVP) over the experimental time: (@) controls (n = 5); ()
milrinone 10~°>M (n=5); (A) levosimendan 5 X 10-M (n = 6). The
actual values at ¢ = 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

LVP (mmHg) CF (mlmin~")
0 30 0 30
724 616 25+3 183
65+ 5 535 24+3 183
68+ 4 48*6 24+3 14+2
+20 40 min 60 min 90 min 120 min
0
PSS
<
-20
*
* * *
—40 * *

*

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.

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 Ca’?* current (Raasmaja et al.,
1992), counteracting the chronotropic and inotropic effects of
PDE-inhibition at higher concentrations. A decrease of the
voltage-sensitive Ca?* current in guinea-pig cardiomyocytes
has been described for simendan at a concentration of
10~%M, whereas twitch tension enhancement in guinea-pig
papillary muscle shows an ECs, of 0.2 X 10~ 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



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
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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 10 nM—1 pM.

3 Atropine (0.1 uM) and tetrodotoxin (TTX: 0.3 uM) significantly reduced both phases of the 5-HT
curve. Morphine (10 pM), 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-HT,, receptor antagonist, ketanserin (0.01, 0.1 uM) 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-HT,,) antagonist, methiothepin (0.1 uM) mimicked the action of
ketanserin, albeit with less potency. Concomitant administration of ketanserin and methiothepin (each
at 0.1 uM) produced an antagonism similar to that caused by ketanserin (0.1 uM) alone.

5 The 5-HT; receptor antagonists, ondansetron (0.1 M) and granisetron (0.01 uMm) slightly but
significantly inhibited the first phase of the S-HT curve without altering the second phase. SDZ 205,557
(0.3 uM), a 5-HT, receptor antagonist, was ineffective.

6 Our results suggest that neural 5-HT,, and, to a lesser extent, 5-HT; receptor subtypes mediate the
first phase of the 5-HT curve in the guinea-pig trachea. The second phase is mediated by 5-HT,,
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 S-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-HT, 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 S5-HT response
have not as yet been characterized in guinea-pig isolated
preparations, results from in vivo experiments indicate that
5-HT, 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-HT; and
5-HT, 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 CO, 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-
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ed in a 10 ml organ bath containing Krebs-Henseleit solution
(composition in mM: NaCl 118, KC15.6, CaCl,:2H,0 2.5,
MgSO,-7H,0 1.19, NaH,PO, 1.3, NaHCO; 25, glucose 10),
maintained at 37°C and gassed with a mixture of 95% O,
and 5% CO, (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-HT,, receptor antagonist (Humphrey et al.,
1993), methiothepin, a 5-HT,/5-HT,s receptor antagonist
(Humphrey et al., 1993), granisetron and ondansetron, selec-
tive 5-HT; receptor antagonists (Richardson et al., 1985;
Sanger & Nelson, 1989) and SDZ 205,557, a 5-HT, receptor
antagonist (Buchheit es 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 S-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 uation of the form; Effect=E_ , /1 +
gl = 2303 slope - (loglAl- loglA%) where: Epyimum = Maximum response;
[A] = molar agonist concentration; [As] = 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 max,,
respectively. Potency values were expressed as — log EC, and
— log EG, 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

S-Hydroxytryptamine hydrochloride, reserpine, tetrodotoxin
and atropine sulphate were obtained from Sigma; ketanserin
tartrate and methiothepin mesylate from RBI; granisetron
(BRL 43694: endo-N-(9-methyl-9-azabicyclo 3.3.1 non-3-yl)-
1-methyl-1H-indazole-3-carboxamide hydrochloride) and on-
dansetron (GR 38032F: 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 of 5-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—1 pM. The mean maximum response of the first
phase (max,) was 31.0£2.5% of the total response while
that of the second phase (max,) was 98.0 £ 0.2%. The mean

100 +

40 1

% maximum of first response

0 9 -8 -1 -6 -5

S22 -1
log 5-HT (m)

Figure 1 Concentration-response curves to 5-hydroxytryptamine (5-
HT) obtained in the guinea-pig isolated trachea. (O) 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.



potency values were 9.9 £ 0.07 for the first phase (— log EC))
and 6.7 £0.03 for the second phase (— log EC,).

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 S5-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 max,
82.0 + 2.8%; — log EC, 9.9+ 0.05 and — log EC, 6.7 £ 0.03.
While max; and max, 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,, 9.710.09;
—log EC,, 6.8+0.04) and maximum contractility (max,
33.0 £ 3.0%; max,, 99.0 £ 1.0%) values obtained in tissues
from reserpinized animals were not different from those
obtained in tissues of untreated animals.

Effects of 5-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

120}
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Figure 2  Concentration-response curves to S5-HT obtained in
guinea-pig tracheal strips in the absence (O) or presence of 10 um
cocaine (@). Results are mean * s.e.mean; n=4.
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Figure 3 5-HT concentration-response curves obtained in guinea-pig
tracheal strips in the absence (O) or presence of 0.1 uM atropine
(@). 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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the preparation. Cocaine (10 uM) did not affect the sensitivity
of trachea to 5-HT (Figure 2). In the presence of atropine
(0.1 uM), both phases of the 5-HT curve were greatly
inhibited (Figure 3). Like atropine, TTX (0.3 uM) 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 max, reduced to
53.2110.1% (Figure 4). Morphine (10 uM) 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 pM) 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
(max,: 66.7 + 13.3%). A higher concentration of ketanserin
(0.1 pM) 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 (max,: 50.8 %
11.2%) (Figure 6a). Methiothepin (0.1 uM) 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 (0.1 uM) and methio-
thepin (0.1 uM) 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 (O) or presence of 0.3 uM tetrodotoxin
(TTX) (@). 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 § 5-HT concentration-response curves obtained in guinea-pig
tracheal strips in the absence ((gf or presence of 10 uM morphine
(@). 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 (@) and 0.1 pMm (A) ketanserin (a), 0.1 um
(®) methiothepin (b), and a combination of ketanserin and
methiothepin (each at 0.1 um: @) (c) on the concentration-response
curves to 5-HT (control: O). 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 ¢ test). The antagonism caused by
0.1 uM 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 uM) alone
(Figure 6c). The comparison of the 5-HT curve in the
presence of 0.1 uM ketanserin with those obtained in the
presence of methiothepin (0.1 uM) or of a combination of
both antagonists reévealed 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 uM) 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 uM)
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Figure 7  Effect of 0.01 um (@) granisetron (a) and 0.1 um (@)
ondansetron (b) on the concentration-response curves to 5-HT
obtained in guinea-pig tracheal strips (control: O). Results are
mean * s.e.mean; n=4-8. *P<<0.05.
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Figure 8 Effect of 0.3 uM SDZ 205,557 (@) on the concentration-
response curve to 5-HT obtained in guinea-pig tracheal strips (con-
trol: O). Results are mean * s.ec.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 uM) 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 S5-HT in contracting the
guinea-pig isolated trachea is biphasic in nature.



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 (32°C) 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 5S-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 er al., 1984) via receptor-mediated mechanisms (e.g.
5-HT; 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 5S-HT
in the guinea-pig airways have been previously reported both
in vitro (McCaig, 1986; Baumgartner e? 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 S-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-HT,, receptors. These find-
ings support the concept that 5-HT,, 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-HT, 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-HT,
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,
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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 S5-HT increased with increasing antagonist concen-
trations. The same pattern of antagonism was obtained with
ritanserin, another competitive 5-HT,, receptor antagonist
(Watts & Cohen, 1992). In addition to 5-HT,, receptor
antagonist properties, ketanserin also displays antagonism at
5-HT,c-receptors (Humphrey et al., 1993), although with 100
fold lower affinity (Hoyer, 1989). The involvement of 5-HTyc
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 S-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-HT,,
receptors. Methiothepin, which is generally employed as a
S-HT, antagonist, has an affinity value for brain 5-HT,,
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 pM), which is in the
range of the affinity of methiothepin for the 5-HT, receptors,
the possibility exists that methiothepin also interacts with
5-HT,a receptors. The observation that ketanserin (0.1 pM)
or a combination of ketanserin and methiothepin (each at
0.1 uM) antagonized 5-HT responses to a similar extent, sug-
gests the involvement of 5-HT,, 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-HT; 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-HT; 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-HT; receptors (Fozard et al., 1979) is difficult to
explain, but might reflect 5-HT; receptors heterogeneity
(Richardson & Engel, 1986). In this respect, the potent
cocaine derivative antagonist, MDL 72222, was found to
antagonize central but not peripheral S5-HT; 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-HT; receptors is in the micromolar range of concentrations
(Eglen et al., 1990). In our experiments, the failure of 5-HT,
receptor blockade to affect the second phase of 5-HT curve is
in agreement with the results of Kameda ez al. (1988) and
Baumgartner et al. (1990), who found that the 5-HT,/5-HT,
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-HT; 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-HT, receptors to the excitatory action of S-HT. The 5-HT,
receptor antagonist SDZ 205,557 (Buchheit et al., 1992), at a
concentration not interfering with 5-HT; receptors in guinea-
pig peripheral tissues (Eglen et al., 1993), was ineffective on
the 5-HT curve, indicating that 5-HT, 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-HT,s» receptor. The slight antagonism caused by
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ondansetron and granisetron on this phase, might suggest a
minor contribution of 5-HT; receptors. The second phase of
the 5-HT response is mediated by direct and indirect
mechanisms, involving both neural and smooth muscle 5-
HT,s receptors (Macquin-Mavier et al, 1991; Watts &
Cohen, 1993; and present results). However, an unequivocal
receptor classification awaits the development of truly selec-
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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 a;-adrenoceptor agonist, ST 587 but not the peripherally working a,-agonist, methoxamine,
decreased the effect of clozapine on the hindlimb retraction time. The «,-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 a,-adrenoceptor agonist, clonidine, decreased the effect of clozapine on the hindlimb retraction
time. This effect was neither antagonized by the aj-antagonist rauwolscine nor by the a;-antagonist
phenoxybenzamine. Rauwolscine or the peripherally working a,-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 B,-adrenoceptor agonist, clenbuterol, which was ineffective, the peripherally acting
B-agonist, (—)-isoprenaline, increased the effects of clozapine on the hindlimb retraction time. The
B-antagonist, (—)-propranolol as well as the peripherally acting B-antagonist, nadolol decreased this
effect of clozapine. Low doses of the peripherally acting B,-antagonist, atenolol, as well as low doses of
the B,-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 a,-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 B,- and/or B,-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.

© Macmillan Press Ltd, 1994
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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 D, 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 D, receptor
than most neuroleptics (Richelson & Nelson, 1984; Ander-
son, 1988; Farde & Nordstrom, 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 «;- as well as oy-
adrenoceptor antagonist properties (Hall ez 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 ;- and
ar-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 B-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 ez
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 10h
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 £ = 0 min. In the case of two injec-
tions, the first injection (an adrenoceptor antagonist) was given
at t= — 10min and the second (clozapine) at ¢= 0 min.
When a (putative) adrenoceptor antagonist was combined
with its agonist, the two drugs were administered as a cock-
tail at 7= — 10. The injection volume was always 1 ml kg~!,
except for phenoxybenzamine dissolved in propylene glycol
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(0.5mlkg™"). All drugs were dissolved in distilled water,
except for clozapine to which a drop of HCl 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 1s
and a maximum time of 60 s. Since only robust effects are
considered to be important, the window (1 to 60s) 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 a-agonist ST 587
(2-(2-chloro-5-trifluoromethyl-phenyl  imino)imidazolidine;
Boehringer Ingelheim, Germany), the peripherally working
a;-agonist, methoxamine HCl (Wellcome, U.S.A.), the a;-
antagonist, phenoxybenzamine HCl (SK&F, U.S.A.), the
a,-agonist, clonidine HCI (Boehringer Ingelheim, The Nether-
lands), the a,-antagonist rauwolscine HCI (Carl Roth, Ger-
many), the peripherally working aj,-antagonist L 659,066
((2R-trans)-N-(2-(1,3,4,6,7,12b-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
B,-agonist clenbuterol HCl (Sigma, The Netherlands), the
peripherally working B-agonist, (—)-isoprenaline HCI (Sigma,
U.S.A), the B-antagonist, (—)-propranolol HCl (RBI,
U.S.A)), the peripherally working B-antagonist, nadolol
(Sigma, St. Louis, U.S.A.), the peripherally working B;-
antagonist (1 )-atenolol (RBI, U.S.A.) and the B,-antagonist,
ICI-118,551 (erythro-DL-1-(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 mgkg™?), L 659,066 (5 mgkg™"),
(- )-isoprenaline (5 mgkg~"), (—)-propranolol (10 mgkg™"),
nadolol (10 mg kg~'), atenolol (1 mgkg~") and ICI-118,551
(1mgkg~") did not significantly influence HRT or FRT
compared with controls (distilled water, median values: HRT
1.1s; FRT: 1.0s). Methoxamine (10mgkg~!) 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 mgkg~') induced a HRT of 22.0s
(median value)], the highest dose used in this study was

limited to 0.1 mgkg~', a dose that was without significant
effects.

Effects of clozapine alone

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

Effects of a,-selective drugs on clozapine

ST 587 (0.25—-1mgkg~"') 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
a,-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 (15mgkg-") 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 phenoxybenzamine (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.

o [T

* %
B 40 l T T
(V]
T7
20 l
10 -
0= 0.03 0.1 - 1 2 5
Clonidine Rauwolscine
Clozapine 20 Clozapine 15

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.



The FRT was not affected by any of the combinations,
apart from the combination of phenoxybenzamine (10 mg
kg~!) 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 a,-selective drugs on clozapine

Clonidine (0.03-0.1 mgkg~!) significantly decreased the
effect of clozapine (20 mgkg~') 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~'; Figure 2), as well as L-659,066 (5mgkg~!; HRT,
median value: 35.8), did not influence the effect of clozapine
(15mg kg~') on the HRT. The inhibitory effect of clonidine
(0.1mgkg™") on clozapine (20mgkg=') could not be
antagonized by relatively high doses (see Discussion) of
rauwolscine (1 mgkg~') or phenoxybenzamine (1 mgkg™!;
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 mgkg~') 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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Effects of B-selective drugs on clozapine

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

The FRT was not affected, apart from the combination of
clenbuterol (10 mg kg=') and clozapine (15 mgkg~'), which
produced a significant increase in the FRT (median value:
15.7 s) compared with clozapine alone (median value: 1.0s).

Discussion

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

In line with earlier findings, clozapine (15-20mgkg")
enhanced the hindlimb retraction time (HRT) in the paw test.
The a-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 a,- over a,-adrenoceptor
stimulation (De Jonge ez al., 1981); (2) the effect of ST 587
could be attenuated by a dose of the a;-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 o,;-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 «,-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 (10 mg kg~"). Thus, the attenuation of the
effects of clozapine by a,-adrenoceptor stimulation did not
seem to involve peripheral a -adrenoceptors. Therefore, it is
concluded that central a;-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; 1P <0.05, compared
with the combination of (- )-isoprenaline (5 mg kg~') and clozapine.
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Figure 6 All groups received 20 mg kg~' clozapine. The effect of
atenolol and ICI-118,551 on the hindlimb retraction time (HRT)
induced by clozapine is shown. The doses used (in mgkg~') 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 a,-adrenoceptors (Hall e al., 1986; Mennon et al.,
1988) strongly suggest that blockade of central a,-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 er
al., 1987; Ellenbroek & Cools, 1988; Ellenbroek, 1993), the
present study implies that inhibition of central a;-adreno-
ceptors is important for the antipsychotic effects of clozapine.
On the other hand, a high dose of phenoxybenzamine alone
(10mgkg~!) did not increase the HRT, suggesting that
blockade of a;-adrenoceptors alone is not enough to produce
such an effect. Indeed, recent studies have shown that the
5-hydroxytryptamine 5-HT, receptor antagonist properties
(Ellenbroek et al., 1994) as well as the dopamine D, receptor
antagonist properties, but not the dopamine D, 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-HT, receptors, dopamine D, receptors and a;-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, ST 587 did not induce an increase in FRT,
indicating that the a,-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 «,-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 a,-adrenoceptors in the effects of clozapine

As mentioned, clozapine enhanced the HRT in the paw test.
The higher dose of clonidine (0.1 mgkg~') 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 a,-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 a,-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 a;-adrenoceptor properties. However, until more is known
about the pharmacology of the many different «;- and «,-
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 «;- and a,-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 a,-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 o,-antagonist properties of
clozapine do not play a role in its lack of extrapyramidal
side-effects.

