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CP-93,129, a potent and selective 5-HT g receptor agonist
blocks neurogenic plasma extravasation within rat but not

guinea-pig dura mater

Toshio Matsubara, !Michael A. Moskowitz & Barkjang Byun

Stroke Research Laboratory, Neurosurgical and Neurology Services, Massachusetts General Hospital, Harvard Medical School,

Boston, MA 02114, US.A.

Pretreatment with CP-93,129 blocked plasma extravasation in rat dura mater induced by electrical tri-
geminal ganglion stimulation when administered at >140nmolkg™!, iv. but did not affect plasma
leakage in guinea-pig at 460 or 1400 nmolkg~!. Sumatriptan, a 5-HT,,-like receptor agonist, blocked
plasma extravasation in the guinea-pig model when administered at 7nmolkg™!. In as much as
CP-93,129 binds with micromolar affinities to 5-HT,,, 5-HT,., 5-HT,,, and 5-HT, recognition sites,
and with nanomolar affinity to the 5-HT,g receptor subtype, blockade of plasma extravasation in the rat
dura mater may be mediated by 5-HT,, receptors whereas the 5-HT,, receptor may be more relevant to

the guinea-pig.
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Introduction 5-HT,y and 5-HT,, are pharmacologically dis-
tinct but analogous subtypes of 5-hydroxytryptamine (5-HT)
receptors which mediate similar functions in different species.
5-HT,5 binding sites are present in rat and mouse brain but
are not found in membranes prepared from guinea-pig or
humarn brain (Hoyer & Middlemiss, 1989). CP-93,129, the
tautomer of  5-hydroxy-3(4-1,2,5,6-tetrahydropyridyl)-4-
azaindole, exhibits marked affinity for 5-HT,y binding sites in
rat brain membranes (IC5, 15nm with [3*H]-5-HT) and selec-
tively inhibits adenylate cyclase activity in brain areas pos-
sessing a high density of 5-HT,y (rat substantia nigra) but not
5-HT, , (guinea-pig hippocampus) or 5-HT,, (guinea-pig sub-
stantia nigra) receptors (Macor et al., 1990).

5-HT, receptors mediate inhibition of plasma leakage
within rat dura mater following trigeminal electrical stimu-

lation (Buzzi et al., 1991b). Leakage is attenuated or blocked

in the rat by pretreatment with 5-carboxamidotryptamine >
5-benzyloxytryptamine > dihydroergotamine > sumatriptan
> 8-hydroxydipropylaminotetralin in descending order of
potency. This potency order is most consistent with a 5-HT g
or 5-HT,, response among the known 5-HT, family of recep-
tors although methiothepin did not block the effect of
sumatriptan nor metergoline the effects of 5-CT.

Studies were therefore undertaken in order to clarify the
receptor subtype which mediates inhibition of neurogenic
plasma extravasation, and to examine one possible functional
correlate of the marked ligand binding selectivity.

Methods Electrical trigeminal stimulation Male Sprague-
Dawley rats (150-200g) and male Hartley guinea-pigs (200-
250 g) (Charles River Laboratories, Wilmington, MA, US.A))
were anaesthetized with pentobarbitone (50 or 40mgkg™?,
i.p., rats or guinea-pigs, respectively), placed in a stereotaxic
frame with the incisor bar set at —1.5mm (rats) or —4.0mm
(guinea-pigs). Symmetrical burr holes were drilled 3.0 mm lat-
erally and 3.7mm posteriorly from bregma (rats) or 4.0mm
and 4.0mm, respectively in guinea-pigs. ['2I]-BSA
50uCikg™! was then injected. After 5min, electrodes were
lowered 9.5mm (rats) or 10.5mm (guinea-pigs) from dura
mater. The right ganglion was stimulated (5 min, 1.2mA, 5Hz,
5ms duration). Ten minutes before stimulation and 5min
before [!25T]-albumin administration, rats were injected with
CP-93,129 (46, 140 or 460nmolkg™'; n=35, 9 or 6,

! Author for correspondence.

respectively). Guinea-pigs were injected with CP-93,129 (460
or 1400nmolkg='; n =7, 8, respectively) or sumatriptan (2,
7 nmolkg™!; n =5, 6, respectively). Each dose was tested in
at least two separate experiments. Animals were perfused with
saline via the left cardiac ventricle for 2 (rats) or 3 min (guinea-
pigs) at constant pressure (100 mmHg) to remove intravascu-
lar [*2°1]-BSA. The dura mater was dissected as previously
described (Markowitz et al., 1987; Buzzi & Moskowitz, 1990)
and radioactivity determined on the two sides.

Capsaicin administration The left femoral vein was exposed
in pentobarbitone-anaesthetized guinea-pigs, and CP-93,129
injected. Five minutes later, [!2°I]-BSA (50uCikg™!) was
injected as a bolus. After an additional 5min, capsaicin
(0.5 umolkg~1) or vehicle was infused over 3 min. Ten minutes
later, animals were perfused with saline as described above.

Data analysis [*2°I]-BSA extravasation is expressed as the
ratio: c.p.m. mg~! (stimulated side)/c.p.m. mg~?! (unstimulated
side). In capsaicin experiments, data are expressed as % c.p.m.
mg~! between vehicle- and drug-treated animals. Results are
expressed as mean + s.e.mean. Unpaired Student’s ¢ test was
used for statistical analysis. Probability values (P) of less than
0.05 were considered significant.

Drugs ['?°I]-bovine serum albumin (BSA; New England
Nuclear, Boston, MA) and sumatriptan (Glaxo Ltd, Hertford-
shire, England) were diluted in saline; capsaicin (Polyscience
Inc, Wilmington, Pennsylvania) was solubilized in
saline:ethanol:Tween 80 8:1:1; CP-93,129 (Pfizer, Inc,
Groton, CT, U.S.A) was dissolved in dimethylsulph-
oxide:saline 1:9. All drugs were injected intravenously
(1 mlkg™?). The same volume of vehicle was administered.

Results There was no mortality after electrical stimulation or
drug administration. CP-93,129 (140nmolkg™') did not
change arterial blood pressure when intra-arterial monitoring
(20 min) was performed in selected animals (n = 3 rats).
Albumin (c.p.m. mg~! wet wt) was 16.0 + 1.6 (rats) and
17.3 + 1.2 (guinea-pigs) on the side contralateral to stimu-
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lation. Leakage ipsilateral to the stimulation was 28.8 + 2.8
(rats) and 28.3 + 2.1 (guinea-pigs). The ratio ranged from
1.6-2.1 (rats) or from 1.3-2.0 (guinea-pigs) in 5 (rats) or 6
(guinea-pigs) separate experiments.

The amount of protein leakage on the unstimulated side did
not differ between vehicle- or CP-93,129-treated rats or guinea-
pigs. The data (c.p.m. mg~! wet wt.) contralateral to stimu-
lation in rat was 20.1 + 2.2 (vehicle, n = 5) versus 21.5 + 34
(n=5) after 46nmolkg™!, 16.2 + 1.9 (vehicle, n = 8) versus
14.7 + 1.5 (n = 9) after 140nmol kg™ !, and 15.3 + 1.7 (vehicle,
n = 4) versus 17.2 + 3.2 (n = 6) after 460 nmol kg~ *.

Pretreatment with CP-93,129 (140 or 460nmolkg™?)
decreased the ratio in rats but not guinea-pigs (460,
1400 nmolkg~'). Sumatriptan (7nmolkg~') decreased the
ratio in the guinea-pigs from 1.60+ 0.12 to 1.15 + 0.06
(Figure 1).

Capsaicin increased [*2°I]-BSA leakage in guinea-pig dura
mater but CP-93,129 (1400nmolkg~') did not block the
extravasation response [149 + 7% in capsaicin-treated group
(n=9) versus 139 + 5% in CP-93,129-treated animals
(n = 8)].

Discussion The importance of the 5-HT, receptor in the rat
plasma extravasation model is documented in this report. The
virtual selectivity of CP-93,129 for the 5-HT, g recognition site
provides strong evidence in support of this conclusion. Ligand
binding experiments indicate that CP-93,129 exhibits 200 fold
greater affinity for 5-HT, g than 5-HT,, (rat cortex), 150 fold
greater affinity for 5-HT,g than 5-HT,, (bovine striatum), 400
fold greater affinity for 5-HT,; than S5-HT,. (pig choroid
plexus), 2,400 fold greater affinity for 5-HT,; than 5-HT,
binding sites (Macor et al., 1990). The compound does not
bind to dopamine, noradrenaline or adenosine recognition
sites.

CP-93,129 was inactive when tested in the guinea-pig model
at 1,400nmolkg™' whereas sumatriptan was quite potent.
The threshold dose of sumatriptan in the guinea-pig electrical
stimulation model was 30 fold lower than in the rat model.
This correlates with the apparent greater affinity (26 fold) of
sumatriptan at the 5-HT,p than 5-HT,; recognition sites
(Hoyer et al., 1989).

Inhibition of neurogenic plasma extravasation in rat dura
mater is mediated by prejunctional 5-HT, heteroreceptors
(Buzzi et al., 1991b). Receptor activation attenuates mast cell
secretion and degranulation, platelet aggregation, endothelial
activation which develops within postcapillary venules during
electrical trigeminal ganglion stimulation (Buzzi et al., 1990;
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Figure 1 CP-93,129, a potent and selective 5-HT,; receptor agonist,
blocks neurogenic plasma extravasation within rat (a) but not guinea-
pig (b) dura mater whereas sumatriptan, a potent 5-HT, -like agonist,
blocks the response in the guinea-pig dura mater (c). CP-93,129 (46,
140, 460 nmol kg~!, i.v. to rats; 460, 1400nmolkg~!, i.v. to guinea-
pigs) or sumatriptan (2, 7 nmolkg ™, i.v. to guinea-pigs) was adminis-
tered to pentobarbitone-anaesthetized animals at the indicated doses
10min prior to electrical trigeminal stimulation (1.2mA, 5Hz, 5ms,
5min) and 5min prior to ['2°I]-albumin (iv., 50uCikg~!) (see
Methods). Animals were perfused with saline, and the tissues removed
and counted for radioactivity. Data are expressed as the ratio of
cpm. mg~! on the stimulated and unstimulated sides. The solid
columns represent the vehicle-treated animals. The open columns rep-
resent the CP-93,129-treated animals, the hatched columns the
sumatriptan-treated animals; vertical bars show s.e.mean. * P < 0.005
or ** P < 0.01 as compared to vehicle-treated animals.

Dimitriadou et al., 1990). Dihydroergotamine or sumatriptan
does not block the substance P- or neurokinin A-induced
extravasation (Saito et al., 1988; Buzzi & Moskowitz, 1990)
but attenuates stimulation-induced elevations in plasma
immunoreactive calcitonin gene-related peptide levels within
sagittal sinus blood (Buzzi et al., 1991a).