The role of B-adrenoceptors in the effects of clozapine

The peripherally acting B-agonist, (— )-isoprenaline, increased
the effect of clozapine on the HRT, which could be
attenuated by an ineffective dose of the peripherally acting
B-antagonist, nadolol (1 mgkg~'). Moreover, when given
alone, higher doses of nadolol decreased the effects of
clozapine. Together, these data imply that peripheral B-
adrenoceptors modulate the effect of clozapine on the HRT.
The decrease in the effect of clozapine on the HRT by
B-adrenoceptor blockade seems to be mediated via B;- as well
as P,-adrenoceptors, since atenolol and ICI-118,551 were
both effective in doses that are receptor-specific (Bilsky ez al.,
1983). The significant effect of a low dose of atenolol
(0.1 mgkg™') furthermore underlines the involvement of
peripheral receptors. The B,-agonist, clenbuterol, had no
effect on clozapine, in contrast with (—)-isoprenaline. This
was especially surprising since selective p,-adrenoceptor
blockade did affect clozapine (see above). These data may
indicate that stimulation of B,-adrenoceptors, as opposed to
non-selective B-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
Bi-antagonist properties (Ordway et al., 1987). Since a ;-
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 B,- and
B,-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 B,-adrenoceptors may
be involved in this increase in FRT.

Since clozapine has a very low affinity for -adrenoceptors
(Hall et al., 1986), it becomes difficult to ascribe the effects of
peripheral B-adrenoceptor agents on the clozapine-induced
increase of HRT to clozapine’s ability to interact with B-
adrenoceptors. While the precise mechanisms of action by
which peripheral p-adrenoceptors might modulate the effects
of clozapine are unknown, we can exclude the following
ones. First, the effects of the B-ligands do not seem to be
mediated by a change in the pharmacokinetics of clozapine.



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 B-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 B,-adrenoceptors (Buckenmeyer et al., 1990):
for, both B,- and B,-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 B-adrenoceptors modulate the effects of clozapine
is necessary.

Summary

The present study shows that central «,-adrenoceptor
stimulation decreases the effects of clozapine on the hindlimb
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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
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1 Brain capillary endothelial cells responded to 2-methylthio-ATP (2MeSATP) by large increases in
[Ca?*]; (ECs, = 27 nM) that were partially dependent on the presence of extracellular Ca?* and that were
not associated with a measurable production of inositol phosphates.

2 2-chloro-ATP (2CIATP) raised [Ca’*]; in a biphasic manner. At low concentrations, intracellular
Ca?* mobilization was not associated with a measurable production of inositol phosphates. At concent-
rations > 30 uM, 2CIATP activated phospholipase C.

3 The actions of 2CIATP, 2MeSATP and ADP on [Ca?*}; were additive to those of ATP and UTP.
Non-additive actions of 2MeSATP and of low concentrations of ADP or of 2CIATP were observed.
4 Cross desensitizations of the actions of ADP, 2MeSATP and 2CIATP were observed. None of them
desensitized cells to the action of ATP.

§ It is concluded that 2MeSATP and low concentrations of 2CIATP and ADP induce intracellular
Ca?* mobilization by acting via an atypical P,, purinoceptor that is not coupled to phospholipase C. At
high concentrations, 2CIATP also activates phospholipase C and further increases [Ca?*]; probably by

acting on P,, purinoceptors.

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

Introduction

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 P, purinoceptors
(Burnstock & Kennedy, 1985; Gordon, 1986). P,, receptors
are receptor operated channels that are mainly found in
vascular smooth muscle cells. P,, 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. P, receptors
are adenosine 5’ diphosphate (ADP)-specific receptors of
platelets. P,, 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 P,, receptors recognize ATP and uridine 5
triphosphate (UTP) and couple to phospholipase C (O’Con-
nor et al., 1991). The structures of P,, and P,, 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 P,,-like receptor coupled to phospholipase
C and (ii) an ADP-specific receptor the occupancy of which
induced a mobilization of intracellular Ca?* stores without
activation of phospholipase C (Frelin et al., 1993). In this
paper we analyze the actions of 2MeSATP and 2-chloro-ATP
(2CIATP) on BCEC. 2MeSATP is a well known agonist of
P,, receptors in aortic endothelial cells (Motte et al., 1993;
Wilkinson et al., 1993). 2CIATP and 2MeSATP are antag-
onists of ADP responses mediated by P, receptors in
platelets (Cusack & Hourani, 1982; Hall & Hourani, 1993).
2CIATP is also a potent P,, agonist (Needham et al., 1987).

! Author for correspondence.

Methods

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
100 pg ml~' streptomycin. For intracellular Ca?* measure-
ments, cells were loaded with 5puM indo-1/AM for 2h in
complete culture medium at 37°C. After dissociation from the
culture dishes, cells were centrifuged at low speed and
suspended into an Earle’s salt solution (composition, mM:
NaCl 140, KCl1 5, CaCl, 1.8, MgS0O, 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-1
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 Ca?* 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-1 fluorescence ratio of
1000 cells, sampled during 1.5s, 20 s after the addition of
agonists were collected and the mean ratio computed. Each
experiment was repeated at least three times. Low [Ca?*]
(50 nM) solutions were prepared using 0.5mM CaCl, and
1.2mM ethyleneglycol bis-(B-aminoethyl ether)-N,N,N',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 pCiml~! of myo-[2-*H]-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 110 mM
NaCl, 40 mM LiCl modified Earle’s salt solution. After 5 min
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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-1/AM was from Calbiochem. Endothelin-
1 was from Neosystems (Strasbourg, France). myo-[2-°H]
inositol (19 Ci mmol~!) was from Amersham.

Results

Figure la shows that the addition of 1uM 2MeSATP to
BCEC increased [Ca?*]; in a manner partially dependent on
the presence of external Ca’*. The dose-response curve for
the action of 2MeSATP on [Ca?*]; is presented in Figure 1b.
It was monophasic with an ECs, value of 27 + 4 nM. Figure
2a shows that like 2MeSATP, 2CIATP raised [Ca’*], in a
manner partially dependent on the presence of external Ca?*.
The dose-response curve for 2CIATP action on [Ca?']; is
shown in Figure 2b. It extended over at least five orders of
magnitude and showed a marked shoulder at 3 to 10 uM.
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 1 The action of 2-methylthio-ATP (2MeSATP) on [Ca?*];:
(a) Changes in indo-1 fluorescence ratio observed after the addition
of 1 uM 2MeSATP. Experiments were performed in the presence of
1.8 mM Ca?* (@) or of 50 nm Ca?* (O). (b) Dose-response curve for
the action of 2MeSATP on [Ca’*}. 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.

Similarly, 2CIATP had no action up to concentrations of
10 puM. At higher concentrations, 2CIATP increased InsP pro-
duction up to 1.8 fold. Under the same conditions ATP
(30 pM) and endothelin-1 (100 nM) increased InsP production
2 and 2.6 fold (Figure 3). An obvious possibility for these
results is that 2CIATP had two distinct actions on BCEC. At
low concentrations it increased [Ca?*]; in the absence of
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Figure 2 The action of 2-chloro-ATP (2CIATP) on [Ca’*];: (a)
Changes in indo-1 fluorescence ratio observed after the addition of
1puMm 2CIATP. Experiments were performed in the presence of
1.8 mMm Ca?* (@) or of 50 nm Ca?* (O). (b) Dose-response curve for
the action of 2CIATP on [Ca?*}. Mean indo-1 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 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 (O) and the production of total InsP
was measured as described in Methods. The figure also shows for
comparison the effects of 100 nM endothelin-1 (ET-1) and of 30 um
ATP in the same cells. Means £ s.e. (n=28) are shown. It was
checked that the clones used in these experiments responded to low
conzoentrations of 2MeSATP and 2CIATP by large changes in
[Ca**).
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measurable InsP production. At high concentrations (> 30
pM) it further increased [Ca*]; 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 [Ca’*]; by
depleting intracellular Ca?* stores. However, one difficulty
with this approach is that ADP and 2CIATP which have a
complex action of [Ca?*]; (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, 2CIATP or ADP. In a
first series of experiments, cells were treated at the same time
with 1 uM 2MeSATP and different concentrations of ATP,
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Figure 4 The action of nucleotides on [Ca®*]; in the presence of
2-methylthio-ATP (2MeSATP). Cells were exposed at the same time
to 1 uM 2MeSATP and different concentrations of ATP (O), UTP
(@), ADP (B) and 2-chloro-ATP (2CIATP) (O). 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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8§ The action of nucleotides on [Ca?*}]; in the presence of
2-chloro-ATP (2CIATP). Cells were exposed at the same time to
1 uM 2CIATP and different concentrations of ATP (O), UTP (@),
ADP (0O) and 2-methylthio-ATP (2MeSATP) (). 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.

UTP, ADP or 2CIATP. At a concentration of 1 puM,
2MeSATP induced maximum InsP-independent intracellular
Ca’* changes (Figure 1b). Figure 4 shows that ATP and
UTP still increased [Ca®*]; in the presence of 2MeSATP.
ECs, values were 7.9 £ 1.4 uM and 4.3 £ 1.9 uM for ATP and
UTP respectively. These values were close to the ECs, values
measured in the absence of 2MeSATP (ATP: 10 um, UTP:
15 uM; 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 uM 2MeSATP, ADP
and 2CIATP increased [Ca’*] but only at concentrations
>10puM. ECs values were 0.15+0.02mM and 0.19%
0.06 mM for ADP and 2CIATP respectively. A conspicious
effect of 2MeSATP was to transform the biphasic action of
2CIATP (Figure 2b) into a monophasic action (Figure 4). It
suppressed the actions of low concentrations of 2CIATP that
are independent of the formation of InsP and left unaltered
the action of large concentrations of 2CIATP 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 uM 2CIATP. At this concentra-
tion, 2CIATP increased [Ca?*]; to a large extent (Figure 2b)
but had no action on the formation of InsP (Figure 3). In the
presence of 1uM 2CIATP, ATP and UTP still increased
[Ca’*). ECs, values were 21 = 2 puM and 13 £ 3 uM for ATP
and UTP respectively, close to the values previously observed
in the absence of 2CIATP. Thus low concentrations of
2CIATP 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 (<10 uM) of ADP from raising [Ca®*], and
transformed its biphasic action into a monophasic action.
The ECs, value for the action of ADP on [Ca?*} 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 10 uM ADP. This concentration
induced maximum InsP-independent Ca’* mobilization (Fre-
lin et al., 1993). As previously reported (Frelin ez al., 1993),
ADP did not prevent ATP from increasing [Ca?*];, thus
indicating additive actions. The ECs, value for the action of
ATP in the presence of ADP was 11 £ 2 uM. Figure 6 further
shows that ADP completely suppressed the actions of
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Figure 6 The action of nucleotides on [Ca’*]; in the presence of
ADP. Cells were exposed at the same time to 10uM ADP and
different concentrations of ATP (@), 2-methylthio-ATP (2MeSATP)
(W) and 2-chloro-ATP (2CIATP) (O). The mean indo-1 fluorescence
ratio was measured 20s later and plotted as a function of the
concentration of nucleotide used. The mean indo-1 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 (2CIATP) but not to that of ATP.
Cells were exposed twice to 3 um ADP and then to 1 uM 2MeSATP,
1puM 2CIATP and 0.3mM ATP as indicated and changes in the
indo-1 fluorescence ratio were monitored. The right panel shows for
comparison, a Ca’* 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 8 2-Methylthio-ATP (2MeSATP) desensitized cells to the
actions of ADP and 2-chloro-ATP (2CIATP) but not to that of ATP.
Cells were exposed twice to 1uM 2MeATP and then to 1puMm
2CIATP, 3puM ADP and 0.3 mM ATP as indicated and changes in
the indo-1 fluorescence ratio were monitored. The right panel shows
for comparison, a Ca?* 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 2CIATP. ADP did
not prevent large (> 30 uM) concentrations of 2CIATP from
raising [Ca’*]. At these concentrations, 2CIATP induced a
measurable production of InsP (Figure 3).

Taken together, the results presented in Figures 4 to 6
indicated that 2MeSATP, 2CIATP 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
3uM ADP desensitized cells to further applications of ADP
and also to the applications of 2MeSATP and 2CIATP. Yet
desensitized cells still responded to 0.3 mM ATP by a large
[Ca?*); transient. Figure 8 further shows that cells that had
been treated with 1 uM 2MeSATP no longer responded to
1uM 2CIATP or to 3 uM ADP, yet they retained large re-
sponses to 0.3 mM ATP. Finally, Figure 9 shows that 1 um
2CIATP-treated cells were desensitized to the actions of
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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 1umM 2CIATP and then to 1pM
2MeATP, 3 um ADP and 0.3 mM ATP as indicated and changes in
the indo-1 fluorescence ratio were monitored. The right panel shows
for comparison, a Ca?* 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
2CIATP were observed. None of these substances desen-
sitized cells to the action of ATP.

Discussion

2MeSATP is a potent agonist of P, receptors in aortic
endothelial cells (Motte et al., 1993; Wilkinson et al., 1993)
and an antagonist of P, receptors of platelets (Hall &
Hourani, 1993). Conversely, 2CIATP is an agonist of Py
receptors (Needham et al., 1987), a weak agonist of P,,
receptors (Lustig er al., 1993) and an antagonist of P, 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 P,, purinoceptor for ATP
and UTP and (ii) an ADP receptor that induced the
mobilization of thapsigargin-sensitive intracellular Ca?*
stores in the absence of formation of inositol phosphates
(Frelin et al., 1993). This paper defines the actions of
2MeSATP and 2CIATP 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 Ca®* 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 2CIATP
(Figures 2 and 3) and ADP (Frelin er al., 1993) induce
intracellular Ca?* mobilization in the absence of measurable
InsP production. (ii) Low concentrations of 2CIATP do not
prevent ATP or UTP from raising [Ca>*]; with ECs, values
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close to those observed in the absence of 2CIATP (Figure 5).
Low concentrations of 2CIATP prevent the action of low
concentrations of ADP (Figure 4). Conversely ADP prevents
the action of low concentrations of 2CIATP but not that of
ATP (Figure 6). (iii)) 2CIATP 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
2CIATP 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 [Ca?*]; and by increased glyco-
genolytic rates. First ATP and ADP induce different intracel-
lular [Ca?*}; 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 ADBS and 2MeSATP are not (Keppens & DeWaulf, 1991;
Keppens et al., 1993). Finally, it is worth noting that the
ECs, value for the action of 2MeSATP on glycogen phos-
phorylase in hepatocytes (20 nM, Keppens & DeWulf, 1991)
is close to the ECs, value for the action of 2MeSATP on
[Ca?*]; in BCEC (27 nM, Figure 1b). This could suggest that
a similar receptor is expressed by rat BCEC and by rat
hepatocytes. This receptor recognises low concentrations of
2MeSATP, 2CIATP and ADP and it induces intracellular
Ca’* mobilization in the absence of formation of inositol
phosphates. Its pharmacological profile, defined from the
InsP-independent actions of nucleotides on [Ca?*] is:
2MeSATP (ECs =27nM, Figure 1b) >2CIATP (ECy
~0.3 uM, Figure 2b) > ADP (ECs, ~1 uM; Frelin et al.,
1993). This receptor although pharmacologically similar to
P,, receptors differs from known P,, purinoceptors in that it
is not coupled to phospholipase C. It differs from P,
purinoceptors for 2CIATP and 2MeSATP act as agonists
rather than as antagonists. It is unlikely a P, or P,
purinoceptor for changes in [Ca?*]; induced by 2MeSATP
and 2CIATP are not suppressed when the external Ca’*
concentration is lowered (Figures 1 and 2) and mostly result
from the mobilization of intracellular stores. This is also
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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 Ca?* 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 Ca?* mobilization were potentiated by CTX (10 ugmi~!)
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 (10 uM) or dibutyryl cyclic AMP (1 mM) failed to
accentuate BK-induced responses, but long-term (>4h) 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
[*H}-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 Ca’* mobilization.

5 The locus of this enhancement was further investigated by examining the effects of CTX, forskolin
and dibutyryl cyclic AMP on AlF, -induced IPs accumulation in canine TSMCs. AIF,-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 Ca’*
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
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responses.

Keywords: Inositol phosphates; Ca?*; 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 Ca?* ([Ca®*])
(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 ez 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 4h 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 Ca?* 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
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by an increase in effectiveness of BK in inducing Ca’*
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 mgkg~!, intra-
venously) and ventilated mechanically via an orotracheal
tube. The tracheae were surgically removed.

Isolation of tracheal smooth muscle cells

The TSMC:s 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, KC15, CaCl, 1.1, NaHCO; 20, NaH,PO, 1,
glucose 11 and HEPES 25 (pH 7.4). The tissue pieces were
gently agitated at 37°C in a rotary shaker for 1h. The
released cells were collected and the residual was again
digested with fresh enzyme solution for an additional 1h 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 60 mm 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 10° 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 Ca’* 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, 10ngml~!) and insulin (1 pgml~!) 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). Gultured TSMCs were incubated with
5 uCiml-! of myo-[2-*H}-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, KCl14.7, MgSO,1.1, KH,PO, 1.2, NaHCO; 20,
CaCl, 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 uM 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 5ml of 60 mM ammonium formate: 5mM
sodium tetraborate to eliminate free myo-[*H]-inositol and
glycerophosphoinositol, respectively. Total IPs was eluted
with 5 ml of 1 M ammonium formate: 0.1 M formic acid. The
amount of [*HJ-IPs was determined in a radiospectrometer
(Beckman LSS000TA, Fullerton, CA, U.S.A.).

Measurement of intracellular Ca** level

[Ca?*]; 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 1ml of
DMEM/F-12 with 1% FBS containing 5 uM 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, KCl5, CaCl,1.8, MgCl, 2, NaH,P0O,0.5,

NaHCO; 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 45° 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 Ca’*-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 [Ca?*].. The ratios of maximum (R.,)
and minimum (Rg;,) fluorescence of fura-2 were determined
by the addition of ionomycin (10 uM) in the presence of PBS
containing 5mM Ca’* and by adding 5mM EGTA at pH 8
in Ca?*-free PBS, respectively. Values obtained were 14.09,
0.96, and 22.07 for Ry, Rui, and B, respectively. The Ky of
fura-2 for Ca?* was assumed to be 224 nM (Grynkiewicz et
al., 1985).

[*H]-BK binding assay

For detection of the effects of CTX, forskolin, and dibutyryl
cyclic AMP on BK receptor density of TSMCs, [*H]-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 HEPES20, pH74, NaCll7,
KCl15.4, KH,PO,0.44, CaCl,0.63, MgS0O,0.21, Na,HPO,
0.34, N-methylglucamine 110, 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 [*H]-BK in the absence or presence of unlabelled
BK (10 um). After 4 h incubation at 4°C, binding buffer was
removed and cells were washed three times with 2ml of
binding buffer at 4°C. Cells were suspended in 0.25ml 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 10uM
unlabelled BK. Total receptor density (Bp,,) and dissociation



constant (K;) were calculated by the Ligand programme, as
described previously (Yang, 1991).

Analysis of data

The ECs 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)). [*H]-
bradykinin (67 Ci mmol~!) was from Du Pont NEN (Boston,
MA, US.A). [*H]-myo-inositol (18 Cimmol~!) was from
Amersham (Buckinghamshire, England). Enzymes and other
chemicals were from Sigma Co (St. Louis, MO, U.S.A))

Results

Effect of BK on IPs accumulation

We have previously reported that the BK-induced IPs
accumulation is enhanced by CTX treatment (10 pgml~!,
4 h; Yang et al., 1994). To characterize the effect of CTX on
BK-induced IPs accumulation, TSMCs were prelabelled with
[*H]-inositol for 48 h, with or without CTX (10 pug ml~") for
24 h, before addition of BK (1 uM). 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 uM 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 uM 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~%)

Treatment Carbachol Bradykinin
Control
Untreated 14610.3 56t04
Cholera toxin 11.7+£0.6** 23.8+0.6*
Forskolin 9.5+ 0.2** 224+0.8*
Dibutyryl cyclic AMP 104+ 04** 19.5+0.5*
Cycloheximide
Untreated 1331204 53104
Cholera toxin 11.8+0.9 8.0 0.8
Forskolin 11.7£0.5 72106
Dibutyryl cyclic AMP  12.8+0.8 73105

Tracheal smooth muscle cells were prelabelled with [*H]-
inositol for 48 h, and then treated with cholera toxin
(10 pg ml~"), forskolin (10 uM), or dibutyryl cyclic AMP
(1 mM) in the absence (control) or presence of cycloheximide
(1 pm) for 24 h, and then exposed to BK (1 uM) or car-
bachol (100 uM) for 60 min. The basal levels of [PH]-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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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 uM) 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 6 h of
treatment, and enhancement apparently still occurred after
24 h 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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Figure 1 Time-dependence of cholera toxin (CTX) (a) and forksolin
(b) treatment on bradykinin (BK)-induced inositol phosphates (IPs)
accumulation. [*H}-inositol prelabelled tracheal smooth muscle cells
(TSMCs) were incubated with either CTX (10 pg ml~") or forskolin
(10 um) at 37°C for the indicated time, and then exposed to BK
(1pM, @) or carbachol (100pum, O) 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 of BK on [Ca’* ],

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 [Ca®*}; (Murray & Kotlikoff, 1991; Marsh & Hill, 1993),
we therefore investigated the effects of CTX, forskolin and
dibutyryl cyclic AMP on the BK-induced increase in [Ca®*}.
The data in Table 2 show that the BK-induced increase in
[Ca?*]); was significantly enhanced in TSMCs incubated with
either CTX, forskolin or dibutyryl cyclic AMP for 24h
(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 pM), 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 Ca*
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 [Ca®*};
in a time-dependent manner (Figure 3). The augmentation of
BK-induced rise in [Ca?*]; was not observed until 12 h after
treatment and increase in [Ca*}; induced by BK apparently
still occurred after treatment with these agents for 24 h. The
magnitude of the effect of BK on [Ca?*]; 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.
[*H}-inositol prelabelled TSMCs were incubated with either CTX
(10 pg ml-"), forskolin (10 uM) or dibutyryl cyclic AMP (1 pum) 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. (O) Control; (@) CTX; ()
forskolin; (M) dibutyryl cyclic AMP.

24h (P <0.001, n =6, Figure 3), whereas treatment with
CTX and forskolin for 4h 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 [Ca?*}; changes in TSMCs pretreated with
these agents. CTX and forskolin increased the maximal BK-
induced rise in [Ca?*];, but did not change the resting level of
[Ca?*} (115 £ 18 nM, n = 30). The concentration-effect rela-
tionship of BK-induced increase in [Ca?*}; 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 [Ca’*]; induced by BK or carbachol (data not
shown).

Effects of CTX, forskolin and dibutyryl cyclic AMP on
[’H]-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 [Ca?*]. This might be
due to changes in the affinity (dissociation constant, Kj)
and/or to an increase in density of the BK receptor (Bpax)-
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 Kj in cells pretreated with CTX, forskolin
or dibutyryl cyclic AMP for 24 h, using [’H]-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
K, values were not significantly changed as compared with
that of the control (Table 3).

Effects of cyclic AMP elevating agents on direct
stimulation of G 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 Ca?*
mobilization

Increased [Ca*]; (nM)

Treatment Carbachol Bradykinin
Control
Untreated 185+ 13 188 + 14
Cholera toxin 202+29 494 + 22*
Forskolin 237127 462 £ 20*
Dibutyryl cyclic AMP 192112 479 £ 17*
Cycloheximide
Untreated 172+ 19 179+ 10
Cholera toxin 191 £ 22 197 £18
Forskolin 19721 207+ 18
Dibutyryl cyclic AMP 17117 204+ 13

Tracheal smooth muscle cells were prelabelled with cholera
toxin (10 ugml-"), forskolin (10 uM), or dibutyryl cyclic
AMP (1 mM) in the absence (control) or presence of cyclo-
heximide (1 pm) for 24 h, and then exposed to BK (1 uM) or
carbachol (100 uM). The results are expressed as the
mean t s.e.mean of six separate measurements. *P <0.001
as compared with untreated cells stimulated by BK.



phospholipase C (PLC), AlF,~ (10 pM; 10 uM AICI; + 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 AlF, -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 er 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 [Ca?*];.
Tracheal smooth muscle cells (TSMCs) were incubated with either CTX (10 pg ml-') or forskolin (10 um) at 37°C for the indicated
time, and then exposed to BK (1 pM; a) or carbachol (100 pM; b). The cells on glass coverslips were loaded with 5um fura-2 and
fluorescent measurement of [Ca®*]; was carried out in a dual excitation wavelength (340 and 380 nm) spectrofluorometer. Agonist
was added to the cells at 300s. The resting [Ca2*]; 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 Ca’* mobilization in canine TSMCs that had been
pretreated with CTX, forskolin, and dibutyryl cyclic AMP
(Figures 2 and 4). The increased sensitivity of [Ca?*]; 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

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
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Figure 4 Effects of cholera toxin (CTX) (a) and forskolin (b) treatment on concentration curve of bradykinin (BK)-induced Ca?*
mobilization. Tracheal smooth muscle cells (TSMCs) were incubated with either CTX (10 ug ml~"), or forskolin (10 um) for 24 h
and then exposed to various concentrations of BK; (1) 10 um; (2) 1 pum; (3) 0.1 uM; (4) 10 nm; (5) 1 nM and (6) 0.1 nMm. Inset: The
concentration-response curves of BK for the increase in [Ca?*]; by (O) control, (®) CTX (a) or (®) forskolin (b) treatment.
Results are expressed as the mean * s.e.mean of five separate experiments determined in triplicate.

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

B,.ox (fmol mg~!

Treatment K, (nMm) protein)
Control
Untreated 23+03 23.1+£03
Cholera toxin 24103 2523 +358*
Forskolin 22103 189.3 + 18.1*
Dibutyryl cyclic AMP 1.9+03 2282+ 32.2*
Cycloheximide
Untreated 26106 219+ 39
Cholera toxin 23105 46.4 £ 6.0**
Forskolin 24107 42.4 + 9.8**
Dibutyryl cyclic AMP 2.7+0.6 42.6 £ 6.7**

Cultured TSMCs were incubated in the absence or presence
of cycloheximide (1uM) with either cholera toxin
(10 ugml-"), forskolin (10 uM), or dibutyryl cyclic AMP
(1 mM) for 24 h. Binding assays were performed in triplicate
with concentrations of [’H]-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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IPs accumulation (d.p.m. x 107%)

Control CTX Forskolin Dibutyryl cAMP
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 [*H]-inositol were
incubated with either CTX (10pgml-!), forskolin (10 M), or
dibutyryl cyclic AMP (1 mMm) for 24h and then exposed to BK
(1 M) or AlF,~ (10 um; 10 um AICL; 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, AlF,~.



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-El (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 Ca?* 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

References

BANNO, U., SAKAI, T., KUMADA, T. & NOZAWA, Y. (1993). Potenti-
ation by cholera toxin of bradykinin-induced inositol phosphates
production in the osteoblast-like cell line MC3T3-El. Biochem.
J., 292, 401-408.

BARNES, P.J. (1992). Modulation of neurotransmission in airways.
Physiol. Rev., T2, 699-729.

BERRIDGE, M.J.,, DAWSON, R.M.C., DOWNES, C.P., HESLOP, J.P. &
IRVINE, RF. (1983). Changes in the levels of inositol phosphates
after agonist-dependent hydrolysis of membrane phospho-
inositides. Biochem. J., 212, 473-482.

BURCH, R.M. & AXELROD, J. (1987). Dissociation of bradykinin-
induced prostaglandin formation from phosphoinositol turnover
in Swiss 3T3 fibroblasts: evidence for G-protein regulation of
phospholipase A;. Proc. Natl. Acad. Sci. USA, 84, 6374—-6378.

CHRISTIANSEN, S.C., PROOD, D. & COCHRANE, C.G. (1987). Detec-
tion of tissue kallikrein in the bronchoalveolar lavage fluid of
asthmatic patient. J. Clin. Invest., 79, 188-197.

ETSCHEID, B.G. & VILLEREAL, M.L. (1989). Coupling of bradykinin
receptors to phospholipase C in cultured fibroblasts is mediated
by a G-protein. J. Cell. Physiol., 140, 264-271.

ETSCHEID, B.G., KO, P.H. & VILLEREAL, M. (1991). Regulation of
bradykinin receptor level by cholera toxin, pertussis toxin and
forskolin in cultured human fibroblasts. Br. J. Pharmacol., 103,
1347-1350.

GARDNER, S.D., MILLIGAN, G., RICE, JE. & WAKELAM, M.J.O.
(1989). The effect of cholera toxin on the inhibition of vaso-
pressin-stimulated inositol phospholipid hydrolysis is a cyclic
AMP-mediated event at the level of receptor binding. Biochem.
J., 259, 679-684.

GILMAN, A.G. (1984). G-proteins and dual control of adenylate
cyclase. Cell, 36, 577-579.

BRADYKININ AND SIGNAL TRANSDUCTION 787

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 [*'H]-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 AlF, -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 Ca?* mobilization in
canine TSMCs.

This work was supported by grants CMRP-340 from the Chang
Gung Medical Research Foundation and NSC83-0412-B182-026 to
C.M.Y., and CMRP-403 and NSC83-0420-B182-001-M03 to S.F.L.
from the National Science Council, Taiwan. The authors are greatly
indebted to Dr Anthony Herp at Chang Gund Medical College for
his critical reading of the manuscript and suggestions. Appreciation
is also expressed to Dr Delon Wu for his encouragement.

GOWN, AM, VOGEL, AN, GORDON, D. & LU, P.L. (1985). A
smooth muscle-specific monoclonal antibody recognizes smooth
muscle actin isozymes. J. Cell. Biol., 100, 807-813.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new genera-
tion of Ca?* indicators with improved fluorescence properties. J.
Biol. Chem., 260, 3440-3450.

GUILLON, G., BALESTRE, M.N,, LOMBARD, C., RASSENDREN, F. &
KIRK, C.T. (1989). Influence of bacterial toxins and forskolin
upon vasopressin-induced inositol phosphate accumulation in
WRK 1 cells. Biochem. J., 260, 665—672.

HEPLER, J.R. & GILMAN, A. (1992). G proteins. Trends Biochem.
Sci., 17, 383-388.

HIGASHIDA, H., STREATY, R.A., KLEE, W.A. & NIRENBERG, M.
(1986). Bradykinin-activated transmembrane signals are coupled
via No or Ni to production of inositol 1,4,5-trisphosphate, a
second messenger in NG108-15 neuroblastoma-glioma hybrid
cells. Proc. Natl. Acad. Sci. USA, 83, 942-946.

IMBODEN, J.B,, SHOBACK, D.M., PATTISON, G. & STOBO, J.D.
(1986). Cholera toxin inhibits the T-cell antigen receptor-
mediated increase in inositol triphosphate and cytoplasmic free
calcium. Proc. Natl. Acad. Sci. USA, 83, 5673-5677.

LAMBERT, T.L., KENT, R.S. & WHORTON, A.R. (1986). Bradykinin
stimulation of inositol polyphosphate production in porcine
aortic endothelial cells. J. Biol. Chem., 261, 15288-15293.

LIEBMANN, C., SCHNITTLER, M., STEWART, J.M. & REISSMANN, S.
(1991). Antagonist binding reveals two heterogeneous B,
bradykinin receptors in rat myometrial membranes. Eur. J.
Pharmacol., 199, 363-365.

MARSH, K.A. & HILL, S.J. (1992). Bradykinin B, receptor-mediated
phosphoinositide hydrolysis in bovine cultured tracheal smooth
muscle cells. Br. J. Pharmacol., 107, 443-447.



788 C.M. YANG et al.

MARSH, K.A. & HILL, S.J. (1993). Characteristics of the bradykinin-
induced increases in intracellular calcium ion concentration of
single cultured bovine tracheal smooth muscle cells. Br. J. Phar-
macol., 108, 60P.

MURAYAMA, T. & UI, M. (1987). Phosphatidic acid may stimulate
membrane receptors mediating adenylate cyclase inhibition and
phospholipid breakdown in 3T3 fibroblasts. J. Biol. Chem., 262,
5522-5529.

MURRAY, RK. & KOTLIKOFF, M.I. (1991). Receptor-activated cal-
cium influx in human airway smooth muscle cells. J. Physiol.,
435, 123-144.

OLASHAW, N.E. & PLEDGER, W.J. (1988). Epidermal growth factor
stimulates formation of inositol phosphates in BALB/c/3T3 cells
pretreated with cholera toxin and isobutylmethylxanthine. J. Biol.
Chem., 263, 1111-1114.

PETERSON, J.W., REITMEYER, J.C., JACKSON, C.A. & ANSARI, G.AS.
(1991). Protein synthesis is required for cholera toxin-induced
stimulation of arachidonic acid metabolism. Biochim. Biophys.
Acta, 1092, 79-84.

SOCORRO, L., ALEXANDER, R.W. & GRIENDLING, KK. (1990).
Cholera toxin modulation of angiotensin II-stimulated inositol
phosphate production in cultured vascular smooth muscle cells.
Biochem. J., 265, 799-807.

STERNWEIS, P.C. & SMRCKA, A.V. (1992). Regulation of phospho-
lipase C by G proteins. Trends Biochem. Sci., 17, 502-506.
YANG, C.M. (1990). Muscarinic receptor expression in the primary
culture of tracheal smooth muscle cells. J. Receptor Res., 10,

235-247.