5-HT,g receptor-mediated inhibition of neurotransmitter
release is well known within rat brain (Macor et al., 1990).
Taken together with the data reported here, an important
inhibitory role for the 5-HT, receptor in both the peripheral
and central nervous system of rodents such as the rat seems
likely.
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Coronary vasodilatation induced by endotoxin in the rabbit
isolated perfused heart is nitric oxide-dependent and inhibited

by dexamethasone

FTRussell E.A. Smith, Richard M.J. Pa’lmer & !Salvador Moncada

Wellcome Research Laboratories, Langley Court, Beckenham, Kent BR3 3BS and 1King’s College Hospital, London SE5 9RS

The coronary vasoconstriction induced by the thromboxane mimetic U46619 (9, 11 dideoxy meth-
anoepoxy 9a, 11a prostaglandin F,,, 3-30 nMm) was significantly attenuated in hearts obtained from rabbits
treated with endotoxin (lipopolysaccharide, LPS, 200 ugkg ™1, i.v.) 4 h before isolation of the heart. Under
these conditions the vasoconstriction induced by two inhibitors of nitric oxide (NO) synthase, N°-
monomethyl-L-arginine (L-NMMA) and N-iminoethyl-L-ornithine (L-NIO) (1-100 um for each) was signifi-
cantly enhanced when compared to that induced in hearts from control animals. Both the decreased
response to U46619 and the increased response to inhibitors of NO synthase were significantly attenuated
by administration of dexamethasone (4mgkg™?', i.v.) 90 min before treatment with LPS. These data are
consistent with the induction, by LPS, of an NO synthase, and the inhibition of this induction by dexa-
methasone. The enhanced NO synthesis contributes to the haemodynamic changes known to occur in

endotoxin shock.

Keywords: Nitric oxide synthase; endotoxin; coronary circulation; dexamethasone; rabbit isolated heart

Introduction Endotoxin shock is characterized by hypo-
tension and resistance to the actions of vasoconstrictors
(Parratt, 1973; Suffredini et al., 1989). Recently these changes
have been attributed to the induction of an NO synthase
which has been shown to occur in the endothelial and smooth
muscle layer of rings of aortae exposed to endotoxin
(lipopolysaccharide, LPS) in vitro (Rees et al., 1990a) and in
vivo (Knowles et al., 1990). The NO synthase responsible for
this pathological release of NO is distinct from the constitu-
tive NO synthase in the vascular endothelium responsible for
the physiological regulation of vascular tone and blood pres-
sure (Moncada et al, 1991). Both the constitutive and the
inducible NO synthases are inhibited by the L-arginine ana-
logues NS-monomethyl-L-arginine (L-NMMA) and N-
iminoethyl-L-ornithine (L-NIO) (Amezcua et al., 1989; Rees et
al., 1990a,b). Furthermore, the glucocorticoid dexamethasone
inhibits the induction of the inducible enzyme without affect-
ing the activity of the constitutive enzyme (Rees et al., 1990a;
Knowles et al., 1990).

In the present studies we have investigated the responses of
the resistance vessels of hearts obtained from rabbits treated
with LPS to the vasoconstrictor U46619 and to L-NMMA
and L-NIO. We have also studied the effects on these
responses of prior treatment of the animals with dexametha-
sone.

Methods Male New Zealand White rabbits (2.0-2.5kg) were
given LPS (S. typhosa, DIFCO, 200 ugkg™!, i.v.). After 4h the
animals were anaesthetized and the heart isolated and per-
fused retrogradely at constant flow (25 mlmin~') with Krebs
buffer at 37°C gassed with 5% CO, in O, and containing
indomethacin (5 uM), according to the method of Langendorff,
as described previously (Amezcua et al., 1988). Coronary per-
fusion pressure (CPP) was recorded as an index of vascular
tone. The effect on CPP of 5min infusions of U46619 (9, 11
dideoxy methanoepoxy 9«, 11a prostaglandin F,,), 3-30nm,
was recorded.

The response to L-NMMA and L-NIO (1-100um) was
determined after adjusting the resting CPP to 35-45mmHg
with a continuous infusion of U46619. In some experiments

! Author for correspondence.

animals were given dexamethasone (4mgkg™!, i.v.) 90min
prior to treatment with LPS. Data are expressed as the
mean + s.emean for n experiments and were analyzed by
ANOVA with differences considered significant when
P < 0.05.

Results The vasoconstrictor response to U46619 (Figure 1)
was significantly reduced in hearts from animals treated with
LPS when compared with hearts from untreated control
animals. At 30nmM U46619, CPP increased by
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Figure 1 Effect of U46619 on coronary perfusion pressure (CPP,
mmHg). U46619 (3-30nM) caused a concentration-dependent rise in
CPP in control hearts (Con) which was significantly attenuated by
treatment of the animals with endotoxin lipopolysaccharide (LPS,
200 ugkg™!'). This effect was prevented by prior treatment with dexa-
methasone (4mgkg™!; LPS + Dex). Each column is the mean of
11-12 experiments; s.e.mean shown by vertical bars. P < 0.05 against
control and *P < 0.05 against LPS + Dex hearts. The basal CPP was
15.9 + 1.9 mmHg for control hearts, 12.3 + 0.8 mmHg for LPS-treated
hearts and 139 + 1.1mmHg for dexamethasone-pretreated hearts
(NS).



6  SPECIAL REPORT

358 + 5.2mmHg (n =12) in LPS-treated hearts and by
66.2 + 8.9 mmHg (n = 11) in control hearts. This effect of LPS
was prevented by administration of dexamethasone before
treatment with LPS (Figure 1). L-NIO (100 um) caused a sig-
nificant increase in CPP in control hearts (Figure 2a). This
effect of L-NIO was significantly potentiated in hearts from
LPS-treated animals, such that greater increases in CPP were
observed at 1-100um L-NIO. Administration of dexametha-
sone before LPS treatment significantly attenuated this
increased response to L-NIO (Figure 2a). Similar results were
obtained with L-NMMA (1-100 uM, Figure 2b).

The increases in CPP induced by these concentrations of
U46619 and L-NMMA were not significantly different in
hearts from untreated animals or in hearts obtained from
animals treated only with dexamethasone 5.5h prior to iso-
lation of the heart.

Discussion Treatment of rabbits with LPS leads to a
reduction in the ex vivo response of the coronary circulation
to the vasoconstrictor U46619 and to an enhanced response
to L-NMMA and L-NIO, two inhibitors of NO synthase.
These findings are similar to those observed in rat aortic rings
exposed to LPS in vitro (Rees et al., 1990a) and are consistent
with the induction of an NO synthase in the wall of resistance
vessels of the coronary circulation leading to an increase in
the synthesis of NO and therefore to vasodilatation. The
excessive NO thus formed functionally antagonizes the
responses to U46619 and produces a greater response to
L-NMMA and L-NIO, which constrict through inhibition of
NO synthesis. The altered response to these compounds is
prevented by prior administration of dexamethasone, which
inhibits the induction of NO synthase in the rat aorta in vitro
(Rees et al., 1990a) and in vivo (Knowles et al., 1990). Thus,
our results provide further evidence to support the conclusion
that the vasodilatation and the resistance to vasoconstrictors
observed during endotoxin shock are attributable to the
induction of an NO synthase in the vasculature and that the
prevention of these haemodynamic changes by glucocorticoids
is due to inhibition of the induction of this enzyme.
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Cardiovascular profile of 5 novel nitrate-esters: a comparative
study with nitroglycerin in pigs with and without left ventricular

dysfunction

L.J. van Woerkens, W.J. van der Giessen & !P.D. Verdouw

Laboratory for Experimental Cardiology, Thoraxcentre, Erasmus University Rotterdam, Rotterdam, The Netherlands

1 Four cumulative 10 min intravenous infusions of 0.05, 0.2, 0.5 and 2.0 mgmin~! were used to compare
the cardiovascular profile of 5 novel nitrate-esters dissolved in Intralipid 10% to that of nitroglycerin
(GTN) in conscious pigs.

2 Infusion of Intralipid 10% alone had no effect on any of the systemic haemodynamic parameters.
GTN infusions decreased mean arterial blood pressure dose-dependently from 94 + 2mmHg to
79 + 3mmHg (P < 0.05) and raised cardiac output from 2.74 + 0.091min~! to 3.40 + 0.18 Imin~!
(P < 0.05) due to an increase in heart rate (by up to 43 + 3%), as stroke volume decreased slightly.
Systemic vascular resistance decreased (by 32 + 3%) and left ventricular end-diastolic pressure fell from
5.2 + 0.4mmHg to 2.2 + 0.5 mmHg (both P < 0.05).

3 The novel compounds CEDO 8811, CEDO 8834 and CEDO 8901 increased cardiac output only at
the highest dose (7%, 8% and 9%, respectively). There was no change in mean arterial blood pressure as
the increase in cardiac output was counterbalanced by arterial vasodilatation. All three compounds
reduced left ventricular end-diastolic pressure slightly.

4 CEDO 8816 was a more potent arterial and venodilator than the aforementioned CEDO cbmpounds,
as the decreases in systemic vascular resistance and left ventricular end-diastolic pressure were already
significant at lower doses. The fall in stroke volume was fully compensated by the increase in heart rate
and as a result cardiac output increased by 11 + 3% (P < 0.05) at the highest dose.

5 CEDO 8956 was the most potent vasodilator of the novel compounds and exhibited a cardiovascular
profile similar to that of GTN. Left ventricular end-diastolic pressure decreased significantly during infu-
sion of 0.2mgmin~!. Mean arterial blood pressure decreased by 11 + 2% (P < 0.05) in spite of an
increase in cardiac output by up to 20 + 2% (P < 0.05), due to a decrease (by 27 + 1%, P < 0.05) in
systemic vascular resistance. The increases in heart rate (20 + 5%, P < 0.05) and LVdP/dt,,, (38 + 4%,
P < 0.05) were, however, considerably less after CEDO 8956 than after GTN.

6 The potential of CEDO 8956 in the treatment of chronic left ventricular dysfunction was evaluated
during administration to conscious pigs (21-23kg), in which the left circumflex coronary artery was
ligated 4 weeks earlier. In these animals, baseline values for cardiac output and LVdP/dt,,,, were lower
and those of systemic vascular resistance and left ventricular end-diastolic pressure were higher than in
the first group of experiments.

7 Both GTN and CEDO 8956 in doses of 0.05 to 20mgmin~! increased cardiac output dose-
dependently (by up to 34% and 19%, respectively). The decrease in systemic vascular resistance was larger
with GTN (35%) than with CEDO 8956 (17%), which resulted in a 13% decrease in mean arterial pres-
sure during infusion of GTN, whereas there was no change in mean arterial pressure during infusion of
CEDO 8956. Both compounds increased LVdP/dt,,,. (by 48% and 30%, respectively) and lowered left
ventricular end-diastolic pressure to normal levels.

8 Atadose of 1.0mgmin~!, both GTN and CEDO 8956 increased left ventricular blood flow parallel to
the increase in myocardial oxygen demand. At this dose, GTN also caused vasodilatation in the vascular
beds of the brain, kidneys and adrenals. With CEDO 8956 no significant changes were achieved.

9 We conclude that the cardiovascular profile of CEDO 8956 in both normal animals and in animals
with chronic left ventricular dysfunction warrants further study on its usefulness in the treatment of a
number of cardiovascular disorders.

Keywords: Nitrate-esters; nitroglycerin; myocardial infarction; left ventricular dysfunction; systemic haemodynamics; coronary

blood flow; regional blood flows; conscious pigs.

Introduction

Nitroglycerin (glyceryltrinitrate, GTN) has remained one of
the major drugs used in the acute treatment of ischaemic heart
disease, despite an attenuation of the therapeutic effects in a
substantial group of patients in the long term. In search of
new nitrate-like drugs a number of structurally different com-
pounds have been synthesized. In this study we evaluated the
systemic haemodynamic effects of these 5 novel nitrate-esters
in conscious instrumented pigs and compared the results to
those obtained with GTN. We have earlier shown that the

! Author for correspondence.

magnitude of the responses obtained under path-
ophysiological conditions, might be different from those
obtained under normal conditions (Van der Giessen et al.,
1989). We therefore selected the most potent of the novel com-
pounds for further study in conscious pigs with mild left ven-
tricular dysfunction secondary to a chronic coronary artery
occlusion. The major characteristics of this model are a
depressed cardiac output and myocardial contractility, while
left ventricular filling pressure is elevated. Mean arterial blood
pressure is maintained by peripheral vasoconstriction. In this
model, in addition to the effects on systemic haemodynamics,
we also evaluated the effects on regional blood flows using
radioactive labelled microspheres.
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Methods

The experimental procedures were approved by the Com-
mittee on animal experiments of the Erasmus University Rot-
terdam, and complied to the guidelines for the use and care of
experimental animals as put forward by the council of the
American Physiological Society (DHEW Publication No.
(NIH) 80-23, 1980).

Surgical procedures

After an overnight fast, 25 cross-bred Landrace x Yorkshire
pigs of either sex (19-21kg at the time of surgery), pretreated
with 600 mg of a mixture of procaine penicillin-G and benza-
thine penicillin-G intramuscularly (Duplocillin, Gist-Brocades
NV, Delft, The Netherlands), were sedated with an intramus-
cular injection of 30 mgkg~! ketamine HCI (Aeskoket, Aescu-
laap BV, Boxtel, The Netherlands). Subsequently the animals
were intubated and mechanically ventilated with a mixture of
oxygen and nitrous oxide (1:2) to which 1-4% (v/v) enflurane
was added. Under sterile conditions, a jugular vein and a
common carotid artery were cannulated for infusion of drugs
or solvent and measurement of arterial blood pressure, respec-
tively. The chest was opened via the third left intercostal space
and an electromagnetic flow probe (Skalar, Delft, The
Netherlands) was positioned around the ascending aorta for
the measurement of aprtic blood flow. The heart was exposed
via the fifth intercostal space and a pressure transducer
(Konigsberg Instruments Inc., Pasadena, CA, U.S.A) was
implanted into the left ventricle of the heart through its apex
for recording of left ventricular pressure. The left atrium was
cannulated for recording of left atrial pressure which, together
with the arterial blood pressure, was used for calibration of
the Konigsberg transducer signals.

In 16 of the 25 animals, the proximal segment of the left
circumflex coronary artery (LCXCA) was permanently ligated
for the induction of a myocardial infarction. In these animals
the left atrial cannula was also used for the injection of radio-
active microspheres to determine regional blood flows. After
instrumentation was completed, a period of 30min was
allowed before closure of the chest. During this period ven-
tricular tachycardia and ventricular fibrillation (occurring
exclusively in the group with coronary artery ligation) were
treated with d.c.-countershock. The chest was then closed and
the wires tunnelled to the back, and the animals were allowed
to recover from surgery.

Post-surgical period

The animals received daily intravenous doses of 500 mg amox-
icillin (Clamoxil, Beecham Farma B.V. Amstelveen, The
Netherlands) and, during the first week only, 500 mg kana-
mycin (Kanymex, Gist Brocades N.V., Delft, The Netherlands)
to prevent infection. Catheters were flushed daily with an iso-
tonic saline solution containing 500iuml~! heparin. During
the first month of the post-operative recovery period the
animals were adapted to the laboratory facilities (8 to 10
sessions), while haemodynamic parameters were monitored.
The experimental protocols were executed when systemic hae-
modynamics remained stable for at least 1h, usually 4 weeks
after instrumentation. All measurements were done while the
animals were quietly resting in a constraining jacket.

Two animals with an intact coronary circulation were
excluded from further study because of failure of the electrical
signals. From the 16 pigs in which the left circumflex coronary
artery was occluded, 5 animals died suddenly during the early
post-operative period, most likely secondary to a ventricular
arrhythmia. One animal was killed because of an infection.

Experimental protocols

In the animals with the intact coronary circulation 4 consecu-
tive 10 min intravenous infusions with increasing doses of 0.05,

0.2, 0.5 and 2.0mg min~! (2.2 + 0.1, 8.7 + 0.2, 21.8 + 0.5 and
87 + 2ugkg 'min~!, respectively) GTN, CEDO 8956,
CEDO 8811, CEDO 8816, CEDO 8834 or CEDO 8901 dis-
solved in Intralipid 10% or equal volumes of Intralipid 10%
were administered during separate runs of the protocol. Heart
rate, arterial blood pressure, mean aortic blood flow, left ven-
tricular pressure and its first derivative (LVdP/dt) were record-
ed at the end of each infusion period. Stroke volume was
calculated by dividing mean aortic blood flow and heart rate,
while systemic vascular resistance was determined by dividing
mean arterial blood pressure and mean aortic blood flow. In
all experiments infusions of different compounds or solvent in
the same animals were separated by at least 24 h.

In the animals with the infarction 5 consecutive 10min
intravenous infusions with increasing doses of 0.05, 0.2, 0.5, 1.0
and 20mgmin~! (2.3 +0.1, 9.2+ 0.3, 23.0 + 0.8, 46.1 + 1.5
and 92 + 3 ugkg™ ! min 2, respectively) were used to compare
the cardiovascular effects of CEDO 8956 to those of GTN. As
control, the Intralipid 10% solvent was infused with equal
volumes. In these animals regional organ blood flows were
also determined at baseline and after infusion of 1 mgmin ™!
of both compourlds, by injection of a batch of 1-2 x 10 car-
bonized plastic microspheres (15 + 1um (s.d.) in diameter)
labelled with either °>Nb, !°3Ru, !!3Sn or !*!Ce (NEN
Chemicals GmbH, Dreieich, Germany) into the left atrium. To
calculate regional blood flows a reference blood sample was
withdrawn from the cannula in the carotid artery at a rate of
10mlmin !, starting 15s before the injection of microspheres,
until 90s after completion of the injection of the microspheres.
At the end of the experiments animals were killed with an
overdose of sodium pentobarbitone. From the animals
various organs (adrenals, liver, spleen, stomach, small intes-
tine, brain and kidneys) and representative aliquots of several
tissues (abdominal skin, skeletal muscle) were excised, weighed
and put into vials. The hearts were fixed in formaldehyde
(10% v/v) and 48 h later the atria and right ventricle were cut
off the left ventricle. The normal myocardium of the left ven-
tricle was divided into three layers of equal thickness: sub-
epicardium, mid-myocardium and subendocardium. The
infarcted area of the left ventricle was separated from the
normal myocardium, and counted as a whole.

The radioactivity was counted and the amount of blood
flow to the various tissues (Q,;,) was calculated as:

Qus (mlmin~") = (I/Tyr) X Qe
where I;, and I,,, are the radioactivity in a particular tissue

and that of the arterial blood sample respectively, and Q,,, is
the rate of withdrawal of the blood sample.

Drugs

The drugs used in this study were CEDO 8811 (3,3-diphenyl-
1-propanol nitrate), CEDO 8816 (1,6-hexanediol dinitrate),
CEDO 8834 (3-phenyl-3-(4-pyridyl)-1-propanol nitrate. 4-
methylbenzenesulphonate), CEDO 8901 (1-(4-nitrophenoxy)-2,
3-propanediol dinitrate), and CEDO 8956 (1,4-(trans)-di(hy-
droxymethyl)cyclohexane dinitrate).

All CEDO compounds were synthesized by Cedona Phar-
maceuticals, Haarlem, The Netherlands, by standard methods
as described elsewhere (European Patent Application EP 0 35
9335 A2) and dissolved in Intralipid 10% (Kabi Vitrum,
Stockholm, Sweden) in a concentration of 1mgml~!. The
compounds were made available by courtesy of Drs. J. Bron
and J.F. van der Werf. GTN (Nitro-POHL, G. Pohl-Boskamp
GmbH, Hohenlockstedt, Germany) was used in an aqueous
solution of 1 mgml~1.

Statistical analysis

All data are presented as the mean + s.e.mean. The signifi-
cance of the effects of the drugs have been evaluated by com-
paring the changes from baseline induced by the drugs to the
changes from baseline during infusion of the solvent, using
analysis of variance. Significance was accepted for P < 0.05. A
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Table 1 Cardiovascular effects of solvent (Intralipid 10%) in 7 conscious pigs with a normal coronary circulation (control) and in 9
conscious pigs with left ventricular dysfunction (LVD) secondary to a chronic occlusion of the left circumflex coronary artery

Baseline 0.05
Cco Control 271 + 0.11 2.69 + 0.10
LVD 2.27 + 0.15* 2.26 + 0.15
HR Control 128 +4 129+ 5
LVD 115+ 6 114 +7
SV Control 213+ 09 211 £ 12
LVD 201 +12 201 +13
SAP Control 114+ 4 114 + 4
LVD 118 + 4 117+3
MAP Control 98+ 3 99 +4
LVD 95+3 94 4+ 3
DAP Control 80+ 4 81+4
LVD 77+3 76 +2
SVR Control 36+2 37+2
LVD 43 + 2% 4242
LVdP/dt,,,, Control 3310 + 310 3280 + 340
LVD 2800 + 230* 2690 + 230
LVEDP Control 45403 42+ 0.5
LVD 14.1 + 1.4* 144 + 1.5

Intralipid (ml min~!) for 10 min

02 0.5 10 20
271 +0.11 271 £0.12 2.70 + 0.14
227 £ 0.15 227 +0.14 225+ 0.14 227 £ 0.15

127+3 131+4 129+ 5
113+5 113+6 113+ 6 114 + 6
212+ 07 208 +1.2 210+ 13
202+ 1.2 203+1.1 202 + 1.2 200+ 1.1
114 + 4 115+4 114 + 4
117+ 4 116 + 4 117+ 4 119 + 4
98 +3 9 +3 9 +3
96 + 3 95+4 96 + 4 98 + 4
79+3 82+4 83+3
78+3 77+4 79+3 81+4
37+2 37+3 3743
43 +2 43+2 4 +2 44 +2
3380 + 330 3470 + 360 3460 + 360
2810 + 220 2860 + 260 2840 + 250 2850 + 230
43+ 04 42+0.5 45+ 04
140 + 1.5 139+ 1.6 138 + 1.6 146 + 1.6

CO = cardiac output (1 min~!'); HR = heart rate (beatsmin~!); SV = stroke volume (ml); SAP = systolic arterial blood pressure
(mmHg); MAP = mean arterial blood pressure (mmHg); DAP = diastolic arterial blood pressure (mmHg); SVR = systemic vascular
resistance (mmHgmin1~?!); LVdP/dt,,, = maximum rate of rise of left ventricular pressure (nmHgs™!); LVEDP = left ventricular end-
diastolic pressure (mmHg); Data have been presented as mean + s.e.mean; * P < 0.05 vs baseline data of pigs with intact coronary

circulation (control).