YANG, C.M. (1991). Characterization of muscarinic receptors in dog
tracheal smooth muscle cells. J. Autonom. Pharmacol., 11, 51-61.

YANG, C.M., CHOU, S.-P. & SUNG, T.-C. (1991a). Muscarinic receptor
subtypes coupled to generation of different second messengers in
isolated tracheal smooth muscle cells. Br. J. Pharmacol., 104,
613-618.

YANG, C.M,, CHOI, S.-P. & SUNG, T.-C. (1991b). Regulation of func-
tional muscarinic receptor expression in tracheal smooth muscle
cells. Am. J. Physiol., 261, C1123—-C1129.

YANG, C.M,, HSIA, H.-C,, CHOU, S.-P., ONG, R., HSIEH, J.-T. & LUO,
S.-F. (1994). Bradykinin-stimulated phosphoinositide metabolism
in cultured canine tracheal smooth muscle cells. Br. J. Pharma-
col., 111, 21-28.

( Received December 9, 1993
Revised March 8, 1994
Accepted March 16, 1994)



Br. J. Pharmacol. (1994), 112, 789-794

© Macmillan Press Ltd, 1994

The effects of SB 204070, a highly potent and selective 5-HT,
receptor antagonist, on guinea-pig distal colon
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1 The pharmacology of a novel 5-HT, receptor antagonist, SB 204070 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 (10-100 pM) produced a shift to the right of the curve
(apparent pA, 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-HT, 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 uM) 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.

§ Radioligand binding studies show that SB 204070 has a greater that 5000 fold selectivity for the
5-HT, receptor over 5-HTs, 5-HT,p, 5-HTg, 5-HT,, 5-HT,c, 5-HT;, GABA,, BDZ, TBPS, A,
adenosine receptors, a,, o, B,, B, adrenoceptors and D,, D, and D; dopamine receptors.

6 SB 204070 is a highly potent, highly selective 5-HT, receptor antagonist and as such is an important

new tool in evaluating the functional role of the 5-HT, receptor.
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Introduction

A novel S5-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-HT, due to its inability to fit into the
Bradley et al. (1986) classification. Since then, the 5-HT,
receptor has been officially recognised (Humphrey er 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-HT,
receptor has been based on the activity of agonists. Thus, the
5-HT, receptor is activated by indoleamine agonists (5-HT
and S5-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-HT,
receptor has been based largely on exclusion. Tropisetron
was the first compound to be identified as having antagonist
activity at the 5-HT, receptor (Dumuis et al., 1988a).
Tropisetron, however, possesses a 10 to 100 times higher
affinity for the 5-HT; receptor than for the S-HT, 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-HT, receptor over the 5-HT;
receptor in the guinea-pig isolated ileum (Buchheit et al.,
1992). However, since the 5-HT; 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-HT, receptor have been reported. These include
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RS-23597-190 (Eglen et al., 1992b) and GR 113808 (Gross-
man et al, 1993). RS-23597-190 has been shown to
antagonize 5-HT, receptor-mediated relaxations in the rat
oesophagus, yielding a pA, estimate of 7.8 (Eglen er al.,
1992b) and has selectivity over 5-HT; and dopamine recep-
tors of greater than 125 fold. GR 113808 has been shown to
act as a competitive antagonist of 5-HT, receptor-mediated
responses in both the guinea-pig proximal colon and rat
oesophagus, with pA, 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-HT, 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 of guinea-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, CaCl, 2.5, KH,PO, 1.2, KCI 4.7, MgSO,
1.2, NaHCO; 25.0, glucose 5.6.

Sections of longitudinal muscle-myenteric plexus (LMMP,
2-3cm in length) were dissected as previously described
(Wardle & Sanger, 1993) and mounted under a 0.5 g load in
10 ml tissue baths. Tissues were bathed with Krebs solution
at 37°C gassed with 5% CO, in O, and containing graniset-
ron (1 uM) and methiothepin (100 nM) to inhibit responses
mediated by 5-HT; and 5-HT,-like and 5-HT, receptors
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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 S5-HT as
previously described (Wardle & Sanger, 1993). Sensitization
was viewed as being complete when three consistent res-
ponses were obtained to 5-HT (1 uM). 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 30s), 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 (1) 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 =a/1 + (ECs/[A])"

o, [A] and n represent the maximum response, agonist con-
centration and curve mid point slope factor respectively. The
EC,, is the concentration of agonist that produces 50% of
the maximal response. ECs values from individual curves
were converted to log, 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 pA, 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 pA,” will be used throughout
this paper.

Onset/[recovery of effects of SB 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 ECs, concentra-
tion of 5-HT (generally 1 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 (70ff).

Radioligand binding studies

Radioligand binding studies were performed as described by
Sanger & Nelson (1989), except that [PH]-idazoxan (0.5 nM),
[PH]-SCH 23390 (0.1 nM), and ['*[}-iodosulpiride (0.1 nM)
were used to label the a, adrenoceptor, dopamine D, and
dopamine D, receptors respectively. Iodosulpiride (100 um)
was used to define non-specific binding in this latter assay. In
addition the following assays were used: 5-HT,p [PH]-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-HT,c,
[PH]-mesulergine (2 nM) in pig choroid plexus tissue in the

presence of 30 nM spiperone (Pazos et al., 1985); 5-HT,,
[PH]-granisetron in pooled rat hippocampus and entorhinal
cortex, non-specific binding defined by 100 puM metoclo-
pramide (Nelson & Thomas, 1990); 5-HT,;, [H]-5-HT
(10 nM) in CHO cells expressing human 5-HT ¢ clones using
the conditions of Hamblin & Metcalf (1991) and defining
non-specific binding with 10 uM 5-HT; dopamine D;, ['*I]-
iodosulpiride (200 pM) in CHO cells expressing human D,
clones, non-specific binding defined by 100 uM iodosulpiride
(Bowen er al., 1993); B, adrenoceptor, [‘*I}-iodocyano-
pindolol (0.024 nM) on cloned human B, receptors expressed
in CHO cells, non-specific binding defined by 30nM
isoprenaline; B, adrenoceptor, ['*I}-iodocyanopindolol (12
pM) on cloned human B, receptors expressed in CHO cells,
non-specific binding defined with 30 nM isoprenaline; GABA,,
[PH}-muscimol (10 nM) in rat cortex, non-specific binding
defined by 100 uM bicuculline (Peters et al., 1988); adenosine
A,; [*H]-phenylisopropyladenosine in rat cortex, non-specific
binding defined by 100 uM 2-chloroadenosine (Schwabe &
Trost, 1980).

Statistics and data analysis for radioligand binding
studies

The concentration of inhibitor required to inhibit 50% of
specific binding (ICs,) 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
Cimmol~'): [*H}-5-HT (20), [*H]-8-OH-DPAT (161), ['*I}-
iodocyanopindolol (2200), [*H]-granisetron (61), [*H}-prazosin
(80), [3H]-ter-butyl-bicycl?hosphorothionate (TPBS, 127) -
New England Nuclear; [*H]-mesulergine (80), [*H}-idazoxan
(43), [PH}-SCH 23390 (73), [’H}-muscimol (19), [H}-fluni-
trazepam (84), [*H]}-phenylisopropyladenosine (50), ['*I}-
iodosulpride (2000) — Amersham International.

Results

Effects of SB 204070 in the guinea-pig distal colon
LMMP

In the presence of methiothepin (100 nM) and granisetron
(1 uM), 5-HT (10 pM—10 nM) evoked a monophasic concen-
tration-dependent contraction with a pECs of 9.2%0.1
(n=138). This response has previously been shown to be
antagonized by tropisetron (pA, 6.4 £ 0.1, slope of Schild
plot 1.31+0.1) and SDZ 205557 (pA, 7.8+ 0.1, slope of
Schild plot 1.1 * 0.1), suggesting that the response is 5-HT,
receptor-mediated (Wardle & Sanger, 1993).



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 pA,
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-HT, 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.
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Figure 1 Concentration-response curves to 5-HT (a), renzapride (b)
and BIMU 1 (c) in the absence (O) and presence of 10 pM (@),
30pM (O), 100pM (M), 300pM (A), 1nM (A) and 3nM ()
SB 204070 in the guinea-pig distal colon longitudinal muscle-myenteric
plexus preparation. Experiments were carried out in the presence of
methiothepin (100 nM) and granisetron (1 uM). Each point represents
the mean * s.e.mean of 6, 4 and 4 observations respectively.
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5-HT=1.0+£0.02, n=4) with a pECs of 7.2%0.1. SB
204070 (10-300 pM, n=4, Figure 1b) 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 X 0.03,
pECs, = 6.9 £ 0.2, n =4, Figure Ic).

Onset and recovery of antagonistic effects of SB 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 pECs dose of 5-HT of 50 3%,
84+ 2%, 100+ 0% and 100 £ 0% respectively (Figure 2).

120
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T

30 0 30 60 % 120
Time (min)
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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 pECs, concentration of
5-HT was added to tissues until stable responses were produced. At
time ¢ = — 30 min, various concentrations of SB 204070 (30 pM (@),
100 pm (O), 300 pm (M) and 1 nM () 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 15min intervals until
responses returned to control levels. Experiments were carried out in
the presence of methiothepin (100 nM) and granisetron (1 pm). Each
point represents the mean * s.e.mean of 4 observations.
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Figure 3 Concentration-response curves to 1,1-dimethyl-4-phenyl-
piperazinium (DMPP) in the absence (O) and presence of 10 nM (@)
and 1puM (H) SB 204070 in the guinea-pig distal colon longitudinal
muscle-myenteric plexus preparation. Experiments were carried out
in the presence of methiothepin (100 nM) and granisetron (1 um).
Each point represents the mean * s.e.mean of 6 observations.
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Table 1 In vitro binding profile of SB 204070

Receptor Affinity (pK)) (range)
5-HT), <6.0
5-HTp <5.0
S-HT,g <50
5-HT,, <6.0
5-HT,¢ (6.9-7.1)
5-HT, (6.4-6.8)
Dopamine D, <6.0
Dopamine D, <5.0
Dopamine D, <6.0
Adrenoceptor «, <6.0
Adrenoceptor a, <6.0
Adrenoceptor B, <6.0
Adrenoceptor B, <6.0
GABA, <4.0
BDZ <50
TBPS <5.0
A, <45

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 fy¢ values of
36+ Smin, 47 £ 5min 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 uM, n =4) evoked concentration-dependent,
cholinergically-mediated contractions. These responses were
not affected by SB 204070 (10 nM and 1puM) 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-HT),,
5-HT,p, 5-HT,z or 5-HT,, receptors. Weak affinity was
observed for the 5-HT, (pK; 6.9-7.1) and 5-HT; (pK;
6.4 * 6.8) sites. In the following binding systems: dopamine
D,, D, and D5, a,, a,, B, and B, adrenoceptors, GABA,,
BDZ, TBPS and adenosine A,, no inhibition of binding was
observed for SB 204070 at concentrations up to and includ-
ing 1 pM.

Discussion

The tools currently available for the study of the 5-HT,
receptor, including tropisetron, SDZ 205 557 and DAU 6285
are limited by selectivity and bioavailability. For example,
tropisetron has affinity for the 5-HT, receptor in the micro-
molar range (Dumuis et al., 1988a; Kaumann et al., 1990),
but antagonizes 5-HT; receptor-mediated responses at
nanomolar concentrations (Richardson et al., 1985). Both
SDZ 205 557 and DAU 6285 show a greater affinity for the
5-HT, receptor over the 5-HT; site, but with pA, estimates in
the range of 7.4 for SDZ 205 557 (Buchheit ez 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-HT, 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-HT, receptor-mediated responses both in vitro and in
vivo.

The activity of SB 204070 has been investigated against
5-HT, 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-HT, receptor. When examined against
5-HT-evoked contractions, low concentrations of SB 204070
shifted the curve in an apparently competitive manner (mean
apparent pA, 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 er 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-HT, receptor in
functional systems, binding studies indicate that SB 204070
has a greater than 5,000 fold selectivity for the 5-HT, recep-
tor over S'HTIA, 5'HT1D, S'HTIE, S'HTZA, S'HTzc, S'HTJ,
GABA,, BDZ, TBPS, A, adenosine receptors, a,, a,, B;, B,
adrenoceptors and D,, D, and D; dopamine receptors. These
findings suggest that SB 204070 is highly selective for the
5-HT, receptor and that the non-surmountable effects are
unlikely to be due to antagonism of a non-5-HT;, site.

It has previously been shown that, in the guinea-pig distal
colon, 5-HT, 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.
SB 204070, at concentrations of up to 10,000 fold greater
than those required to block the 5-HT, 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-HT, 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-HT, receptor.
Such an effect, however, is unlikely since, upon repeated
washing of the compound from the bathing solution, the
responses to a pECs, 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



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-HT, 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-HT, receptor antagonist GR 113808 (pA, 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 pA, 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 30s, 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-HT, 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
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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-HT, 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 pA, 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-HT, receptor
agonists, SB 204070 is consistently active at very low concen-
trations (10 pM 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-HT, receptor mediated-contractions in the
guinea-pig distal colon LMMP. This compound is shown to
be a highly potent, highly selective 5-HT, 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-HT,
receptors in different tissues or in the discrimination of
putative 5-HT, 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 er 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 SHT, 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
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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 EDs, values are given in parentheses) inhibited
cough induced in guinea-pigs by 7.5% citric acid aerosol (25.2 and 29.2 mgkg~!, p.o.), by 30 um
capsaicin aerosol (19.3 and 15.2 mg kg~!, p.o.), by mechanical stimulation (22.9 and 26.4 mgkg~!, p.o0.)
and by tracheal electrical stimulation (12.5 and 13.9 mgkg~!, p.o.).

3 Moguisteine was effective against cough induced by tracheal electrical stimulation in dogs (EDs,
17.2 mgkg~!, 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 [’H]-naloxone
binding sites and furthermore naloxone (5mgkg™!, s.c.) did not antagonize its antitussive effects.

6 Moguisteine had no antitussive effect after i.c.v. administration (20 pg), whilst codeine (2—10 pg) and
dextromethorphan (2.5-20 pg) 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 e 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 er 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%, 12h
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 ez al.,
1961) delivered by an ultrasonic nebulizer (G.B. Elbisonic,
Bielin Milan, Italy, particle size 0.5-6 um, 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.
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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 (15, 30 and 60 mgkg™!)
and codeine (20, 40 and 80 mgkg~!) 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 (7= 10 for
each dose) and orally pretreated with vehicle (controls),
moguisteine (7.5, 15 and 30 mg kg~') or codeine (10, 20 and
40 mg kg~') 1 h before exposure for 5 min to a 30 uM 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 37°C 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
Smin before oral drug administration and 30, 60 and
120 min after treatment (Takagi ez 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 mgkg~') and codeine (15, 30 and 60 mg
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 mgkg~!,
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 410 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 30mgkg™') and codeine (7.5, 15 and
30mgkg™") (n=28 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 10 pg) and dextromethorphan
(2.5, 5, 10 and 20 pug) respectively (n=7 animals for each
dose). The i.c.v. administration (50 pl volume) was performed
through a small cannula inserted under light general anaes-
thesia (25% urethane, 4 mlkg™!, i.p.) at the level of the
bregma above the right cerebral lateral ventricle. At the end
of the experiment, 50 ul 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 Smin 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
(1 mg kg~!, i.v.), ketamine (2 mg kg™, i.v.) and pancuronium
bromide (2mg i.v.); surgical anaesthesia was judged and
comntrolled 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 mgkg™!, i.v.).
The animals were allowed to recover from the anaesthesia in
aseptic warmed boxes. One week after surgery, the unres-



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 5s each. The
cough basal value response determined for each dog ranged
from 10 to 12. The antitussive activity of moguisteine (10, 20
and 40 mgkg~!, p.o.) and of codeine (10 and 20 mgkg~!,
p.o.), evaluated as reduction in coughs versus basal value in
the same animal, was recorded 1h 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).

[?H]-naloxone binding assay

Male Sprague Dawley rats (Charles River, Calco, Italy)
175-225g were used. The animals, maintained in condi-
tioned quarters with food and water ad libitum 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 38,000 g, 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 [*H]}-naloxone at 25°C 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 0.05mM, codeine from 5pM to
0.05 mM, morphine and naloxone from 1 nM to 5 uM. 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
[*H]-naloxone binding was defined as the difference in bin-
ding in the presence and absence of morphine 6 pM.