Bonferroni correction was used because of comparison for
multiple measurements. Statistical significance of the regres-
sion lines was determined by calculating the slopes of the
regression lines of the individual animals and comparing the
mean slope of each group of animals by unpaired Student’s ¢
Jtest.
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Results

Systemic haemodynamics during infusion of Intralipid
(10%) in normal conscious pigs and in conscious pigs with
chronic left ventricular dysfunction

Table 1 illustrates that infusion of Intralipid 10% did not lead
to significant changes in any of the systemic haemodynamic
parameters in the normal conscious pigs and in the animals
with chronic left ventricular dysfunction. The table also shows
that significant differences existed between the baseline values
of both groups of animals. Similar to earlier reported findings
(Van der Giessen et al. 1989; Van Woerkens et al., 1991), we
observed that occlusion of the left circumflex coronary artery
had no effect on mean arterial blood pressure, because periph-
eral vasoconstriction counterbalanced the 20% decrease in
cardiac output but that LVdP/dt,,,, was 20% lower and left
ventricular end-diastolic pressure had tripled in the animals
with the occluded left circumflex coronary artery.

Systemic haemodynamic effects of nitroglycerin and the 5
novel nitrate-esters in normal conscious pigs

Intravenous administration of GTN caused a dose dependent
increase in cardiac output (24 + 5%, P < 0.05, Figure 1). Since
the 43 + 3% increase in heart rate exceeded the percentage
increase in cardiac output it is obvious that stroke volume
decreased (P < 0.05). In spite of the increase in cardiac output,
mean arterial blood pressure decreased gradually. The
changes in stroke volume and mean arterial pressure were
only significant during the highest two infusion rates. Systemic
vascular resistance had already decreased significantly after

Figure 1 Systemic haemodynamic effects of nitroglycerin (GTN) (@)
and 5 novel nitrate-esters CEDO 8811 ([J), CEDO 8816 (A), CEDO
8834 (O), CEDO 8901 (A) and CEDO 8956 (M) in conscious pigs
(23-25kg) with an intact coronary circulation. CO = cardiac output;
HR = heart * rate; MAP =mean arterial blood pressure;
LVdP/dt,,, = maximal rate of rise of left ventricular pressure;
SVR = systemic vascular resistance; LVEDP = left ventricular end-
diastolic pressure; SV = stroke volume. For reasons of clarity most of
the bars for the se.mean and the levels of significance have been
omitted in the figure (for details see the text). Data are the mean of 7
observations. The bars below the graphs depict the dose of the com-
pounds in mgmin~ 1.
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infusion of the second dose. LVdP/dt,,, increased dose-
dependently. At each dose the increase in LVdP/dt,,,
(51 3%, 23 + 4%, 49 + 7% and 63 + 4%, respectively) was
larger than the increase in heart rate (1 + 1%, 9 + 2%,
26 + 2% and 43 + 3%, respectively). Left ventricular end-
diastolic pressure decreased after infusion of the second dose
and was further lowered during infusion of the highest dose.

No adverse reactions were observed after administration of
any of the CEDO compounds. From these novel compounds,
CEDO 8811, CEDO 8834 and CEDO 8901 were the least
active as cardiac output increased only at the highest dose (by
7+2%, 8+2% and 9+ 2%, respectively, all P < 0.05).
Mean arterial blood pressure did not change during infusion
of these compounds. Figure 1 also shows that the other hae-
modynamic parameters changed only moderately. With all
three compounds the increases in LVdP/dt,,. (21 + 7%,
20 + 5% and 25 + 3% after the highest dose, respectively, all
P < 005) were larger than those in heart rate (12 + 4%,
10 + 2% and 6 + 4% after the highest dose, respectively). Left
ventricular end-diastolic pressure decreased slightly during the
last two infusion steps.

CEDO 8816 was a slightly more potent arterial and veno-
dilator than the three other CEDO compounds as systemic
vascular resistance started to decrease (by 7 + 3%, P < 0.05)
during infusion of 0.5mgmin~! and had decreased by
16 + 4% (P < 0.05) after infusion of the highest dose. Left
ventricular end-diastolic pressure had already decreased sig-
nificantly during infusion of 0.2mgmin~'. Stroke volume
decreased (8 + 2%, 12 + 4% and 12 + 2% after 0.2, 0.5 and
2.0mgmin !, respectively, P < 0.05), despite the reduction in
afterload and the moderate positive inotropic effect of CEDO
8816 (reflected by a 46 + 8% increase in LVdP/dt,,,, against
only a 27 + 5% increase in heart rate at the highest dose). The
fall in stroke volume was, however, fully compensated by the
increase in heart rate (9 + 1%, 16 +4% and 27 % 5%,
respectively). Consequently, cardiac output increased slightly
(11 + 3%, P < 0.05) at the highest dose.

CEDO 8956 caused dose-dependent increases in cardiac
output of 9+ 2%, 16 +2% and 20+ 2% (all P < 0.05)
during infusion of 0.2, 0.5 and 2.0mgmin~!, respectively
(Figure 1). The increases in cardiac output were secondary to
the increases in heart rate, which were 9 + 5%, 14 + 4% and
20 + 5%, respectively. At variance with the observations made
during infusion of GTN, there were no decreases in stroke

volume. Mean arterial blood pressure decreased by 7 + 2%
and 11 + 2% during infusion of 0.5 and 2.0mgmin ™!, respec-
tively. Systemic vascular resistance had already decreased by
12 + 2% (P < 0.05) during infusion of 0.2mgmin~!. During
the highest infusion rate there was a further decrease
(27 £ 1%, P < 0.05). Left ventricular end-diastolic pressure
started to decrease during infusion of 0.2mg min~! (19 + 5%,
P < 0.05) and further decreased by 33 + 5% (P < 0.05) during
infusion of 2.0mgmin~!. LVdP/dt,,, started to increase sig-
nificantly during infusion 0.2mgmin~! (17 + 1%, P < 0.05).
With the two higher infusion rates, the increments in
LvdpP/dt,,, were 25+2% and 38 + 4%, respectively
(P < 0.05).

Effects of nitroglycerin and CEDO 8956 on systemic
haemodynamics in conscious pigs with chronic left
ventricular dysfunction

In these animals cardiac output increased dose-dependently
during infusion of GTN (Table 2). Similar to the animals with
normal left ventricular function, the increase in cardiac output
was due to an increase in heart rate. The increase in heart rate
(53 + 8%) exceeded the increase in cardiac output (36 + 9%)
and stroke volume must therefore have decreased. Mean
arterial blood pressure started to decrease during infusion of
0.5mgmin~! and had fallen by 12 + 2mmHg (P < 0.05) at
the end of the highest infusion rate. Because cardiac output
increased, the decrease in arterial blood pressure must have
been caused by arterial vasodilatation. Systemic vascular
resistance was lowered by 8 + 2% (P < 0.05) during infusion
of 0.2mgmin~!, and had fallen by 35 + 3% after the last dose.
LVdP/dt,,, increased dose-dependently by up to 48 + 6%
(P < 0.05), while left ventricular end-diastolic pressure was
gradually lowered from 11.2 + 1.0mmHg to 5.6 + 1.2mmHg
(P < 0.05).

The most striking difference between CEDO 8956 and
GTN was that mean arterial blood pressure was unaffected
during infusion of the former, whereas it decreased with GTN.
Since cardiac output increased dose-dependently by up to
18% after CEDO 8956, we can calculate that the decrease in
systemic vascular resistance (16%) was less than that observed
during infusion of GTN (35%). As with GTN, an increase in
heart rate was responsible for the increase in cardiac output.

Table 2 Cardiovascular effects of nitroglycerin (GTN) and CEDO 8956 (CED) in 10 conscious pigs with left ventricular dysfunction

secondary to occlusion of the left circumflex coronary artery

Infusions of GTN or CEDO 8956 for 10 min (mgmin ™ ')

Baseline 005 02 05 10 20
co GTN 2124013 2124012  224+012*  245+0.12* 261 +0.12* 284 +0.19*
CED  232+015 232+015  238+0.15 250 £ 0.14* 261 +0.16* 277 + 0.19*
HR GIN  117+8 120+ 8 127+ 7% 139 + 8* 157 + 6* 174 + 6*
CED 11647 118 + 8 124 + 8 135 + 8* 142 + 7%t 150 + 8*+
sV GTN  187+13 182+ 13 180 + 1.2 182+ 15 169 + 1.1 167+ 13
CED 205+13 20.1 + 14 19.6 + 1.3 188 + 1.2 185+ 1.1 192+ L1
SAP GIN  112+4 112+ 4 109 + 4 104 + 3 101 + 2* 99 + 3*
CED 112+4 11 +4 106 + 3* 104 + 3* 106 + 4 107 + 4%t
MAP GTN 92+2 92+3 90 +3 86 + 2* 82 + 2 80 + 3*
CED 93+3 9143 89 + 3 88 + 3 90 + 3t 90 + 4t
DAP GTN 7242 75+3 74 + 3 TM+2 69 + 2* 68+2
CED 74 + 3 75+3 343 76+ 3 76 + 3t 78 + 4t
SVR GTN  448+24  447+27 411 +23* 360 + 1.8* 319 + 1.3* 287 + 1.2*
CED  410%19 404 + 18 382+ 1.6 359 + 1.5* 352+ L7%t 340 + 20%t
LVdP/dt,,, GTIN  2530+240 2600+ 240  2740+240 3080 +290* 3300 + 320* 3700 + 350*
CED 2620+ 260 2620 +260 2950 +290 2950 +290* 3310 + 380* 3440  410*
LVEDP GTN  112%10 109 + 1.0 99+ 08 8.6 + 0.8* 63+ 10* 56+ 1.2*
CED 124+13 1.7+ 14* 109+ 1.5* 97+ 1.7* 85+ 1.7* 76+ 1.7

CO = cardiac output (Imin~!); HR = heart rate (beatsmin~'); SV = stroke volume (ml); SAP = systolic arterial blood pressure
(mmHg); MAP = mean arterial blood pressure (mmHg); DAP = diastolic arterial blood pressure (mmHg); SVR = systemic vascular
resistance (mmHgmin1~'); LVdP/dt,,, = maximal rate of rise of left ventricular pressure (nmHgs™'); LVEDP = left ventricular end-
diastolic pressure (mmHg); Data have been presented as mean + s.e.mean; * change from baseline statistically different (P < 0.05) from
solvent-treated animals. fCEDO 8956-induced change from baseline statistically different (P < 0.05) from GTN-induced change.
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Figure 2 Relation between systemic vascular resistance (SVR) and
left ventricular end-diastolic pressure (LVEDP) during incremental
infusion rates of nitroglycerin (GTN) (@) and CEDO 8956 (W) in
normal pigs and during incremental infusion rates of GTN (Q) and
CEDO 8956 (OJ) in conscious pigs with chronic left ventricular dys-
function. The slope of the CEDO 8956 regression line was signifi-
cantly steeper in the animals with left ventricular dysfunction than in
the normal animals (* P < 0.05).

The increase in heart rate was significantly less with CEDO
8956 than with GTN. LVdP/dt,,, also increased (up to 30%),
and like GTN, the increments were parallel to those in heart
rate. Left ventricular end-diastolic pressure, however,
decreased to the same degree as with GTN during the infu-
sions of CEDO 8956.

Figure 2 illustrates the relation between the changes in sys-
temic vascular resistance and in left ventricular end-diastolic
pressure for the different experimental conditions. The figure
shows that the venodilator capacity of CEDO 8956 was
increased in the pigs with chronic left ventricular dysfunction
as compared to the normal pigs.

Effects of nitroglycerin and CEDO 8956 on myocardial
blood flow in animals with chronic left ventricular
dysfunction

Because of the limited number of available isotopes, regional
flow data could only be obtained at baseline and after admin-
istration of a single dose of each of the two drugs. The infu-
sion rate of 1 mgmin~! was chosen for both GTN and CEDO
8956. There were no differences in the baseline values of the
two drugs (Figure 3). Myocardial O, demand, calculated as
the product of heart rate and left ventricular systolic pressure,
increased similarly during infusion of both GTN and CEDO
8956. Both GTN and CEDO 8956 increased transmural per-
fusion of the myocardium nourished by the non-occluded left
anterior descending coronary artery. There was a modest
trend towards a preferential increase of perfusion of the sub-
epicardial layers, but the decreases in the ratio of the normal-
ized endocardial and epicardial blood flows (endo/epi-ratio)
did not reach levels of statistical significance with either drug.
The decrease in the coronary vascular resistance was more
pronounced with GTN than with CEDO 8956 (Figure 3). The
perfusion of the central part of the myocardium in the dis-
tribution of the occluded left circumflex coronary artery
increased significantly during infusion of GTN (from
25+ 4mlmin~! 100g™' to 39+ 7mlmin~! 100g~},
P < 0.05), but not during that of CEDO 8956 (from
30 + Smimin~! 100g~ " to 36 + 4mlmin~! 100g~1).

Right ventricular blood flow increased more during admin-
istration of CEDO 8956 (from 105 + 9mimin~! 100g~! to
153 + 17mlmin~! 100g~?, P < 0.05) than during infusion
of GTN (from 106 + 21mlmin~! to 136 + 13mimin~!
100g~"). This difference was caused by the different effects
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Figure 3 Transmural blood flow (LV flow) and its distribution
(Endo/Epi), the coronary vascular resistance (LV resistance) remote
from the site of infarction and O, demand in conscious pigs with a 4
week occlusion of the left circumflex coronary artery. Data were
obtained at Baseline ([J) and after a 10min infusion of nitroglycerin
(GTN) and CEDO 8956 at a rate of 46.1 + 1.5ugkg™ 'min~! (E3).
* P < 0.05 vs baseline.

of the drugs on arterial perfusion pressure as the decreases
in coronary vascular resistance were very similar with both
compounds (from 0.97 + 0.1l mmHgminmi~! 100g to
0.67 + 0.07mmHgminml~! 100g for GTN and from 0.96 +
0.10mmHgminml~! 100g to 0.67 + 0.09mmHg minml~!
100 g for CEDO 8956).

Effects of nitroglycerin and CEDO 8956 on peripheral
organ perfusion in conscious pigs with chronic left
ventricular dysfunction

Infusion of 1mgmin~! of GTN resulted in significant
increases in blood flow to the adrenals and the kidneys (Table
3). Calculation of the regional vascular resistances revealed
that GTN induced vasodilatation in the vascular beds per-
fusing the brain, kidneys, adrenals and spleen but that with
this dose no effect was observed in skeletal muscle, skin and
liver (hepatic artery circulation only) (Table 4). CEDO 8956
was less potent at this dose in lowering systemic vascular
resistance than GTN, which explains that with CEDO 8956
only a significant reduction in the resistance of the vascular
bed of the adrenals was observed and that the changes in the
cerebral and renal vascular resistances did not reach a level of
statistical significance.

Discussion

GTN is an effective therapeutic agent in the treatment of a
number of cardiovascular disorders including myocardial isch-
aemia, myocardial infarction and congestive heart failure
(Mason et al., 1971; Flaherty et al, 1975; Flaherty, 1983;
Packer, 1983). The principal mechanism is a direct relaxation
of vascular smooth muscle and a number of investigators
believed that the effect on the venous capacitance vessels was
more pronounced than on the arterial resistance vessels, while
others have reported less marked differences. The present
study as far as performed in normal conscious pigs demon-
strates a marked reduction in both left ventricular end-
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Table 3 Effects of 10 min intravenous infusions of nitroglycerin (GTN) and CEDO 8956 at a rate of 1 mgmin~! on regional blood flows
in 10 conscious pigs with left ventricular dysfunction secondary to chronic occlusion of the left circumflex coronary artery

, Baseline
Brain 75+5
Kidneys 421 + 32
Liver 2+5
Spleen 275+ 22
Adrenals 119+ 12
Stomach 47+ 6
Small intestine 52+5
Skin (abdomen) 6.7+ 09
Muscle (gluteus maximus) 49+ 13
Muscle (erector spinae) 38+05

GTN Baseline CEDO 89
82+2 M1+2 78 +4
496 + 40*t 424 1+ 28 437 + 28
24+ 6 22+4 23+ 5
299 + 32 273 + 26 228 + 23
219 + 17*% 144 + 18 166 + 13
2+7 50+ 8 50+ 10
52+3 S50+5 5+7
64+ 1.1 69 + 0.8 554+ 06
44 + 0.6 39403 49 + 0.7
30+ 04 33+04 4.1+ 1.1

Blood flows are expressed in mlmin~* 100g~* and are shown as mean + s.e.mean. * P < 0.05 vs baseline; { P < 0.05 for GTN-induced

change from baseline vs CEDO 8956-induced change from baseline.

Table 4 Effects of 10min intravenous infusions of nitroglycerin (GTN) and CEDO 8956 at a rate of 1 mgmin~*' on regional vascular
resistances in 10 conscious pigs with left ventricular dysfunction secondary to a chronic occlusion of the left circumflex coronary artery

Baseline
Brain 1.26 + 0.09
Kidneys 0.23 + 0.02
Liver 88+ 31
Spleen 0.35 £ 0.03
Adrenals 0.86 + 0.10
Stomach 22+03
Small intestine 1.9+ 02
Skin (abdomen) 1743
Muscle (erector spinae) 27+3

GTN Baseline CEDO 895
1.01 + 0.03*+ 1.31 + 0.05 1.17 £ 0.07
0.18 + 0.02*+ 0.23 + 0.02 0.21 £+ 0.02

69 + 2.1 6.5+ 1.7 11.1 + 6.2
0.32 + 0.05% 0.36 + 0.03 0.43 £+ 0.05
0.40 + 0.04*+ 0.74 + 0.09 0.57 £ 0.05*

1.8+02 22403 21402

1.6 + 0.1 21403 1.9+03

17+3 15+2 18 +2

31+4 32+4 30+ 4

Vascular resistances are expressed in mmHgminml ™' 100g and are reported as mean + s.e.mean. * P < 0.05 vs baseline; t P < 0.05 for
GTN-induced change from baseline vs CEDO 8956-induced change from baseline.

diastolic pressure and systemic vascular resisance during
infusion of GTN. When GTN was administered in animals
with chronic left ventricular dysfunction the effects on left ven-
tricular end-diastolic pressure and systemic vascular resistance
were not different from those in the normal animals (Figure 2).
Of the new compounds, CEDO 8956 demonstrated a car-
diovascular profile similar to that of GTN, although in the
normal conscious pigs, the effect on left ventricular filling
pressure was less pronounced than during GTN infusion. It
could be argued that the slightly smaller increase in heart rate
during infusion of CEDO 8956 was a contributing factor to
this observation, but earlier studies with a number of dihy-
dropyridine derivatives have shown that in the range of the
heart rates, reported in this study, the effect of heart rate on
left ventricular end-diastolic pressure is minimal (Duncker et
al., 1988). In the animals with left ventricular dysfunction,
however, CEDO 8956 lowered left ventricular end-diastolic
pressure as effectively as GTN (Table 2), while the effect on
the systemic vasculature remained comparable to that induced
in the normal animals (Figure 2). Both compounds increased
cardiac output by an increase in heart rate rather than in
stroke volume, which would be more desirable. One must
keep in mind, however, that the left ventricular filling pres-
sures in the animals with left ventricular dysfunction, although
elevated were not extremely high. It is very likely that
reduction of higher left ventricular filling pressure would
result in a more favourable effect on stroke volume. Neverthe-
less, an increase in heart rate, which is a common observation
with all vasodilators, increases the myocardial oxygen demand
and will, in particular in hypertrophied hearts, decrease coro-
nary flow reserve (Hoffman, 1990). Adjuvant treatment with a
specific bradycardic agent may then be attractive to unload
the heart without reflex-mediated tachycardia and to increase
stroke volume and coronary flow reserve (Verdouw et al.,
1981; Canty et al., 1990). The finding that CEDO 8956 did not
lower mean arterial blood pressure is not necessarily a dis-

advantage as Cruickshank et al. (1987) have shown that
lowering high arterial blood pressure too much may be
harmful.

Contrary to earlier reported observations in dogs (Capurro
et al., 1977), nitroglycerin has no beneficial effect on total
coronary blood flow and its distribution within the myocard-
ium of the pig after an acute coronary artery occlusion (Most
et al., 1978). In the present study GTN increased blood flow to
the myocardium remote from the distribution of the occluded
left circumflex coronary artery. The increase appeared to be
related to the increase in myocardial oxygen demand, esti-
mated by the heart rate-left ventricular systolic pressure
product. In contrast to dogs, pigs do not usually have a sig-
nificant coronary collateral circulation, which may explain the
differences in the observations made by Capurro et al. (1977)
and Most et al. (1978). After chronic occlusion a substantial
collateral flow has been observed in the fibrotic tissue of the
porcine myocardium, the magnitude of which can be altered
by pharmacological interventions (Van der Giessen et al.,
1990a). In the present study GTN also increased the flow to
the fibrotic segment. It is questionable whether this increase in
flow has any clinical significance as we have not been able to
recruit any function by inotropic stimulation (dobutamine
infusion) in this infarcted segment (unpublished observation).
CEDO 8956, albeit less, also showed an increase in flow to the
normal segment. A smaller increase in the heart rate-left ven-
tricular systolic pressure product may be an index for myo-
cardial oxygen demand, the basis for this observation. The
present data cannot be used to speculate on the effects of
CEDO 8956 on myocardium which is perfused by partially
occluded coronary arteries. Several studies (Macho & Vatner,
1981; Hintze & Vatner, 1983) have shown that the large epi-
cardial vessels dilate in response to nitroglycerin. Dilatation of
the stenosis, which is independent of an increase in coronary
artery blood flow (Adachi et al., 1987) may be a major mecha-
nism in improving an impaired oxygen balance. The design of



the present study does not provide insight into a possible
dilator effect on the large epicardial vessels by CEDO 8956.

The effects of GTN on organ blood flows other than the
myocardium have only been addressed in a limited number of
studies. Most of these studies are in anaesthetized animals in
which GTN was administered with the aim of producing
severe hypotension. Colley & Sivarajan (1984) observed that
during GTN infusion in halothane-anaesthetized dogs, blood
flows to the brain, kidneys, liver, gastrointestinal tract and
skeletal muscle were maintained, despite a reduction of mean
arterial blood pressure from 82 + 4mmHg to 45 + 3mmHg,
due to a 50% decrease in systemic vascular resistance. Norlén
(1988) found in methomidate-anaesthetized pigs that doses of
GTN which decreased systemic vascular resistance by 28%
and mean arterial blood pressure by 33%, blood flows to the
heart, brain, kidneys, adrenal glands, stomach and liver
(hepatic artery) were not affected, but that perfusion of the
spleen had decreased by 25%. The present study differs con-
siderably from these studies, as the dose of GTN at which
regional blood flows and vascular resistances were deter-
mined, lowered mean arterial blood pressure by only
12mmHg from its baseline of 92mmHg. Furthermore the
studies were performed in conscious animals with a lowered
cardiac output due to impairment of left ventricular function.
In the present study cerebral blood flow was maintained and
renal blood flow increased, due to local vasodilatation (Table
4). The same dose of CEDO 8956 (1 mgmin~?!) had no effect
on mean arterial blood pressure and cardiac output increased
only by 12%. The effects on the regional vascular beds were
therefore less pronounced than with GTN and only the vascu-
lar resistance of the adrenals was significantly decreased.