Effect on pulmonary mechanics in spontaneously
breathing anaesthetized guinea-pigs

Guinea-pigs, fasted overnight, were anaesthetized with ure-
thane 1.2 gkg™!, 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-11DP, 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~'), tidal
volume (ml), minute volume (ml min~!), total lung resistance
(cmH,0ml~!s"!), and dynamic compliance (ml cmH,0~").
The values were recorded on a dynograph (Beckman R611)
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 mgkg~', 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 HCl (Carlo
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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); [*H}-naloxone (Dupont/
NEN). The vehicles (1 ml kg~!, p.o. or 50 pl, 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). EDs, 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
5min 7.5% citric acid aerosol, with an EDs, (95% CL) of
25.2 (16.2-39.3) mg kg™, p.o. (Table 1). Codeine displayed a
similar activity with an EDs, (95% CL) of 29.2 (18.6—45.6)
mgkg~!, p.o. (Table 1).

In further experiments, the effect of moguisteine (30 mg
kg ") and codeine (40 mgkg-') 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 uM) aerosol-
induced cough with an EDs (95% CL) of 19.3 (12.1-26.5)
mgkg~!, p.o. (Table 2). Similarly, codeine reduced cough
with an EDs, (95% CL) of 15.2 (6.2-35.8) mgkg~!, 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 EDy,
Treatment (mgkg~! p.o.) (mean*semean) (95% CL)
Basal values - 17.1£0.8
Moguisteine 15 10.7 £ 0.9* 25.2
30 7.7+£09* (16.2-39.3)
60 481 0.7*
Basal values - 17.3%0.6
Codeine 20 10.5 £ 0.9* 29.2
40 7.6+ 0.5* (18.6-45.6)
80 3.6109*

*P<0.001 compared to basal values; n =8 per group.
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those obtained with codeine (Table 3), with EDs, (95% CL)
of 229 (12.3-33.6) and 264 (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 EDs, (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 EDs, (95% CL) of 13.9 (11.2-17.2)
mgkg~!, p.o. (Table 4).

In the dog experiments, the oral administration of mog-
uisteine produced a dose-related inhibition of cough, EDs,
(95% CL) of 17 (8—37) mgkg~'. After multiple dosing (12
days), moguisteine (20 mgkg~' 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 mgkg~! 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 uM) aerosol in conscious

guinea-pigs
Dose No. of coughs EDy,
Treatment (mgkg~! p.o.) (meanztsemean) (95% CL)
Control - 8.7+ 0.6
Moguisteine 7.5 6.6+ 0.7 19.3
15 441.0.8* (12.1-26.5)
30 2.2+0.5*
Control - 911038
Codeine 10 57+04* 15.2
20 44%0.7* (6.2-35.8)
40 2.7+0.5*

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

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

No. of animals

Dose without EDq,
Treatment (mgkg~! p.o.) cough/treated (95% CL)
Moguisteine 7.5 2/10
15 4/10 229
30 6/10 (12.3-33.6)
60 9/10
Codeine 15 2/10 26.4
30 5/10 (18.6-34.1)
60 10/10
n=10 per dose.

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

Dose No. of coughs EDy,
Treatment (mgkg~! p.o.) (meantsemean) (95% CL)
Basal values ~ 9.1+0.5
Moguisteine 7.5 5.6+ 0.4* 12.5
15 4.0%0.3* (7.7-11.5)
30 0.4 1 0.2*
Basal values - 9.3%0.5
Codeine 7.5 7.0 0.4* 13.9
15 4.6 £ 0.4* (11.2-17.2)
30 1.5+£0.3*

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

Mechanism of action

Effect of naloxone on the antitussive activity of moguisteine
and codeine in the guinea-pig Naloxone, Smgkg~!, s.c.,
injected 10 min 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).

[*H]-naloxone binding assay Moguisteine did not show any
affinity for opiate receptors, since it was unable to displace
[’H]-naloxone from its binding sites; in contrast, codeine,
morphine and naloxone were highly effective with ICss of
0.02mM, 15nM 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 S5). 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
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Figure 2 Effect of naloxone (N) on antitussive activity of mog-
uisteine (M) and codeine (C) on cough induced by citric acid (a) or
by electrical stimulation (b) of guinea-pig trachea. N: Smgkg~! s.c.
(a and b); M: 60mgkg~' p.o. (a) and 30 mgkg™' p.o. (b): C:
80 mg kg~! p.o. (a) and 30 mg kg~' p.o. (b). M and C were given 1 h
and N 10 min before the challenge. *P <0.05 vs control basal value.

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

% Reduction in cough

Dose (mean * s.e.mean)
Compound ((79) at each time point (min)
1 3 5
Moguisteine 10 196 3514 1710
20 0 0 9+7
Codeine 1 105 25+8 179
2.5 2t6 4019 41 £ 5*
5 39+15 651 10* 4517+
10 63 % 8* 75+ 8* 70 £ 4*
Dextromethorphan 2.5 0 22+8 277
5 159 319 48 + 6*
10 23%11 51+ 9* 57+ 14*
20 36110 61 + 5% 74+ 7*

*P<0.05 vs control basal value; n=7 per dose.



PERIPHERAL ANTITUSSIVE EFFECT OF MOGUISTEINE

Table 6 Effect of moguisteine (60 mg kg~!, p.o.) on respiratory function in spontaneously breathing anaesthetized guinea-pigs

799

0 10

Respiratory rate Control 100 £ 13 92+ 14
(breath min~"') Moguisteine 92+ 12 75122
Tidal volume (ml) Control 22102 22+0.2

Moguisteine 23%0.1 2.6+0.2*
Minute volume Control 196 + 55 183+ 39
(ml min-') Moguisteine 210 £ 20 192+ 38
Total lung resistance Control 0.22 £ 0.01 0.22 £0.02
(cmH,0 ml-'s-Y) Moguisteine  0.24 £0.02  0.23 +0.03
Dynamic compliance Control 051£0.12 0.59%0.16
(ml cmH,0") Moguisteine  0.59 £ 0.12 0.62+0.13

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

Time after treatment (min)

20 30 60 90
88t6 88t 10 8913 85t 10
76+ 14 75% 16 80t 12 79t11
23%0.1 23+02 23102 2402
26+0.2* 25+03 25102 25102
182 £ 50 184 £ 47 184 + 47 180 51
193 £ 20 189 £ 22 20117 20118
0.22+0.01 0.21£0.02  0.23%0.01 0.24 £0.02
0.24%£0.02 0.24%0.01 0251002 0.2510.02
0.58+0.14  0.58%0.11 0.53+0.10 0.56%0.11
0.60+0.10 0.63%0.13 0.62%0.11 0.60 £ 0.09

Table 7 Effect of codeine (60 mgkg~', p.0.) on respiratory function in spontaneously breathing anaesthetized guinea-pigs

0 10

Respiratory rate Control 878 787
(breath min-") Codeine 93+ 12 59+ 13*
Tidal volume (ml) Control 23+02 24102

Codeine 2410.2 27103
Minute volume Control 206+ 11 19115
(ml min~") Codeine 225+ 29 163 + 24*
Total lung resistance Control 0.28 £ 0.03 0.29 +£0.03
(cmH,0O ml~'s™") Codeine 029£002 0.27+0.05
Dynamic compliance Control 065012 0.66+0.14
(ml cmH,0"") Codeine 0.60 £ 0.03 0.68 £ 0.08

Time after treatment (min)

20 30 60 90
7518 71+38 688 67+8
60 £ 15* 57% 16* 54%11* 52+ 11*
24102 25%0.2 25+02 25+0.2
2.7+04* 27+03 28103 28103
185+ 18 180+ 14 173+ 17 172t 16
163 £ 26* 154 £ 31* 156 £ 23* 150 £ 27*
0301005 029+0.03 027+£0.04 0.28+0.06
026+0.04 028+0.02 026+004 0.27+0.02
0.67£0.15 065%0.16 068+0.17 0.75%£0.17
0.71£0.08 070005 0.69+0.08 0.70%0.12

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

dose of 2.5 ug; the greatest effect was observed with 10 pug
(751 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 5Smin after treatment. The maximal
activity was observed with 20 pg (74 + 7% cough reduction);
the lowest tested dose, 2.5 ug, 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 mgkg~',
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 e 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 [*H]-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
(Kaseé, 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 (Kasé, 1980). Our
results show that moguisteine 10 and 20 pg i.c.v. in guinea-
pigs proved to be completely inactive against electrically
induced cough, whereas codeine (1-10pug i.c.v. guinea-pig)
and dextromethorphan (2.5-20pg) 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
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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
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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 pg)
induced, in a dose-dependent fashion, an accumulation of neutrophils which could be reliably assessed
4h 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 pg dose) was inhibited neither by local administration of
actinomycin D (1pg) nor by systemic treatment with indomethacin (1 mgkg™', i.v.), BWA4C
(5mgkg~!, p.o.), methysergide (6 mgkg~!, i.p.) and RP67580 (2mgkg~!, i.p.).

3 Treatment of mice with the H; antagonist, mepyramine (1-10 mgkg~!, 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-1B (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 H,; antagonists, chemically unrelated to mepyramine, diphenhydramine (9 mg kg~!,
i.p.) and triprolidine (0.5 mgkg~!, i.p.), inhibited IL-8-induced migration to a similar extent (50—
60%), whereas the H, antagonist, ranitidine (5 mgkg~', 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 pg) to a small dose of IL-8 (0.3 pg) 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 pg per mouse, i.v., corresponding approximately to
0.03-1.5mgkg~!, given i.v. 2 h prior to challenge with IL-8) potently inhibited neutrophil infiltration
with an approximate EDs, of 5 ug 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 (LC1)
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 pg) also
reduced neutrophil migration induced by IL-8, either alone or in combination with histamine. This local
inhibition (/50%), also seen with hydrocortisone (30 ug), was prevented by the concomitant adminis-
tration of the steroid antagonist RU38486 (10 pug) 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.

Keywords: Inflammation; interleukin-8; histamine; dexamethasone; lipocortin 1

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 ez 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, P,-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-1 (IL-1) and
tumour necrosis factor (TNF) as it does not require continu-

! 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 B,. Moreover, it
is very likely that the endogenous release of IL-8 is involved
in the chemotactic action of IL-1 (Huber er 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-1-induced PMN migration was sensitive to the
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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 LCl-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 2.5ml of air on day 0 and day 3 (Perretti &
Flower, 1993). Six days after the initial injection of air, mice
(28-32 g) received a local injection of human recombinant
IL-8 (72aa monocyte-derived form, generous gift of Dr L.
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-1 (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 10° PMN and 0.21 £0.11 x 10°
PMN per mouse were recovered in the absence and presence
of 1pg 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 CO, exposure and the pouches washed thoroughly with
2 ml of PBS containing 1 mM ethylenediaminetetracetic acid
(EDTA) and 50 uml~! heparin. Lavage fluids were cen-
trifuged at 220g for 10 min at 4°C 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-1B (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 pg)
together with IL-8 (1 ug). 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
0.3pg, and histamine (0.2 to 4pg) in 0.5ml 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 15-20 min before
IL-8 challenge. PMN migration was always evaluated 4 h
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 pg 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 LCI in this action of the steroid was evaluated
by passive immunisation of the mice with a specific anti-LC1
(@LC1) sheep antiserum (50 pul s.c., 24 h before Dex) using
the time and dose protocol found to prevent Dex inhibition
of IL-1-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 ug shown to be effective against
IL-1-induced cell migration, see Perretti & Flower, 1993) was
given directly into the pouch either with IL-8 (1 pg) or with
the mixture of IL-8 plus histamine (0.3 pg and 2 pg, 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 pug; sodium succinate salt, Upjohn Ltd, U.K.)
was assessed; second, the effect of the specific compound with
anti-glucocorticoid properties, RU38486 (10 pug; 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 mgkg™!
i.p., after which the experiment was started by local adminis-
tration of CMC alone or in combination with 1 pg IL-8.
Control mice received repeated doses of PBS (5ml 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 (10°) 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 1pg 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 10° PMN per h).
The cell accumulation reached maximum by the 8-h time
point and was greatly reduced by 24 h (Figure 1a). At the 4-h
time point, the cumulative data for CMC and CMC + IL-8
1 ug were as follows (mean * s.e.mean): 1.56 * 0.18 x 10°
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Figure 1 Characterization of interleukin-8 (IL-8)-induced PMN
infiltration into the mouse air-pouch. (a) Time-course: 1 pug 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.c.
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 (@). Values are mean * s.e.mean of 68 mice per
group. In one case, actinomycin D 1 pug was injected concomitantly
with IL-8 1pg and migration evaluated 4 h later (O). The dotted
line indicates the migration measured with CMC alone (1.6%
0.7 x 10 PMN, n=5). **P<0.01 vs CMC.

T T TTTrTm

PMN (n=47) and 5.84+0.28 x 10° PMN per mouse
(n =170), 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 1pg 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 1b shows that
the dose of 0.3 ug per pouch caused a consistent effect, with
an apparent peak observed at 3 pg. The dose of 1 pg, which
caused a consistent infiltration and corresponded to ~80%
of maximal migration (Figure 1b), 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 pg) was without effect on the response
elicited by 1pug IL-8 (Figure 1b).

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 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 1pg 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 10° PMN, n=11). **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 1pg

+ Methysergide 6 mgkg~', i.p.
CMC

IL-8 1pg

+ Indomethacin 1 mgkg~!, i.v.
CMC

IL-8 1pg

+ BWA4C 5mgkg-', p.o.
CMC

IL-8 1pg

+ RP67580 2mgkg~!, i.p.

PMN (10° per mouse)

% inhibition

1.90 £ 0.19 (4) -
5.70 = 0.64 (8) 0
4.60+0.83 (7) 19
1.90 £ 0.19 (4) -
440+ 1.18 (4) 0
3.40+0.37 (4) 23
1.40 £ 0.72 (3) -
4.75+0.54 (4) 0
3.50 + 0.50 (6) 26
1.40 £ 0.50 (3) -
5.65% 0.49 (4) 0
745+ 1.50 (4) -31

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 4h 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.
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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 NK, receptor, RP-67580, were also without effect
(Table 1).

Systemic Dex was a powerful inhibitor of IL-8-induced
migration with an EDs, of approximately 5 pg 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 aLC1 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 aLCl
antiserum did not modify IL-8-induced migration (Figure 3).
Dex 5 pg 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 10° PMN ml~!,
n=4, and 0.80 = 0.17 x 10* PMN ml~!, n=38, 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 LCl-independent (Perretti & Flower, 1993).
At the same dose used in the previous study (1 ug), 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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Figure 3 Anti-lipocortin 1 (@LC1) 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 «LC1
sheep serum (50 pl s.c. in both cases) 24 h prior to the i.v. adminis-
tration of Dex (5pug per mouse). IL-8 (1 ug in 0.5ml 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 10° PMN, n=6). **P<<0.01 vs PBS/PBS group.

action, inasmuch as 1 pg Dex was ineffective when given i.v.
at time 0 (mean * s.e.mean): 4.08 + 0.79 x 10° PMN (n = 5)
and 3.48+0.43 x 10° PMN per mouse (n=15), not signi-
ficant, in PBS- and Dex-pretreated mice, respectively, in res-
ponse to IL-8 1 ug 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 H, 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 mgkg~!, i.p.) which greatly affected PMN infiltration
caused by IL-8, this drug did not modify the cell influx
measured in response to IL-1B (Table 3). Similarly,
mepyramine treatment did not alter the 4 h-migration ob-
served with CMC alone (mean * s.e.mean): 1.56 % 0.48 x 10°
PMN (n=15) and 2.33 £ 0.42 x 10° 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

* % * %

PMN (10° per mouse)

0 2 4 6 8 10
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Figure 4 Mepyramine inhibits interleukin-8 (IL-8)-induced PMN
influx into the mouse air-pouch. Mice received either PBS (10 ml
kg~!, i.p.) or mepyramine (i.p.) 10—20 min before local administra-
tion of IL-8 (1 pg 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 10°
PMN, n=11). **P<0.01 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 (10° per mouse)

% inhibition

5.00£042 (18) 0
3.00 £ 0.36** (20) 40
467066  (6) 7
4121066  (6) 18
2431 0.62** (6) 51

All treatments were done by co-administration with IL-8 (1 ug/0.5 ml carboxymethylcellulose (CMC)). Doses used: Dex 1 ug; RU38486
10 pg; hydrocortisone 30 pg. 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 10° PMN, n=7) has not been subtracted. % inhibition was calculated vs

IL-8-induced migration in control group (PBS-pretreated group).
**p<(0.01 vs PBS-treated group.
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PMN after i.p. treatment with either PBS (10 mlkg~') or
mepyramine (6 mgkg~!) was counted. The values found
were: 4.29 £ 0.6 X 10°ml~! mononuclear cells and 0.74
0.06 x 10°ml~! PMN in control animals (n=4), and
4.33+£0.36 X 10°ml~! mononuclear leucocytes and 0.80 *
0.19 X 10°ml~! PMN in mepyramine-treated mice (» = 4, not
significant). The mepyramine effect was mimicked by two
other H, antagonists, diphenhydramine and triprolidine,
whereas the H, 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 pug in the presence of 2 pg
(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 2pug (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
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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 (10 mlkg~!, i.p.),
Diph (9 mgkg~', i.p.), Trip (0.5 mgkg~', i.p.) or Ranit (Smgkg~',
i.p.) 10-20 min before local administration of IL-8 (1 pg in 0.5 ml
CMC). PMN migration was measured 4h later. Values are
mean * s.e.mean for six mice. The dotted line indicates CMC-
induced migration (0.89 £0.15 % 10° PMN, n=6). *P<<0.05 vs
PBS-treated group.

evaluated. At a dose of 1pug, 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 0.3 pug
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 ug alone (histamine dose 0).