Both GTN and CEDO 8956 lacked an effect on skeletal
muscle blood flow. Our present results are in agreement with
an earlier report using isosorbide-dinitrate (Leier et al., 1983).
On the other hand we have shown an acute improvement in
skeletal muscle perfusion by the calcium channel blocker
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nisoldipine (Van der Giessen et al, 1990b). This may be
important as Creager et al. (1985) showed in patients with
heart failure that an improvement in exercise tolerance was
parallelled by an increase in fore-arm blood flow. Due to the
limited number of different microspheres available, regional
organ blood flow data were not studied during infusion of the
Intralipid 10% solvent. In an earlier paper (Van der Giessen et
al., 1990b), however, we showed that peripheral organ blood
flows remained unchanged in conscious pigs, when systemic
haemodynamic parameters remained stable, as was the case
with infusion of the solvent in this report (Table 1).

In conclusion, from the novel compounds only CEDO 8956
had a cardiovascular profile similar to that of GTN and was
therefore selected for further study in the conscious animals
with chronic left ventricular dysfunction. In this model,
CEDO 8956 normalized the depressed cardiac output by
lowering left ventricular filling pressure and systemic vascular
resistance. The radioactive labelled microsphere data showed
that CEDO 8956, similar to GTN, caused dilatation of the
coronary vascular bed remote from the infarcted area. The
observations that the preload reduction by CEDO 8956 was
more pronounced when left ventricular filling pressures were
elevated, and that for the same decreases in left ventricular
filling pressure the increase in heart rate by CEDO 8956 was
less than with GTN may be attractive for cardiac patients.
The cardiovascular profile of CEDO 8956, therefore warrants
further studies to investigate its potential usefulness in the
clinical setting. In further studies attention should be paid to
the duration of action and the development of tolerance which
could attenuate the therapeutic effects.
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Effect of acute and subchronic nicotine treatment on cortical
efflux of [*H]-p-aspartate and endogenous GABA in freely

moving guinea-pigs

1Lorenzo Beani, Sergio Tanganelli, Tiziana Antonelli, Luca Ferraro, Michele Morari,
Piero Spalluto, *Agneta Nordberg & Clementina Bianchi

Department of Pharmacology, University of Ferrara, Via Fossato di Mortara 23, 44100 Ferrara, Italy and *Department of

Pharmacology, University of Uppsala, Sweden

1 The [3H]-p-aspartate preloading of the parietal cortex of freely moving guinea-pigs equipped with
epidural cups makes it possible to investigate drug effects on the efflux of this radiolabel, assumed as a
marker of the glutamatergic structures underlying the cup. In the same model, the efflux of [*H]-y-
aminobutyric acid ((?H]-GABA) and endogenous GABA can be measured.

2 Nicotine, 0.9-3.6mgkg™?, s.c., or 3-5ug, i.c.v., increased the efflux of [*H)-p-aspartate but reduced
that of GABA.

3 These effects were mediated through mecamylamine-sensitive receptors but the ganglionic blocking
agent was devoid of any primary activity.

4 The inhibition of GABA efflux induced by nicotine 3.6mgkg™!, s.c., was abolished by methysergide
2mgkg~!, i.p. and was reduced by naloxone 3mgkg~!, i.p. pretreatment, suggesting the involvement of
tryptaminergic and opioid systems. In contrast, muscarinic and catecholamine antagonists were ineffec-
tive.

5 Chronic treatment with nicotine (3.6 mgkg ™!, twice daily for 16 days) reduced the facilitatory effect of
[3H]-p-aspartate and abolished the inhibition of endogenous GABA efflux.

6 A slight increase in the number of nicotinic binding sites (by use of [*H]-nicotine as ligand) was found
in the neocortex of chronically treated guinea-pigs.

7 The higher degree of tolerance to chronic nicotine treatment shown by GABA as compared with [*H]-

D-aspartate efflux suggests that adaptative changes of the inhibitory neuronal pools prevail. This may
contribute to the reinforcing and addictive properties of nicotine.

Keywords: Nicotine; guinea-pig cortex; mecamylamine; methysergide; naloxone; GABA efflux; D-aspartate efflux

Introduction

Nicotine is known to increase the firing rate of many neuronal
pools and to enhance the release of a number of putative
neurotransmitters, by interacting with receptors located on
the cell bodies and/or nerve terminals (see Nordberg et al.,
1989). However, only a few investigations have been devoted
to analyzing effects of nicotine on the amino acid transmitters.
To date, the increased firing rate of the cerebellar glutamater-
gic cells (de la Garza et al., 1987a), as well as enhanced gluta-
mate release from n. accumbens slices (Gongwer et al., 1987)
by nicotine, have been reported. Conversely, the available
data regarding y-aminobutyric acid (GABA) are conflicting.
Behavioural (Austin et al, 1988) and electrophysiological
studies in vivo (de la Garza et al., 1989b) and in vitro (Freund
et al, 1988) suggest that nicotine inhibits the GABAergic
structures, possibly by releasing dopamine (Austin et al., 1988)
or endogenous opioids (Brennan et al., 1980; Dewar et al.,
1987). On the other hand, Limberger et al. (1986) and Wonna-
cott et al. (1987, 1989) reported that nicotine increased GABA
efflux from caudatal slices and hippocampal synaptosomes,
whereas Gongwer et al. (1987) did not find any effect on n.
accumbens slices. These discrepancies may be due to the dif-
ferent brain areas studied and to the more or less integrated
models employed. Since direct measurements of nicotine-
induced changes of glutamate and GABA release in vivo are
lacking, it was considered of interest to study nicotine effects
on [*H]-p-aspartate (assumed as a marker of endogenous
glutamate) and on endogenous GABA overflow from the cere-
bral cortex of freely moving guinea-pigs, equipped with epi-
dural cups.

! Author for correspondence.

The data here summarized demonstrate that nicotine, at
doses considerably higher than those affecting acetylcholine
(ACh) release (Nordberg et al., 1989), increases the efflux of
[®H]-p-aspartate but inhibits that of GABA, through
mecamylamine-sensitive receptors. These effects are reduced
by chronic drug treatment, particularly as regards nicotine
inhibition of GABA overflow. A preliminary account of this
investigation has been published (Beani et al., 1989).

Method

Guinea-pigs of either sex weighing 400-500g were used. The
animals were kept under a 12h light/dark cycle and had free
access to food and water. Implantation of the epidural cup on
the left or right parietal cortex was performed under nembutal
(30mgkg™?, i.p.) plus morphine (2mgkg™?, i.p.) anaesthesia,
as previously described (Beani et al., 1968; Beani & Bianchi,
1970). In some animals an intracerebroventricular guide
cannula was also placed on the side contralateral to the cup to
perform i.c.v. injections. Two days after surgery the animals
were used for the release experiments.

[3H]-D-aspartate efflux

Preliminary trials were carried out by placing a saline solution
of [*H]-b-aspartate (final concentration 0.6 umol1~?, specific
activity 13.5 Cimmol ™) into the epidural cup for 5h, in order
to load the underlying cortex and to study drug effects over
the washout profile curve (Beani et al., 1989). Subsequently,
with the aim of increasing the radiolabel uptake and efflux,
the following procedure was applied: at the beginning, 0.4 ml
of KCl 50mmol1~! was placed into the cup for 30 min; then,
04ml of Krebs solution containing [*H]-D-aspartate
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0.3 umol1~! was kept in contact with the cortex for 4 h. After
repeated and careful washing, 0.4 ml of normal Krebs solution
was placed into the cup and renewed every 15min. Drug
treatment was performed after 4 collection periods of 15min
each, i.e., when the washout curve was levelling off to almost
steady values.

The [*H]-p-aspartate content of the samples (added to the
scintillation liquid) was counted with a beta spectrometer
(Beckman LS 1800). Some samples were run through a Dowex
column CH,COO~ form (Gaitonde, 1973), and eluted with
CH,COOH, 2moll1~1, so as to establish that their radioac-
tivity was associated with [3H]-p-aspartate standards. In
addition, the amounts of [>H]-D-aspartate present at the dif-
ferent depths of the normal and KCl-pretreated cortex were
measured. After the animals were killed, the disk (3mm
diameter) of the whole cortex underlying the cup was excised
immediately before starting the washout curve. Slices 400 um
thick were cut along a plane parallel to the cortical surface,
dissolved in protosol and counted for their radioactivity.

GABA efflux

To study the efflux of endogenous GABA, 0.4 ml of Krebs sol-
ution containing ethanolamine-O-sulphate 2mmoll~! (to
inhibit GABA metabolism, Beani et al., 1988) was placed in
the cup and renewed every 30min for 3-4h. The GABA
content of the samples was measured with the GC-MS tech-
nique as detailed previously (Beani et al., 1988).

Since the analysis of nicotine effects on glutamatergic neu-
rones was carried out for convenience (see Discussion) by pre-
labelling the cortex with [*H]-D-aspartate, some experiments
were performed by measuring [*H]-GABA outflow, so as to
compare nicotine-induced changes in endogenous and *H-
labelled amino acid. To this purpose, ethanolamine-O-sul-
phate pretreatment was performed as above for 3—4h. KCl,
50mM was then applied for 30 min, followed by [*H]-GABA
0.3 umol1~! (50 Cimmol ') preloading for 4h. After careful
washing, 0.4ml of Krebs solution (containing ethanolamine-
O-sulphate 2mmoll~') was placed in the cup and renewed
every 15min. Nicotine was injected s.c. after 4 collection
periods when the tritium efflux had become relatively steady.
Since GABA metabolism was inhibited by ethanolamine-O-
sulphate pretreatment, no attempt was made to ascertain to
what extent the effluent tritium remained associated with
GABA. In fact, under similar experimental conditions about
80%-90% of tritium proved to be represented by [*H]-GABA
(Young et al., 1990). The samples were then measured for their
tritium content as for [3H]-D-aspartate (see above).

Drug treatment

In naive animals, (—)-nicotine bitartrate was injected s.c.
(0.5ml of saline solution adjusted to pH 7) 60-90min after
starting sample collection so as to determine the basal values
of [3H]-p-aspartate and GABA overflow as well as the drug
effect on them. The time schedule of other drug treatments has
been specified in Results.

Other animals were submitted to chronic nicotine treat-
ment. The drug was injected s.c., twice daily for 16 days, at
3.6mgkg~! per day, i.e. at a dosage level 8 times higher than
that previously tested for the experiments on acetylcholine
release (Nordberg et al., 1989). Saline-treated animals were
run in parallel. On the 15th day, an epidural cup was
implanted and the [3H]-p-aspartate and GABA - release
experiments were carried out two days later. On the day of the
trial, the same protocol of drug treatment as for acute nicotine
experiments (injection at 9 h 00 min) was followed.