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

Treatment IL-8 IL-1B

@i.p.) PMN % inhibition PMN % inhibition
PBS 5551036 (8) 0 5.3310.33 (6) 0
Mepyramine 232+ 0.33 (12)** 58 6.5210.75 (6) -22

Mepyramine (6 mg kg=') or PBS (10 ml kg~') were injected i.p. 10 min before treatment with IL-8 (1 pg) or with IL-1B (20 ng) and
PMN migration measured 4 h later. Values (10° per mouse) are mean * s.e.mean (1) 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

Protein

Treatment (10° per mouse) Net migration (mg per mouse)
CMC 1.74 £ 0.26 (13) 0 2.50 £ 0.27
Histamine 2 pg 1.54£0.30 (5) 1] 2.23+0.52
IL-8 0.3 pg 3.28 £0.27 (15)** 1.54 2.77%0.10
IL-8 0.3 ug+ 4.3410.30 (14)**% 2.60 3.18+0.39

Histamine 2 pg

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.
1P <0.05 vs. IL-8 alone.
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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 0.5ml of CMC containing histamine (2 pug) and IL-8
(0.3 pg), with or without 1 ug 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 10° 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 5mlkg~!, ip.
(open columns) or compound 48/80 (hatched columns) as described
in the Methods section for 5 days. IL-8 1 ug 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-dependent 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 BWAJ4C (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-1-induced migration (Perretti et al., 1993a),
the IL-8 elicited response was insensitive to the selective NK,
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 H,
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-1B-induced cell infiltration. The effect of two chemically
distinct H, 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 (**50-60%). The H, 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 H, 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
B,-integrins (Lawrence & Springer, 1991; Von Andrian e 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 e?
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 4 h-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 EDs, of approximately 5pug per
mouse (150 ug kg~!, i.v.). This inhibitory effect is likely to
be brought about by endogenous LCl, since it was abrogated
by passive immunisation of mice with a specific «LC1 poly-
clonal antibody. In this respect, this study confirms the
observations obtained in IL-1-induced PMN migration (Per-
retti & Flower, 1993), and indicates that induction of LCl1
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 LC1 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
LC1 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-1-
induced migration, with a mechanism which was LCI-
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-
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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 1TD

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)-a-(car-
boxycyclopropyl)glycine (L-CCG-I), and from the postsynaptic motoneuronal depolarization produced
by (1S,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, ( + )-a-methyl-4-
carboxyphenylglycine (MCPG).

2 MAP4 selectively and competitively antagonized the depression of monosynaptic excitation produced
by L-AP4 (Kp 22 pM). 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 MCCQG 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 (1S,3S)-ACPD and L-CCG-I was apparently competitive in each case but of
varying effectiveness, with apparent Kp values for the interaction between MCCG and the receptors
activated by the two depressants calculated as 103 and 259 puM, respectively. MCCG also antagonized
the presynaptic depression produced by (1S,3R)-ACPD.

4 Neither MAP4 nor MCCG (200-500 uM) 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)-x-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-1. 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; (1S,3R)-ACPD; (1S,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 (mGluR1 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 mGluR1-
expressing Chinese hamster ovary (CHO) cells (Hayashi et
al., 1994) while (RS)-3,5-dihydroxyphenylglycine (DHPG)
has a similar (and more potent) action in mGluR 1-expressing
Xenopus oocytes (Ito et al., 1992). In contrast, (S)-4-car-
boxyphenylglycine (4CPG) antagonizes (1S,3R)-1-amino-1,3-

! Author for correspondence.

cyclopentane dicarboxylate (ACPD)-stimulated PI hydrolysis
in rat pup cerebrocortical slices (Birse ez 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 mGluR1
(Hayashi et al., 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 mGluR1 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 ez al., 1994).
These L-AP4-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 (1S,3R)-ACPD. Thus,
each of these phenylglycine compounds blocks the (1S,3R)-
ACPD-induced depolarization of neonatal rat motoneurones
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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 (1S,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 ez 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-

POH, .. NH,
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Figure 1 Structures of MAP4 (I) and MCCG (II). For abbrevia-
tions, see text.

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 (1S,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)-a-(car-
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Figure 2 Non-selective antagonism of (1S,3R)-ACPD- and L-AP4-induced responses in neonatal rat motoneurones by (+ )-a-
methyl-4-carboxyphenylglycine (MCPG)..(a) Shows chart recordings, in Mg?*/D-AP5-containing medium, of slow components of
the DR-VRP and depolarizing base line shift produced by 5pum (1S,3R)-ACPD. L-AP4 (5 uM) produced no base-line shift (not
shown; see Figure 2). Left, control response; centre, recorded during superfusion with medium containing 500 uM ( + )-MCPG,
showing abolition of the (1S,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 uM) and L-AP4 (5 pM) 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 10 min 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 pM) to the superfusion medium; the depressant effects of both (1S,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 (1S,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 oa-methyl-L-CCG-I (MCCG) have selective actions at
L-AP4-sensitive and (1S,3S)-ACPD/L-CCG-I-sensitive pre-
synaptic receptors, respectively, on primary afferents to

811

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
(30V, 2 pulses min~!). The standard medium contained:
(mM) NacCl 118, NaHCO; 25, KCl 3, CaCl, 2.5, D-glucose 12,
gassed with 5% CO0,/95% O, In addition, for most
experiments, 2 mM MgSO, and 50 uM D-2-amino-5-phospho-
nopentanoate (D-APS5) were included in the standard medium
to eliminate slow synaptic responses mediated by N-methyl-

neonatal rat motoneurones. The structures of these com-
pounds are shown in Figure 1.

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 (1S,3R)-ACPD and L-AP4-induced responses in neonatal rat
motoneurones. All responses recorded in the same spinal cord preparation; Mg?*/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 (1S,3R)-ACPD (5 uM), and small depressant effects of
L-AP4 (5 uM) on the slow DR-VRP and the depressant effects of both (1S,3R)-ACPD and L-AP4 on the fast component of the
DR-VRP. (b) Recorded 15 min after addition of 200 umv 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 (1S,3R)-ACPD without altering the effects of L-AP4 on slow and fast components of the DR-VRP or the depolarizing
effect of (1S,3R)-ACPD. (c) Responses recorded 35 min after return to normal (antagonist-free) medium. (d) Recorded 15 min after
changing to medium containing 200 um 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 (1S,3R)-ACPD or the depression of the fast component of the DR-VRP produced
by (1S,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 a-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 mlmin~!. 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, (1S,3S)-ACPD, (1S,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- 500 puM).
Some experiments were also conducted with standard
medium (excluding MgSO, and D-APS5) that contained tet-
rodotoxin (TTX; 10~°M for 2min, then 10-"M con-
tinuously) in order to investigate the effects of the anta-
gonists on depolarization directly generated in motoneurones
by (1S,3R)-ACPD, or by the inotropic receptor agonists
NMDA and AMPA.

Results

As recorded from ventral roots (1S,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 (1S,3S)-ACPD (Pook et al.,
1992), by L-CCG-I (Ishida e al., 1993) and by L-AP4 (Evans
et al., 1982). A previously reported mGluR antagonist, ( + )-
MCPG, antagonizes all these effects (Jane ez al., 1993; Kemp
et al., 1994). Figure 2 shows the relatively non-selective
antagonist effects of ( +)-MCPG on the depolarization pro-
duced by (1S,3R)-ACPD in neonatal rat motoneurones

(Figure 2a) and on the (1S,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 (1S,3R)-ACPD, nor the presynaptic depression
of monosynaptic excitation produced by L-AP4, was affected
by 200 uM MCCG; however, this antagonist attenuated the
presynaptic depression produced by (1S,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
(1S,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 pM) also antagonized the depression of monosynaptic
excitation produced by (1S,3S)-ACPD (Figure 4a) and L-
CCG-I (Figure 4b). In contrast, MAP4 (200 uM) had little or
no effect on the depression produced by either (1S,3S)-
ACPD (Figure 5a) or L-CCG-I (Figure 5b). 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 (1S,3S)-ACPD in the presence and absence of MAP4
(300 uM) or MCCG (300 pM). 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

a MCCG 200 pm
(15 3S)-ACPD L-AF'4
5 uM
R/C e — R/C oo
>
b €
o~
MCCG 200 pm S
L-AP4 CCG
C 75um RC 2 2um RIC ¢ RiC R
—— — N

M

i

I

i '('/V’!f

Figure 4 Selective antagonism by MCCG of (1S,3S)-ACPD and L-CCG-I-induced depression of monosynaptic DR-VRP in
neonatal rat motoneurones. (a) Shows depression of synaptic response by (1S,3S)-ACPD (5uM) and L-AP4 (3 um). MCCG
(200 pM) almost completely abolished the depression produced by (1S,3S)-ACPD and was less effective versus L-AP4. (b) Shows
selective antagonism by MCCG (200 um) of L-CCG-I (2 uM)-induced depression of the monosynaptic DR-VRP relative to L-AP4

(7.5 pm)-induced depression. (a) and (b) are from different preparations;

Mg?* /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
(18,3S)-ACPD- and L-CCG-I-induced depression. (a) MAP4 (200 pM) antagonized the depression produced by S um L-AP4 with
little or no effect on the depression produced by 5 um (1S,3S)-ACPD. (b) MAP4 (200 uM) selectively antagonized the depression
produced by 5 uM L-AP4 with little or no effect on the depression produced by 1 pm L-CCG-I. (c) MAP4 (1 mMm), almost abolished
the depression produced by 10 um L-AP4 and also antagonized the lesser depression produced by 1.5 uM L-CCG-1. Other details as

Figure 4. For abbreviations, see text.

(1S,3S)-ACPD (Figure 6¢c). 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 Kp values calculated for the interac-
tions between MAP4 or MCCG and the receptors activated
by L-AP4, L-CCG-I and (1S,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 K values calculated for the antagonism by MCCG
of the depressant responses produced by (1S,3S)-ACPD and
L-CCG-1 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 uM) which
antagonized presynaptic depressant responses, neither of the
two antagonists significantly affected similar magnitude
depolarizations produced by (1S,3R)-ACPD (25 uM) or N-
methyl-D-aspartate (NMDA, 7 um). 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 uM). 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 (1S,3R)-ACPD; (b) the depression of
monosynaptic excitation effected by L-CCG-I, (1S,3S)-ACPD
and (1S,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 (1S,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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Figure 6 Dose-response curves for depression of monosynaptic DR-VRP by L-AP4, (1S,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 (1S,3S)-ACPD. (a—c)
Antagonist MAP4 (300 pm); (d—f) antagonist MCCG (300 uM). (O) Control responses; (@) 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 (¢) and MCCG/(1S,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 (1S,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 mGluR1 receptors since the
three phenylglycine derivatives that antagonize these re-
sponses are also antagonists at mGluR1 receptors expressed
in CHO cells (Hayashi ez al., 1994). However, the same three
mGluR1 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
(1S,3R)-ACPD, (1S,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, (1S,3R)-ACPD, (S)-
4C3HPG, (S)-3C4HPG and (S)-4CPG on monosynaptic

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

Antagonist (App Kp, pM) versus

Antagonist  L-AP4  (1S,3S)-ACPD  L-CCG-I
MAP4 22+ 5(5) n.e.(4) > 200(6)?
MCCG ne.(3)' 103 28(5)* 259 £ 34(5)*

Values are pM * s.e.mean (no. of experiments).

'n.e. = no effect (no consistent antagonism at 300 um).
“Non-parallel dose-response curves in presence and absence
of antagonist.

*Difference statistically significant (P<<0.02, Student’s ¢
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 mGIluR2 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 (1S,3R)-ACPD, NMDA or AMPA

Agonist Conc. (uMm)
(1S,3R)-ACPD 25
NMDA 7
AMPA 1.2-1.5

% control depolarization
MCCG (250 um) MAP4 (250 pm)

103 £ 6(6)" 95 % §(5)*
87 £ 6(4)' 100 £ 6(3)°
79 £ 7(4y? 73 £ 203)*

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

SN N W
N A N A N A N A E
5puM 0.3 pum @

MAP4 500 um CNQX 10 uM S5 min

N A A

N A

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 uM) on either NMDA (5uM, N)- or
AMPA (0.3 puM, A)-induced depolarizations, and subsequent selective
depression of NMDA-induced responses by 10um D-APS. (b)
Recorded in same spinal cord preparation following recovery from
D-AP5-containing medium (approx 1h), shows lack of effect of
MAP4 (500 pM) on AMPA-induced responses and slight potentiation
of NMDA-induced responses, with subsequent selective depression
of AMPA-induced responses by CNQX (10 uM). 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-APS5 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 (1S,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 mGIluR6, which, with mGIluR7, com-
prise the range of L-AP4-sensitive mGluR receptors currently
identified (Tanabe et al., 1992; Nakajima er al., 1993;
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1 Intracerebroventricular (i.c.v.) or intracisternal (i.cist.) administration of kyotorphin (KTP), an
endogenous Met-enkephalin releaser, at 5pug per mouse, and L-arginine (L-Arg), a possible KTP
precursor, at 30 pg 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 icist. 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 icist. increases KTP formation in the lower brain, possibly the brainstem, resulting in
antinociception mediated by the descending noradrenergic system. Therefore, the regional distribution of

© Macmillan Press Ltd, 1994

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 [Met’]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 d-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
Mg?** (Ueda et al., 1987b), and is also formed by a Ca?*-
activated processing enzyme from a precursor protein in the
brain (Yoshihara ez al., 1988; 1990). In the former pathway,
exogenously applied L-Arg acts as an effective KTP precur-
sor, since the K, 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 er 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-
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tions, since the K, 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 15-25g (Japan SLC, Inc.) were
given food and water ad libitum except on the experimental
day.
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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
2-2.5s, and a cut-off latency of 8s 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, 10 ul of anti-kyotorphin serum without
dilution or of control serum was administered i.cist. (Ueda et
al., 1979) to mice, and KTP at 5 pug per mouse or L-Arg at
30 pug per mouse in a volume of 5 pul 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 5mg
kg~! was administered intraperitoneally (i.p.) to mice 24 h
before i.c.v. or i.cist. administration of KTP (5 pg per mouse)
or L-Arg (30 ug per mouse).

Effects of intrathecal administration of phentolamine and
methysergide on the antinociceptive activity of kyotorphin or
L-arginine Phentolamine, an a-adrenoceptor antagonist, at
1-10 pg per mouse, or methysergide, a 5-hydroxytryptamine
(5-HT) receptor antagonist, at 1-5ug per mouse, was
administered intrathecally (i.t.) (Hylden & Wilcox, 1980) to
mice 5 min before i.c.v. or icist. injections with KTP (5 pug
per mouse) or L-Arg (30 ug 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-
NC-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 5ug per mouse and L-Arg at 30pug per mouse were
administered i.c.v. or icist. 1h after i.cist. injection of 10pul of
anti-KTP serum (AS) without dilution or control serum (CS). Data
indicate A 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 i.cist. 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 ug 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 5pug per mouse and
L-Arg at 30 pug per mouse were administered i.c.v. or i.cist. 5min
after i.t. injection of phentolamine (PHT) at 10 pg per mouse (a) or
at 1 pg per mouse (b, ¢ 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 5ug per mouse, and L-Arg,
given i.c.v. or icist. at 30 ug per mouse, significantly pro-
longed the tail-flick 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 1b). How-
ever, i.c.v. KTP-induced antinociception was resistant to i.cist
pretreatment with the antiserum (Figure 1a). 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 5mgkg~' markedly

reduced the antinociceptive activity exerted by i.cist. KTP at
5 pug per mouse, without having a significant effect by itself
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Figure 4 Effects of i.t. 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 tailflick test in mice. KTP at 5pug per mouse and
L-Arg at 30 ug per mouse were administered i.c.v. or i.cist. 5Smin
after i.t. injection of methysergide (MSG) at 5ug per mouse (a, ¢
and d) or at 1pug per mouse (b). Data indicate A latencies 10 min
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 pug per mouse were abolished
by preadministered reserpine (5mgkg=') (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 1pug 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 10 pg
per mouse (Figure 3a). On the other hand, the antinocicep-
tion elicited by i.c.v. and i.cist. L-Arg at 30 pg per mouse was
significantly attenuated by 1 pg 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 ug per mouse, mark-
edly blocked the antinociceptive effect of i.cist. KTP at 5pug
per mouse, although it alone had no effect (Figure 4b).
However, methysergide even at 5pug per mouse failed to
inhibit the antinociception induced by i.c.v. KTP at 5 pg per
mouse and by i.c.v. or icist. L-Arg at 30 ug per mouse
(Figure 4a,.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, S-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
icv. 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 ul 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 &-
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. Lc.v. administration of KTP, at a dose of 5pug 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 Ca’*-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 S5-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
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Effects of bosentan (Ro 47-0203), an ETx-, ETg-receptor

antagonist, on regional haemodynamic responses to endothelins

in conscious rats

IS.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

NG72UH

1 Regional haemodynamic responses to endothelin (ET)-1, -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 ET,-, ETy-receptor antagonist, Ro 47-0203 (bosentan; 30 mg kg~!).