Nicotine receptor binding studies

Twelve hours after the last injection of nicotine, the animals
were killed, their cerebral cortex dissected and processed for
binding measurements with [3H]-(—)-nicotine (7nmoll~?;

specific activity 80 Cimmoll~!, Amersham, UK.) and [*H]-
acetylcholine (10nmoll~!; specific activity 81 Cimmoll™ !,
Amersham, UK.) in the presence of atropine 1umoll™!
(Nordberg et al., 1989). The rationale for using two ligands
was to label high affinity ([3H]-acetylcholine) as well as addi-
tional low affinity ([*H]-nicotine) binding sites (Nordberg et
al., 1988; Romanelli et al., 1988) which have been found to be
significantly increased in rats following chronic nicotine treat-
ment at the low dose of 0.45mgkg™"! but not in guinea-pigs
(Nordberg et al., 1989).

Drugs

Freshly prepared solutions of the following drugs were used:
(—)-nicotine bitartrate, mecamylamine HCI, ethanolamine-O-
sulphate, atropine sulphate, haloperidol and methysergide
maleate (Sigma Chemical Co., St. Louis, MO, U.S.A.), nalox-
one (Salars, Italy). The doses are expressed as the bases. The
radiochemicals and protosol were purchased from NEN.

Statistical analysis

Statistical differences were checked by ANOVA analysis fol-
lowed by Dunnet’s test and Newman-Keuls multiple range
test, as specified in the table and figure legends.

Results

Assessment of the [*H]-D-aspartate overflow method

The hypotonic KCl solution applied for 30 min gave rise to
mild signs of local irritation, as shown by the appearance of
occasional clones in the foreleg controlateral to the cup and
by the development of spiking in the unipolar EEG, recorded
from inside the cup (for technical details see Beani et al., 1968).
These signs rapidly disappeared soon after removal of the KCl
solution. The total amount and the intracortical distribution
of [®*H]-D-aspartate was nearly the same in KCl-treated and
in control animals. However, the [*H]-D-aspartate released
was larger in KCl-treated than in control guinea-pigs (Table
1). In both instances, the tritium of the cup samples was exclu-
sively represented by [3H]-p-aspartate, as checked with the
Dowex column separation (data not given), but its concentra-
tions were higher and drug induced changes were more
uniform in KCl-treated animals (Table 1). Interestingly, the
tritium ratio between the loading solution of [*H]-D-aspartate
in the epidural cup (0.3nmolml~!) and the superficial layers
of the cortex 30min after washing out the radiolabel (about
18 pmolg™! see Table 1) was about 17:1, not far from the
ratio between the loading solution in the microdialysis fibre
and the tissue surrounding the probe as reported by Nielsen et
al. (1989).

Table 1 Effect of KCl pretreatment on [*H]-D-aspartate
content per g of fresh tissue and the total efflux (150min)
from the cerebral cortex of freely moving guinea-pigs

Experimental N° of [3H]-p-aspartate (pmol) Efflux as
conditions expts. content efflux % of content
KCl pretreatment S 278 £3.7' 149+027 66+ 2.8
No pretreatment 5 277+ 46! 1.08 +0.32 46 + 7.9*

* Statistically significant difference from the efflux of the non
pretreated cortex, P < 0.05. ! The [*H]-p-aspartate content
in the first (superficial), second, third and fourth (deep) slice
(thickness 400um), calculated as percentage of the total
content in the cortical disk (see methods) was 65 + 10 (i.e.,
18pmolg™?), 21 + 3, 10 + 3 and 3 =+ 1, respectively both in
normal and KCl-treated animals.



Effect of (—)-nicotine on [*H-D]-aspartate

Nicotine, at doses below 0.9mgkg~!, did not change the
[*H]-p-aspartate overflow. Starting from 09mgkg™!, the
drug induced a short-lasting (15-20 min) dose-related increase
in the amino acid outflow, which reached the value of +70%
above the basal levels at 3.6mgkg~! (Figure 1a). An evident
increase in [*H]-D-aspartate was also detected by injecting
nicotine i.c.v. (Figure 2). The response to nicotine was prevent-
ed by local pretreatment of the cerebral cortex with tet-
rodotoxin 2 umoll~!, which also reduced the basal overflow
by about 40% (Figure 1b). This suggests that the nerve con-
ducted activity contributed both to the basal and to drug-
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Figure 1 (a) Correlation between nicotine doses and [*H]-D-aspar-
tate efflux from the parietal cortex of normal guinea-pigs (@;
b=824, r=062, P<001) and mecamylamine-pretreated
(8mgkg™!, ip. 60min before) animals (H; b=942, r=0.72,
P < 0.01). The effect of nicotine on subchronically pretreated animals
(see methods) is also shown ([J). (b) Effect of topical application of
tetrodotoxin (@, TTX) on the [3H]-p-aspartate efflux induced by
nicotine 3.6mgkg~! (at arrow). The effect of nicotine alone is shown
for comparison ([1). The spontaneous efflux in normal animals is also
shown (QO). Each point is the mean of 5-10 animals; vertical lines
show s.e.mean. The values are normalized with respect to pre-
injection efflux (the average efflux of [3H]-D-aspartate before treat-
ment was 0.694 + 0.1 pmol in 15min). The difference from control is
statistically significant (* P < 0.05), according to ANOVA and
Dunnet’s test. The difference from nicotine alone is statistically signifi-
cant (T P < 0.05) according to ANOVA and Newman-Keuls multiple
range test.
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Figure 2 Effect of nicotine (5 ug at arrow) injected i.c.v. on the [3H]-
D-aspartate efflux from the parietal cortex of freely moving guinea-
pigs. Each point is the mean of 3 animals; vertical lines show s.e.mean.
The values are normalized with respect to the pre-injection release
(average efflux of [°H]-D-aspartate before treatment was
0.71 £ 0.06 pmol in 15min). The difference from basal efflux is sta-
tistically significant (* P < 0.05, ** P < 0.01) according to ANOVA
and Dunnet’s test.

induced release. The local application of the toxin did not
have any discernible behavioural effect. Mecamylamine,
2mgkg~! ip. injected 30min before nicotine, did not itself
change the profile of the washout curve but reduced the effec-
tiveness of nicotine in a competitive fashion, shifting the dose-
response curve to the right by a factor of about 2.5 (Figure
1a).

Effect of nicotine on GABA overflow

At the same doses that increased the [*H]-p-aspartate efflux,
nicotine reduced [*H]-GABA (Figure 3a) and endogenous
GABA overflow to similar extents (Figure 3b). The effect of
the drug on the endogenous amino acid release was dose-
related at 90min (r = 0.65, P < 0.05). At variance with the
time course of [*H]-D-aspartate efflux, the inhibition of
GABA overflow was long-lasting (about 2h). Similar results
were found when nicotine was injected i.c.v. (Figure 3c). Meca-
mylamine 2mgkg~! completely prevented the inhibition
(Figure 3b). The local treatment with tetrodotoxin
(0.5umol1™! in the epidural cup for 30min) consistently
reduced the basal efflux as previously observed (Antonelli et
al., 1986) and prevented any further GABA reduction by nico-
tine 3.6 mgkg ™! (Figure 3d). Since nicotine is known to excite
directly most of the neurones to which it is applied (Egan,
1989), the inhibition of GABA outflow suggested a drug-
induced release of other transmitters which, in turn, inhibited
GABA cells. Therefore, the possible involvement of some
neuronal pools was tested by pretreating the animals with the
proper antagonists. First of all atropine, haloperidol and pra-
zosin were checked. None of these drugs modified the
nicotine-induced GABA overflow reduction (Figure 4a). Con-
versely naloxone 3mgkg~! partially prevented it, while
methysergide 2mgkg~! abolished any nicotine effect (Figure
4a and b).
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Figure 3 y-Aminobutyric acid (GABA) efflux from the parietal
cortex of freely moving guinea-pigs. (a) Effect of nicotine 3.6 mgkg™!
(arrow, @) injected s.c. on [3H]-GABA efflux. The spontaneous efflux
in controls is also shown (O). (b) Effect of nicotine (arrow) injected s.c.
(A, 09; 1, 1.8; O, 3.6mgkg™ ! and @, 3.6mgkg ™' 30min after mec-
amylamine 8 mgkg~!). (c) Effect of nicotine 3ug @, and Sug A,
arrow) injected i.c.v. (d) The topical application of tetrodotoxin (TTX)
prevents the inhibition of GABA efflux by nicotine 3.6mgkg™!
(arrow). Each point is the mean of 5-6 animals; s.e.mean shown by
vertical lines. The values are normalized with respect to the pre-
injection release (average efflux before treatment was
0.036 + 0.0039 pmol in 15min for [*H]-GABA and 26 + 3.9 pmol
cm~2min~! for endogenous GABA). The difference from the basal
efflux is statistically significant (* P < 0.05; ** P < 0.01) according to
ANOVA and Dunnet’s test. The difference from spontaneous efflux in
controls is statistically significant (1 P < 0.05; ¥ P < 0.01) according
to ANOVA and Newman-Keuls multiple range test.

Effect of chronic (—)-nicotine treatment

In chronically treated animals a challenging dose of nicotine
3.6mgkg™!, administered 12h after the last injection
(according to the 16 day treatment schedule) caused an
increase in [3H]-D-aspartate efflux of only +25% (instead of

% changes
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Figure 4 (a) Effect of nicotine 3.6mgkg™! (O) (arrow) on 7-
aminobutyric acid (GABA) efflux from the cerebral cortex of freely
moving guinea-pigs pretreated: with prazosin 15ugkg™! (A), methy-
sergide 2mgkg™! (@) (injected 30min before); atropine 10mgkg~?
() and haloperidol 2mgkg ™! (0J) (injected 60 min before). (b) Effect
of nicotine 1.8mgkg™! (J--- [J) and 3.6mgkg=! (O --- O) (arrow)
in guinea-pigs pretreated; with naloxone 3mgkg~! i.p. () 15min
before nicotine 1.8mg~! and (@) before nicotine 3.6mgkg?!).
Each point is the mean of 5-6 animals; s.e.mean shown by vertical
lines. The values are normalized with respect to the pre-injection
release. The  average release  before treatment  was
27.5 + 2.6 pmolcm ~2min ~!. The difference from nicotine alone is sta-
tistically significant (* P < 0.05) according to ANOVA and Newman-
Keuls multiple range test.

+75% detected in naive animals). The recovery of the initial
response was obtained with a dose of 7.2mgkg™?, indicating
the development of moderate tolerance (Figure la). Con-
versely in chronically-treated guinea-pigs, nicotine 3.6kg™~! no
longer inhibited GABA outflow.

Binding studies

An apparent up-regulation of nicotinic binding sites was pre-
viously found in rats but not in the guinea-pigs chronically
treated with nicotine 0.45mgkg~! (Nordberg et al., 1989).
Such up-regulation was also evident in this latter species
treated with nicotine 3.6 mgkg™! (Table 2), but the extent of
this change barely passed the limits of statistical significance
and was restricted to the experiments with [*HJ-nicotine as a
ligand.

Discussion

In a previous study (Nordberg et al., 1989) it was shown that
the time course and extent of the nicotine (0.45-09mgkg™!)
effect on acetylcholine release from the cortex of rats and
guinea-pigs was much the same, suggesting a similarity in the
responsiveness of the two species to this drug. Since guinea-
pigs are more suitable for the cortical cup technique, the deci-
sion was taken to make further investigations into the effect of
nicotine on amino acid release in this last species alone.