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-1 (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 ET,- and/or ETg-receptors that are

© Macmillan Press Ltd, 1994

effectively antagonized by bosentan.

Keywords: ET,-receptors; ETp-receptors; endothelins; big endothelin-1; bosentan

Introduction

Recent findings indicate that, while exogenous endothelin
(ET)-1, and its analogues elicit initial depressor and vaso-
dilator effects by activating ETg-receptors, the subsequent
pressor and vasoconstrictor actions of these peptides may
involve both ET,- and ETg-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 ET,-
receptor antagonists would be less useful than non-selective,
ET,-, ETp-receptor antagonists in pathophysiological condi-
tions in which impairment of regional blood flow was due to
endogenous endothelin(s) (see Battistini er al, 1993, for
review). Recently, Clozel et al. (1993) demonstrated the
ability of the non-selective ET,-, ETy-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~! 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 ET,-, ETg-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, ET,-, and ETy-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 mg kg~!, 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., 50 pmol kg~!, were
assessed before and 5 min after i.v. bolus injection of bosen-
tan.
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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

Heart rate (beats min~')

Mean arterial blood pressure (mmHg)

Renal Doppler shift (kHz)

Mesenteric Doppler shift (kHz)

Hindquarters Doppler shift (kHz)

Renal vascular conductance ((kHz mmHg~']10%)
Mesenteric vascular conductance ((kHz mmHg~']10%)
Hindquarters vascular conductance ([kHzmmHg~']10%)

Group 1 Group 2
324t 10 301 +4
9% t3 100+ 1
6.8+08 5.6%0.6
6.6%0.5 6.2+05
40102 35+03
72%10 56t6
706 6214
42+3 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.c.mean.

—~ 120

AHR
(beats min~!

AMAP
(mmHg)

A Doppler shift (kHz)
Hindquarters Mesenteric Renal

Renal

Hindquarters Mesenteric

A vascular conductance ((kHz mmHg™"] 10%)

Time (min)

o

Time (min)

Figure 1 Cardiovascular responses to endothelin-1 (ET-1, 500 pmol kg~!) in the absence (@) 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.



BOSENTAN AND ENDOTHELIN RESPONSES 825

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 AUC,_¢
min, AOC,_¢ min, respectively). The same procedures were
followed with the lower dose of ET-1 (50 pmol kg~!), except
that measurements were made only up to 10min post-
injection, since most variables were back to baseline levels by
then. A P value <0.05 was taken as significant.

+ bosentan
473 + 153+
22+ 19t
330 £ 103t
388 £ 71t
40 + 21%

Big ET-1

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 sait) was synthesized at F. Hoffman
— LaRoche Ltd., Basel Switzerland; it was dissolved in sterile
water (60 mgml~!) and injected in a volume of 0.2 ml,
flushed in with 0.1 ml saline.

— bosentan
3011 £ 549
1121 £ 57
1068 + 88*
1645 £ 215
1158 £ 132*

+ bosentan
44t
833 * 155t
ot
298 + 41t
403 + 114¢
498 + 92t
14%3
96 + 78t

ET-3

Results

2‘

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

— bosentan
68+ 17*
1387 + 209*
62
747 £ 90*
984 + 88*
1959 + 251
+
475+ 98

Responses to ET-1 in the absence and presence of
bosentan

High dose ET-1 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

+ bosentan
146
677 £ 188+
1t
61 + 23t
259 + 101¢
308 * 78t
*
32119t

Figure 2 Cardiovascular responses to endothelin-1 (ET-1, 50 pmol
kg~') in the absence (@) or presence (A) of bosentan (30 mg kg~!)
in the same conscious, Long Evans rats (n=7). Values are
mean t s.e.mean; *P <0.05 versus baseline. Statistics for the differ-
ences between the responses in the absence and presence of bosentan
are given in the text and Table 3.

Heart rate

(AOC, beats)

(AUC, mmHg min)
Renal conductance

(AOC, mmHg min)

Mean BP
Mean BP

Table 2 Integrated (AUC or AOC) cardiovascular responses to ET-1, ET-2, ET-3 or big ET-1 in the absence or presence of bosentan, respectively, in the same conscious, Long Evans rats (n=8)
Heart rate
(AUC, beats)

ET-
Values are mean + s.e.mean; 1P <0.05 versus corresponding responses in the absence of bosentan; *P<0.05 versus corresponding responses to ET-1. The heart rate, mean arterial blood pressure and
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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-1
was attenuated (+ bosentan, A maximum vascular conduc-
tance = — 15 £ 3 kHz mmHg~'10%-bosentan, A maximum
= — 49 * 8 kHz mmHg~'10°), 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-1 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-1 (Figure 1), the
initial depressor, tachycardic and hindquarters hyperaemic
vasodilator effects of ET-2 were significantly less than those
of ET-1 (Table 2; compare Figures 1 and 3), as was the
initial renal vasoconstrictor effect (ET-2, A vascular conduc-
tance at 15s= — 9+ 9kHzmmHg '10°*, ET-1=-29%2
kHz mmHg~'10°). However, the initial mesenteric vasocon-
strictor effect of ET-2 (A vascular conductance at 15s
= — 45+ 5kHzmmHg~'10°) was significantly greater than

that of ET-1 (- 6 £ 9 kHz mmHg~'10%) (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 15s= — 14 + 4 kHzmmHg'10%)
(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 15s
=71 4kHzmmHg '10%) and that seen with ET-1 (above),
whereas the early mesenteric vasoconstrictor effect of ET-3
(A vascular conductance at 15s= —411 9 kHz mmHg™!
10%) 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 1min, + bosentan A= — 10 £ 2 kHz mm-
Hg™! 10%, — bosentan = — 46 + 5 kHz mmHg~' 10°, mesen-
teric, A vascular conductance at 15s, + bosentan= —-19%3
kHz mmHg~'10>, - bosentan = — 41 + 9 kHz mmHg~'10°
(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-1 in the absence and presence of
bosentan

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

Table 3 Integrated (AUC or AOC) cardiovascular responses to ET-1 (50 pmol kg~') in the absence or presence of bosentan in the

same conscious, Long Evans rats (n=7)

Heart rate (AUC, beats)

Heart rate (AOC, beats)

Mean BP (AUC, mmHg min)

Renal conductance (AOC, [kHz mmHg~']10° min)
Mesenteric conductance (AOC, [kHz mmHg~']10° min)
Hindquarters conductance (AUC, [kHz mmHg~']10° min)
Hindquarters conductance (AOC, [kHz mmHg~'}10° min)

ET-1
— bosentan + bosentan
14+3 135
191 £ 41 109 + 45%
110+ 19 10 + 5¢
157+32 16 £ 8t
205+ 34 41 £ 7¢
102 41
3812 42t

Values are mean * s.e.mean; +P <0.05 versus corresponding response in the absence of bosentan. The heart rate and hindquarters

vascular conductance responses were biphasic.



BOSENTAN AND ENDOTHELIN RESPONSES 827

T
o:'g 60
I .
g 0
3 _60
3 -
°
%I
s E
dE
©
[=
Q
o«
N
T
)
£ §
»w C
= 9
%. O
s =
)
o ¢
()]
< £
©
3
o
hel
£
I
&
o _
- ©
—
T @
> o«
b o
[S
£ 2
N g
T €
= 3
® o
g =
.
S
(7]
© T
O 40
& t x
S 5 -
2 8 oA AN o A 4 A A-A-A-A-A-------- - - J
a c o—o—@ e b
8 i -20 4 * * * * * *
>
4 f T 1 I T 1
0 5 10 30 60
Time (min) Time (min)

Figure 3 Cardiovascular responses to endothelin-2 (ET-2, 500 pmolkg~') in the absence (@) 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.

and hindquarters vasodilator phase, although at a higher
dose (10 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-1 (Figure 5, Table 2).

Bosentan abolished the pressor, and renal, and hind-
quarters vasoconstrictor effects of big ET-1 (Figure S5, 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-ET-, non-ETg-
receptors.

Effects of bosentan on responses to ET-1

At a dose of 500 pmol kg~!, ET-1 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 ET,-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-1 by ETg-receptors; it is
likely that the tachycardia was a reflex response to the
hypotension (Gardiner e 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 (@) or presence (A) of bosentan
(30 mg kg~!) in the same conscious, Long Evans rats (n = 8). Values are mean t 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-1 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 pmolkg~! 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 ET,-
and ETg-receptors in the two vascular beds.

It is difficult to argue that bosentan more effectively
blocked ETy- than ET,-receptors, if the latter predominate
and, when activated, produce effects that oppose those due to
ETjg-receptor stimulation. By the same token, it is not possi-
ble, straightforwardly, to quantitate the efffectiveness 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 pmolkg~!,
significant responses remained. It is feasible that these were
due to the involvement of receptors other than those of the
ET,- or ETp-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 § Cardiovascular responses to big endothelin-1 (big ET-1, 500 pmol kg~') in the absence (@) or presence (A) of bosentan
(30 mg kg~") in the same conscious, Long Evans rats (n = 8). Values are mean + s.c.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-1 were mediated through ET,-
and/or ETy-receptors. However, we cannot dismiss an action
of bosentan at other subtypes of ET receptors, in addition to
ETA- or ETg-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 ET,- and ETg-
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-1 are blocked
by atropine and atenolol (Gardiner et al., 1990a), it is feasi-
ble that any putative, non-ET,-, non-ETp-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 ET,- and/or ETg-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-1

All the effects of big ET-1 over the first 10 min 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 ET,- and/or ETg-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 ET,- and/or ETp-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
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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 1TD

1 Acetylcholine stimulated repolarization and relaxation in isolated segments of rat small mesenteric
artery (Djp=325%9pum) in which the smooth muscle cells were depolarized and contracted by
submaximal concentrations of noradrenaline (0.75-2.5 uM). 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, N®-nitro L-arginine methyl ester (L-NAME, 100 uM) reduced the
pD, for acetylcholine-induced relaxation from 7.5 to 7 and depressed the maximum relaxation from
89% to 68% in tissues stimulated with noradrenaline. The pD, 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 pD, 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 uM L-NAME.

5 Nitric oxide gas in solution (0.2-2.2uM; NO,) relaxed artery segments precontracted with
noradrenaline. The magnitude of relaxation to NO, 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-
yicholine 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
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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).

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 25um 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 (D,o; Mulvany
& Halpern, 1977). The segment was superfused (at 3—5ml
min~') with PSS which had been gassed with a mixture of
95% 0,/5% CO, and warmed to 37°C. Concentration-re-
sponse curves were constructed from responses to cumulative
concentrations of acetylcholine in segments precontracted to
noradrenaline (0.25-2.5 uM). 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 NC-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 pul) 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 2M 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): NaCl119,
NaHCO, 25, KCl 4.7, MgSO, 1.2, CaCl, 2.5, disodium
EDTA 0.027 and glucose 11.

Drugs used were acetylcholine chloride (BDH); (-)-
noradrenaline bitartrate (arterenol, Sigma); NOC-nitro L-
arginine methyl ester (Sigma); nitric oxide gas (research
grade, BDH).

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 (NO,) was then
injected into the tissue chamber in volumes of 10-100 ul,
with a gas tight syringe. Control injections of helium gassed
PSS were always performed to assess the extent of potential
injection artifacts.

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 ¢ test, with rejection
of the null hypothesis at the 5% level.

Results

Acetylcholine-induced changes in tension and membrane
potential of mesenteric artery segments

The resting membrane potential of smooth muscle cells in the
rat small mesenteric artery (Do 325 % 8.6 um; n=23) was
—61.612.1mV (n=11 cells). Noradrenaline (0.75-2.5 pum)
depolarized the cells to —44.5+£2.0mV (n=7), with a
subsequent increase in active tension to 1.41%0.17 mN
mm~! (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 uM) stimu-
lated concentration-dependent repolarization and relaxation
(Figure 1). The pD, for relaxation was 7.5+ 0.05 and the

ACh
a5 - -8 -75
35 O

Figure 1 Representative experimental trace showing simultaneous
recording of smooth muscle membrane potential (upper trace) and
tension (lower trace). Noradrenaline (NA; 1pum) depolarizes and
contracts the cells and the subsequent addition of acetylcholine
(ACh; 0.01-0.3 um) 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 uMm (Figure 2a). Above 1 puM, acetylcholine stimulated
an endothelium-independent smooth muscle contraction. The
pD, 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
—6691+34mV (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+ 1.8s; n=21), or the
time taken to reach maximum (relaxation preceded repolariz-
ation by 1.6 £ 3.2s; n=20).

Acetylcholine-induced repolarization and relaxation in
the presence of L-NAME

L-NAME (100 uM) 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
pD, 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 uM (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 pD, 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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Figure 2 Mean concentration-effect curves constructed to acetyl-
choline in the absence (O) and presence (@) of the nitric oxide
synthase inhibitor NC-nitro-L-arginine methyl ester (L-NAME, 100
pM). (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).

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+ 1.2s 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 25mM 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 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 25mMm 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 um NC-nitro-
L-arginine methyl ester (L-NAME) (A) on the relaxation to acetyl-
choline (O) 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 NC-nitro-L-arginine methyl ester (L-NAME) and raised extracellular potassium on noradrenaline induced

contraction and depolarization in rat small mesenteric artery

Resting Plus noradrenaline Concentration
membrane Membrane range
potential potential Tension noradrenaline
(mV) (mV) (mN mm~") (™)
Control -616%2.1 —445%20 141%0.17 0.75-2.5
n=11 n=17 n=12
L-NAME -585+22 —-40.8122 1.81£0.20 0.75-1
n=4 n=5 n=8
K* 25mMm -572%16 -316+38 1.93+0.14 1-2.5
n=4 n=4** n=5
K* 25mM and -592+%7.1 -338%9.0 2.05%0.14 0.25-1
L-NAME n=3 n=3 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~!) and relaxation to acetylcholine. Values are mean + s.e.mean. Significant difference

from control values P<0.01**.
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Figure 4 Mean concentration-effect curves showing the effect of
raising external potassium from control levels of 4.7mm (O) to
25mMm (O) or 30 mm (M), on the ability of nitric oxide gas (NO,)
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 4.7mMm 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 pD, was not
different from control values at 7.4 0.07 (n=35). The
residual relaxation to acetylcholine was abolished by incuba-
ting the artery segments with 100 uM 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 2mN 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.

However, the magnitude of relaxation to NO, was signifi-
cantly reduced in the presence of noradrenaline and 30 mM
potassium (Figure 4).

Discussion

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 NO,, 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 mMm)
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 NO, 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 the 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 er 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 er 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-
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Lack of correlation of hypotensive effects with prevention of
cardiac hypertrophy by perindopril after ligation of rat

coronary artery
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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 20 mgkg~' day~!, but not 2mgkg=' day~!,
prevented the development of the right ventricular hypertrophy. Enalapril at 20 mg kg~! 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 (= 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 & Scholkens, 1992). Alternatively, earlier
studies demonstrate that the renin-angiotensin system in the
hearts may participate in the regulation of cardiac function and
growth adaptation of the remaining viable myocytes (Campbel
etal., 1986; Hirsch et al., 1991; Yamada et al., 1991; Reiss et al.,
1993; Meggs et al., 1993). Angiotensin II stimulates the growth
of myocardium (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 o,-
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 B,
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 of cardiac 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.
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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 er 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 (0.2 mgkg~! day™!),
(c) perindopril (2 mgkg~! day~!), (d) enalapril (2 mgkg™'
day~!), and (e) enalapril 20 mgkg~! 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 20 mg kg™' 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.

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 1.5-2.0 mm from apex to base.
The sliced sections were dehydrated in methyl alcohol,
cleared with xylene, and embedded in paraffin. Then, sections
were cut, Spum 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 of ACE 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 29,200 g for 15 min, 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 pul) were incubated in 400 ul of PBS
(pH 8.0): 300 mM NaCl for 2 min at 37°C. Then, 50 ul of
16.7 mM substrate solution was added to the reaction mixture
and incubated at 37°C 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 pl) was removed into 0.1 N NaOH solution
and 25pl of 2% ortho-phthaldialdehyde was added. Thirty

Table 1 Effects of oral treatment with perindopril or enalapril on systolic blood pressure and heart rate in rats with myocardial

infarction

Treatment with ACE inhibitors

n Baseline 1 week 2 weeks 3 weeks 4 weeks
Systolic blood pressure
Sham 14 96.3+2.8 101.7 + 3.2* 109.2 + 3.4* 107.4 £ 3.5* 103.8 + 3.7*
Control 17 974129 819120 89.1 2.0 909 % 2.1 91.8+22
Perindopril 0.2 mgkg~' day™' 17 97.6%2.5 88.5+2.2 920+ 4.1 93.5+3.6 93.6+34
2mgkg~! day~! 17 98.8 +3.4 844127 74.6 £ 2.2* 72.6+23* 7521+ 3.2*
Enalapril 2mgkg~! day™! 17 9731 1.5 85820 88.5+ 3.5 88.6+ 2.6 89.3+3.3
20 mg kg~! day~! 17 102.3+3.3 879+ 34 80.8 + 2.3* 824+ 1.7* 78.8 £ 2.7*
Heart rate
Sham 14 456.0 £ 12.0 410.4 + 13.0* 417.1£6.9 44131 134 431.3+10.2
Control 17 4413%121 4434 1 10.2 416.1 £ 12.0 417.1 £ 12.8 433.1£8.5
Perindopril 0.2 mg kg~' day~! 17 4571105 456.0 £ 9.8 428.5+10.8 436.3+£10.0 4242+ 84
2mgkg~! day~! 17  4405t8.1 426.1£79 4269172 4393+74 42621175
Enalapril 2mgkg~' day-! 17 4439%78 4339170 429.31+9.1 43591173 438.8+9.7
20 mg kg~! day~! 17 4203170 426.5+9.1 4427+ 12.0 4275+7.2 4413+ 78

Values are mean * s.e.mean. n, number of animals. *P <0.05 vs. control treatment group.



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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Figure 1 Cardiac function in sham-operated and coronary-ligated
rats treated with perindopril (0.2 or 2 mg kg~! day~!), enalapril (2 or
20mgkg~' 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/ds,,,./P, 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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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 t 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 £ 1.2mmHg (in total, n=85). The oral
administration of perindopril (2 mg kg~! day~') and enalapril
(20 mgkg~! 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 2 Correlation between cardiac hypertrophy and systemic
blood pressure. (a) Controls and perindopril-treated group (0.2 and
2mgkg~! day~'); (b) controls and enalapril-treated groups (2 and
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 Enalapril
Sham Control  02mgkg~'day~' 2mgkg-'day~' 2mgkg 'day! 20 mgkg~' day~!

(n=14) n=17 (n=17) n=17) (n=17) (n=17
Weights
BW (g) 434 + 5% 398 + 6* 393 + 6* 381+ 7* 400 * 6* 380 £ 7*t
RVW (mg) 249+ 7 301 £19 2409 229+7 277120 228 + 7*¢
LVW (mg) 846 18 801 £ 16 786 £ 19*% 678 £ 10* 757 £ 10*% 707 £ 11*}
WVW (mg) 1095 £ 24 1102% 19 1026 + 25% 906 + 15* 1034 + 24*} 935 £ 14*¢
Cardiac hypertrophic indices
RVW/BW (mg/g) 0.57£0.01f 0.76 £ 0.06* 0.61 £0.02} 0.60 £ 0.02% 0.69 £ 0.05 0.60 + 0.02%
LVW/BW (mg/g) 1.95+0.03 2.02+4.04 2.00%0.04 1.78 £ 0.02 1.90 £ 0.02} 1.87 £ 0.04%
WVW/BW (mg/g) 2.52+£0.04f 2.78+0.07* 2.61%0.05 2.38 £ 0.03*} 2.59 £ 0.061 2.47 £ 0.04%
Infarction size (%) 56+3 49+3 45+ 3t 44 + 2% 43+ 3t

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; 1P <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
or 2mgkg~! day~'), enalapril (2 or 20 mg kg~' day~!), or water (control). *P <0.05 versus sham-operated rats; # P<0.05 versus
control rats. Results are expressed as means * s.e.mean of five animals.



Cardiac function at the end of treatment (Figure 1)

In the controls, left ventricular pressure (LVP), the maximum
rate of rise of LVP (LV dP/dty,,) and LV dp/dt,,, divided by
instantaneous LVP (LV dP/dt,,../P; 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 mgkg~' day~') and enalapril
(20 mg kg~! day~!) decreased LVP and LV dP/dl,,,, respec-
tively. There was no significant difference in LVEDP and LV
dp/dt,.../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 mgkg™'
day~! or 2mgkg~' day~') or enalapril (20 mgkg~' day~"),
but not in the animals treated with 2 mgkg~' 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 mgkg™'
day~!) and enalapril (2 and 20 mgkg~' 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 2 mgkg™!
day~!), but not by treatment with enalapril (2 and 20 mg
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 2mgkg~' day~') and
2mgkg~! day~' enalapril-treated groups, but not in the
20 mg kg~! 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 er 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-

CARDIAC HYPERTROPHY AND ACE INHIBITORS 841

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 e al., 1991). Chronic treatment
with perindopril at both doses of 0.2 and 2mgkg~' 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 (2mgkg~' day~') did not inhibit right
ventricular hypertrophy. A dose of 20 mgkg~' 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 &
Scholkens, 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 mgkg~' 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 B,
receptor antagonist (Linz & Schélkens, 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 & ?P. Max Headley
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1 The effects of intravenous administration of two a-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 (x-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid) have been developed recently. The first class comprises
competitive quinoxalinedione antagonists (Honoré 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-methylcarbamoyl-4-me-
thyl-3,4-dihydro-7,8-methylene-dioxy-5H-2,3-benzodiazepine
HCIl; 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 O, and tracheal, carotid and

! Present address: Dept of Pharmacology, Moscow Sechenov Medical
Academy, 2/6 B.Pirogovskaya St, Moscow 119881, Russia.
2 Author for correspondence.

jugular cannulae were inserted. The lumbo-thoracic spinal
cord was exposed and cut at T9-T11 and the animal was
prepared for extracellular recordings of single dorsal horn
neurone action potentials. Anaesthesia after surgery was
maintained with a-chloralose (50 mgkg~!, 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; 10mM in 200mM NaCl), NMDA (Tocris
Neuramin; 100 mM in 100 mM NaCl) and NBQX (Merz +
Co; 1 mM in 50 mM NaCl), 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 mgkg~') was
found to have a short-lasting depressant effect on neuronal
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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 1b). 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).

a GYKI 531655
4 kg™, i.v.
75 mg lg R
T 50 =
2]
[7:]
$
‘a
@ 254
0 .
Cycling AMPA
b GYKI 53655
4mgkg™',iv.
4

0.3 mg kg™' min™’

Spikes s™'

N A H

1 min

When administered by iontophoresis as opposed to intra-
venously, NBQX was a highly selective antagonist at the top
currents tested (5-10nA), 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

GYKI 53655
8 mg kg™, i.v.

{

0.6 mg kg™! min~!

50 min

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, 25nA) and AMPA (A, 7nA), 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 a-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<0.001. #Significant difference between effects on NMDA responses of NBQX (16 mg kg~') and GYKI 53655 (8 mg 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-
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Pharmacological characterization of the human histamine H;

receptor stably expressed in Chinese hamster ovary cells
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1 The gene for the human histamine H, receptor was stably expressed in Chinese hamster ovary
(CHO) cells and characterized by ['*I]-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 pCMVhumH, and pUT626, a phleomycine-resistant clonal
cell line (CHOhumH,) was isolated that expressed 565 % 35 fmol kg~! protein binding sites with high
affinity (0.21 £ 0.02 nMm) for the H, antagonist, ['*I]-iodoaminopotentidine.

3 Displacement studies with a variety of H, antagonists indicated that the encoded protein was
indistinguishable from the H, receptor identified in human brain membranes and guinea-pig right
atrium. The K;-values observed in the various preparations correlated very well (7 =0.996-0.920).

4 Displacement studies with histamine showed that a limited fraction (32 X 6%) of the binding sites
showed a high affinity for histamine (2 £ 1.2 uM); the shallow displacement curves were reflected by a
Hill-coefficient significantly different from unity (nyg = 0.58 £ 0.09). The addition of 100 uM Gpp(NH)p
resulted in a steepening of the displacement curve (nyg = 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 H, agonists,
amthamine and amselamine, showed an approximately 4-5 fold higher affinity for the human H,
receptor than histamine.

6 Stimulation of CHOhumH, 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
ECs, value for this response was 7% 1 nM for histamine. This response was effectively blocked by
tiotidine and cimetidine, resulting in K; values of 8+ 1 nM and 0.56 + 0.24 uM respectively.

7 Stimulation of CHOhumH, cells with histamine neither inhibited the A23187-induced release of
[*H]-arachidonic acid nor changed the intracellular IP; levels.

8 These results show that the cloned human gene encodes a histamine H, receptor that is indistin-
guishable from the H, 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
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acid release.
Keywords:

Human histamine H, receptor; Chinese hamster ovary cell (CHO); ['*I}-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 H, 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 H, receptor subtype has been
identified as an important target for (potential) phar-
macotherapy. Besides a role of H, receptor antagonists in
gastric acid secretion (Bertaccini & Corruzi, 1992) application
of cardioselective H, receptor agonists in congestive heart

! Author for correspondence.

failure has also been suggested (Felix et al., 1991). Moreover,
recently, a role for the H, 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 H, ligands might also have therapeutic potential. Due
to these perspectives, the search for more potent and selective
H, receptor agents still continues and has, for instance,
recently resulted in the development of the new and highly
specific H, 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 H,
receptor, detailed studies of the human histamine H, 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 H, 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 H, 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
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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
B,-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 H, recep-
tor. Using the canine nucleotide sequence, soon thereafter a
rat (Ruat ez 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 H, recep-
tor (Traiffort er 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 H,
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 H, receptor
function. For the study of H, receptor regulation isolated cell
systems have already proved to be extremely useful (see e.g.
Smit ez al., 1992). In view of the anticipated use of histamine
H, receptor agonists in congestive heart failure (Felix er al.,
1991) and the reported increase in B-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 H, 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% CO, in Dulbeco’s Modified Eagle’s
Medium (DMEM), containing 10% (v/v) foetal calf serum
and supplemented with 2mM L-glutamine, hypoxanthine,
thymidine, MEM amino acids, 50iuml~! penicillin and
50 ug ml~! streptomycin. CHO cells were stably transfected
with the eukaryotic expression vector pCMVhumH,neo
(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 pug ml~! 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 H, receptor
(CHOgpH,, Leurs et al., 1994) were grown at 37°C in a
humified atmosphere with 5% CO, in DMEM, containing
10% (v/v) dialysed foetal calf serum and supplemented with
2mM L-glutamine, MEM amino acids, 50 iuml~! penicillin
and 50 pgml~! streptomycin.

Membrane preparation

CHOhumH, cells were trypsinized and recovered by a 10 min
centrifugation at 500 g. Cells were homogenized in ice-cold
50 mM Na,/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 H, receptor binding

The radiolabelled H, receptor antagonist ['*I]-iodoaminopo-
tentidine (['*’I]-APT) was synthesized as described previously
(Ruat et al., 1990), with some minor modifications. Briefly,
the iodonation of aminopotentidine with Na'>I was per-
formed with H,O, and acetic acid (2:1, v/v) instead of
chloramine-T. In this way the ['*I}-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 ['*I)}-APT was incubated with
5-10 pg of membrane proteins in the presence of increasing
concentrations of the competitor in a total volume of 400 pl.
In saturation studies increasing concentrations of ['*I}]-APT
were incubated with membrane protein in the absence or
presence of 1 uM tiotidine. After 90 min at 30°C the incuba-
tions were stopped by rapid dilution with 3ml ice-cold
20mM Nay/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

CHOhumH, 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=74 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 uM of the phosphodiesterase inhibitor,
isobutylmethylxanthine (IBMX). The reaction was stopped
by the rapid aspiration of the culture medium and the addi-
tion of 200 ul of 0.1 N cold HCl. The cells were kept on ice
and disrupted by sonication (5s, 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, 10mM EDTA,
0.25M 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 1ml aliquots at — 80°C.



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 pl of the binding protein was
mixed with 100 ul of the CHO homogenate or cyclic AMP
standards and 30,000 d.p.m. [*H]-cyclic AMP. After incuba-
tion for 150 min at 4°C the mixture was rapidly diluted with
3 ml ice-cold 50 mM Tris/HCl (pH = 7.4 at 4°C) 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.

[*H ]-arachidonic acid release

CHOhumH, cells were seeded in 24-well plates and cultured
overnight in culture medium, containing 0.5 uCi ml~! [*H}-
arachidonic acid (PH}-AA). To remove unincorporated [*H}-
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 37°C for 30 min with the appro-
priate drugs in 1 ml of DMEM with 0.2% bovine serum
albumin. In some experiments CHOhumH, cells were prein-
cubated with histamine for 10 min before the release of [*H}-
AA was stimulated. The release of 'H]-AA was determined
by liquid scintillation counting of 0.5ml sample of the
incubation medium. Previously, it has been shown that over
90% of the released radioactivity corresponds to authentic
[H]-AA (Traiffort et al., 1992b).

Inositol phosphate production

CHOhumH, or CHOgpH, 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=17.4 at 37°C) and preincubated for 30 min at 37°C.
Thereafter the medium was aspirated, 100 uM histamine in
1001 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 ul of 10% cold HC10,. The
cells were disrupted by sonication (5s, 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
11,000 g. The supernatant (190 pl) was transfered to another
tube and 47.5pul 10 mM EDTA (pH = 7.4) was added. The
samples were neutralized with 300 ul of a freon:tri-octyl-
amine mixture (1:1, v/v, freshly prepared). The samples were
vortexed and centrifuged for 2min at 11,000 g. The neu-
tralized upper phase (150 ul) was mixed with 37.5ul 1M
NaHCO; and assayed for the presence of inositol (1,4,5)
trisphosphate (IP;) using a IP;-mass assay system (Amer-
sham).

In some experiments cells were labelled overnight in cul-
ture medium supplemented with 1pCiml~' [*H]-inositol.
Reactions were terminated with 1 ml cold CHCl;/methanol
and the [*HJ-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.). ’H]-cyclic AMP
(40 Ci mmol~'), [*H}-inositol (18.8 Ci mmol~') were obtained
from Amersham, and [*H]-arachidonic acid (232 Ci mmol~!)
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.
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Results

Pharmacological characterization of the human H,
receptor using ['*1]-APT

Cotransfection of CHO cells with the plasmid pCMVhumH,
and pUT626 resulted after 10—12 days of selection in culture
medium supplemented with 50 pgml~! phleomycine in the
formation of several clonal cell lines, which expressed ['*I]-
APT binding sites. Untransfected cells did not show any
specific ['*I]-APT binding (data not shown). For subsequent
experiments a cell line (CHOhumH,) stably expressing ['*I]-
APT binding sites was further analysed. Saturation experi-
ments performed with CHOhumH, cell membranes indicated
the expression of a single ['*I)-APT binding site (ny =1.0 £
0.1) with a dissociation constant (K;) 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 ['*I]-APT represented more
than 95% of the total binding and was monophasically (ny
not significantly different from unity) inhibited by a variety
of H, receptor antagonists but was unaffected by the H,- and
H, antagonists, mepyramine and thioperamide (Figure 2a,
Table 1). The K; values of the H, antagonists correlated well
with their biological activities at the H, receptor of the
guinea-pig right atrium (Leurs et al, 1991) (r* =0.920,

=10, Table 1) and the K;-values determined for the H,
receptor on post-mortem human brain membranes (Traiffort
et al., 1992a) (r* = 0.996, n = 6, Table 1). The antidepressant,
mianserin and the neuroleptic, haloperidol also interacted
with the cloned human H, receptor protein, although at only
moderate concentrations (Table 1).

Various histamine H, agonists displaced the specific ['*I]-
APT binding to CHOhumH, cell membranes too (Figure 2b,
Table 2). Yet, histamine displacement curves were shallow
(ng = 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
20+ 1.2pM and 81 * 15uM for respectively the high- and
low affinity binding site. The addition of 100 uM 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 K-
value of 45+ 4 uM (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 H,-receptor agonists. Under control conditions shallow
displacements curves were obtained, which with the exception
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