The unmetabolizable analogue of glutamate, [3*H]-D-aspar-
tate, has been widely used to study the activity of the glutama-

Table 2 Nicotinic receptors in the guinea-pig cerebral
cortex following chronic treatment with nicotine
(3.6 mgkg™1), twice daily for 16 days

Experimental Receptors

conditions [3H]-ACh [3H]-nicotine
Controls 1.8+02 (5 7.4 £ 0.50 (12)
Nicotine 2.4 +0.30 (5 9.7 + 1.08 (5)*

The values are pmolg~! protein + s.e.mean. The number of
animals is shown in parentheses. * Significantly different from
controls, P < 0.05.



tergic neurones in vitro and in vivo (Davies & Johnston, 1976;
Huxtable et al., 1985; Neilsen et al., 1989). Recently, identical
drug effects on the release of endogenous glutamate and [*H]-
D-aspartate from hippocampal slices have been reported
(Marchi et al., 1990). The choice of [*H]-D-aspartate seems
particularly convenient for studying glutamatergic neurone
function in vivo since the glutamate coming from the blood
can make a significant contribution to the overall amount of
the amino acid present in the cup samples. This interference
may overshadow drug effects on the neuronal release of this
putative transmitter. The simple analysis of the [*H]-p-aspar-
tate washout curve was considered the best way to obtain
information about the direction of nicotine-induced changes
in amino acid release. In fact, the local application of selective
inhibitors of glutamate uptake and/or metabolism (in order to
amplify the responses) increases its extracellular concentration
and, consequently, influences the activity of the entire neuro-
nal network under the cup, thus complicating interpretation
of the results. Topical pretreatment with a hypotonic KCl sol-
ution appears to be a procedure which increases the validity
of the method, as shown by the higher amounts of [*H]-D-
aspartate released and by the more uniform responses in com-
parison with animals not pretreated.

The present findings clearly show that nicotine dose-
dependently affected, in the opposite direction, [*H]-D-aspar-
tate and endogenous (or 3H-labelled) GABA overflow from
the cerebral cortex of naive, freely moving guinea-pigs. Its
effect appears to be central in origin (Figures 2 and 3c) since
nicotine injected i.c.v. gave rise to a response similar to that
after s.c. administration.

Clearly, a peripheral component, as suggested by Hajos &
Engberg (1988), cannot be ruled out. The doses required to
change GABA and [*H]-Dp-aspartate efflux were higher than
those able to increase ACh release, indicating that the cholin-
ergic structures impinging upon the neocortex are more
responsive to nicotine than are the amino acid neurones.
These neurones clearly respond to nicotine 3.6mgkg™! s.c,, a
dose which is 7-9 times lower than the LDy, (s.c.) in rats and
guinea-pigs (Negherbon, 1959). As previously shown for the
increase in cortical ACh in vivo (Nordberg et al., 1989), these
effects, are also mediated through nicotinic receptors of the
neuronal type, as they are prevented by mecamylamine. On
the other hand, the lack of any influence of mecamylamine on
the basal [*H]-p-aspartate efflux (as well as on basal GABA
efflux) seems to rule out any physiological cholinergic nicoti-
nic control over glutamate and GABA neurones in normal
animals.

The excitatory properties generally attributed to nicotine,
may be directly responsible for the increased [*H]-D-aspartate
overflow, the prevailing neuronal origin of which has been
demonstrated (Figure 1). Thus, the present data are in accord-
ance with those of de la Garza et al. (1987a) in vivo and with
the report of Gongwer et al. (1987) in vitro. Conversely, the
inhibition of GABA release in the conscious animal appears
to be an indirect effect, due to the stimulation of nicotinic
receptors located on other neuronal systems which, in turn,
inhibit GABA cells. Clearly, this mechanism may no longer be
operative in brain slices and is surely absent in synaptosomes.

Therefore, these simplified preparations may display excit-
atory responses to nicotine (Limberger et al., 1986; Wonna-
cott et al., 1989) provided some nicotinic receptors are present
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Nitric oxide synthase in cultured endocardial cells of the pig
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1 Endocardial cells release factors which regulate myocardial contractility and guanosine 3':5-cyclic
monophosphate (cyclic GMP) levels. One of these factors is indistinguishable from endothelium-derived

relaxing factor (EDRF).

2 The effluent from pig heart endocardial cells cultured on microcarrier beads caused the relaxation of a
pig coronary artery ring denuded of endothelium. This relaxation was enhanced by a combination of
superoxide dismutase and catalase and was attenuated by haemoglobin, which binds nitric oxide (NO),
and by inhibitors of NO synthase, NS-monomethyl-L-arginine (L-NMMA) or N€-nitro-L-arginine.

3 A Ca?*-, L-arginine- and NADPH-dependent enzyme activity which generated NO was detected by a
specific spectrophotometric assay in cytosol prepared from endocardial cells. The formation of NO was
inhibited in a concentration-dependent manner by L-NMMA (but not b-NMMA) and this could be

partially reversed upon addition of excess L-arginine.

4 Like endothelial cells from the blood vessels, the endocardial cells possess the ability to synthesize NO,

which may act to regulate myocardial contractility.

Keywords: Endocardium; endothelium-derived relaxing factor (EDRF); nitric oxide; cell culture

Introduction

Vascular endothelial cells generate nitric oxide (NO) from the
terminal guanidino nitrogen atom(s) of L-arginine (Palmer et
al., 1987; 1988a). This NO, which causes the relaxation of
vascular smooth muscle (Palmer et al., 1987; Hutchinson et
al., 1987) and inhibits platelet aggregation (Radomski et al.,
1987; Furlong et al., 1987), explains the biological actions of
endothelium-derived relaxing factor (EDRF, Furchgott &
Zawadzki, 1980). An NADPH-dependent enzyme, now known
as NO synthase, was found in the cytosolic fraction of endo-
thelial cells (Palmer & Moncada, 1989; Miilsch et al., 1989;
Mayer et al., 1989). This enzyme catalyses the formation of
NO from L-arginine, yielding L-citrulline as the co-product
(Palmer & Moncada, 1989). The L-arginine to NO pathway
has now been shown to exist in a variety of cells (Moncada &
Higgs, 1990) where it serves as the transduction mechanism
for the stimulation of the soluble guanylate cyclase (Moncada
et al., 1989).

The endocardial cells are ontogenetically similar to the
endothelium. Analogous to the role of the endothelium in the
regulation of vascular tone, it has been shown that the endo-
cardium plays a role in modulating the contractility of cardiac
muscle (Lewis et al., 1990; Smith et al., 1991). Cultured endo-
cardial cells release a factor indistinguishable from EDRF as
well as a factor(s), putatively termed endocardin, which exerts a
positive inotropic action in isolated papillary muscle segments
selectively denuded of endocardium (Smith et al., 1991). In the
present study we have identified and partially characterized a
NO synthesizing enzyme present in the cytosol of cultured
endocardial cells.

Methods

Endocardial cell culture

Endocardial cells were isolated from freshly obtained pig
hearts as previously described (Smith et al., 1991). Briefly, cells
were harvested by exposure of the right ventricle to 0.2% col-
lagenase in medium E199 and cultured in complete medium
(medium E199 supplemented with 10% foetal bovine serum,
10% newborn bovine serum, glutamine (6 mM), benzyl-

! Author for correspondence at the Wellcome Research Laboratories.

penicillin (200uml ™), streptomycin (200 ugml~!), and kana-
mycin (100ugml~?')) in fibronectin-coated 75cm? plastic
tissue culture flasks. Flasks were coated with fibronectin by
exposure to a sterile solution of fibronectin (10 ugml~!) in
10mM HEPES (pH 7.3) for 1h. Confluent cells were sub-
cultured by brief exposure (3—5 min) to a 0.85% saline solution
containing 0.05% trypsin and 0.02% EDTA. Newborn calf
serum was added to inactivate the trypsin and the cell suspen-
sion was centrifuged (200 g for 5min) and resuspended in com-
plete medium. Cells used in this study were either primary
cultures or those in first passage, exhibited cobblestone mor-
phology, and incorporated fluorescent labelled acetylated low
density lipoprotein (Smith et al., 1991).

Determination of EDRF release by bioassay

Endocardial cells were grown on microcarrier culture beads
as described (Gryglewski et al., 1986a; Smith et al, 1991);
0.5-0.8 ml of  cell-covered beads (approximately
7.5 x 10°cellsml~! beads) were washed in saline and placed
in a 2ml polypropylene syringe and superfused at a flow rate
of 3.5mlmin~! with oxygenated Krebs-Ringer solution at
35°C containing indomethacin (1 um). The effluent of the cell
column was used to superfuse an endothelium-denuded pig
coronary artery ring preparation mounted as previously
described (Christie & Lewis, 1988). The ring was preconstrict-
ed submaximally with prostaglandin F,, (1uM) and 5-
hydroxytryptamine (5-HT, 1 um) infused distal to the cells and
changes in isometric tension were recorded.

Preparation of endocardial cytosol

Culture medium was removed and the cells were washed three
times with Dulbecco’s phosphate buffered saline (PBS). Cells
were removed from the flasks by trypsinization, placed in an
equal volume of culture medium and centrifuged (200g for
10min). The cell pellet was washed twice with PBS before
resuspending the cells at a concentration of approximately 30—
70 x 10°cellsml~?! in ice-cold homogenization buffer contain-
ing 320mM sucrose, 10mm HEPES, 0.1mM EDTA,
1 mm DL-dithiothreitol, 100ugml~! phenylmethylsulphonyl
fluoride, 10ug ml~! leupeptin, 10ugml~! soybean trypsin
inhibitor, and 2 ugml~! aprotinin (adjusted to pH 7.2 at 20°C
with HCI). The cells were homogenized by sonicating twice for
3s at 100 W with an ultrasonic probe (Soniprep, MSE). The
homogenate was centrifuged at 150,000g for 35min at 4°C
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and the supernatant was incubated with cation-exchange resin
(AG 50W-X8) for 5min at 4°C to deplete endogenous L-
arginine. Upon settling of the resin, the supernatant was kept
on ice and used within 2h for determination of NO synthase
activity.

Spectrophotometric determination of nitric oxide synthase
activity

The formation of NO in cytosol was measured spectrophoto-
metrically by the method of Feelisch & Noack (1987) based
upon the rapid and stoichiometric reaction of NO with oxy-
haemoglobin to yield methaemoglobin and nitrate. Cytosol
was added in a 1:1 ratio (vol/vol) to the assay buffer (50 mm
phosphate buffer, 1 mm MgCl,, 10uM oxyhaemoglobin, pH
7.2) at 37°C into a prewarmed cuvette. L-Arginine (30 um),
CaCl, (200 um) and NADPH (100 um) were added to initiate
the reaction and the change in the difference in the absorb-
ance at 401 and 421nm (extinction coefficient
77,200M~ ! cm ') was monitored at 37°C with a double beam
dual wavelength spectrophotometer (Shimadzu UV-3000) at a
band width of Snm. The rate of NO synthesis was linear for
10min. The Ca?*-dependency of NO synthase was assayed in
the presence of 1 mmM EGTA and free Ca2* was controlled by
the addition of CaCl, solution to the reaction mixture
(Knowles et al., 1989). The protein content of the cytosol was
determined with bicinchoninic acid protein assay reagent,
using bovine serum albumin as a standard.

Chemicals

Cell culture materials (Flow and Sigma), N®-monomethyl-L-
arginine (L-NMMA) and D-NMMA acetate salts (Wellcome),
cation exchange resin (AG 50W-X8, 200400 mesh; Bio-Rad),
bicinchoninic acid protein assay reagent (Pierce) and NADPH
tetrasodium salt (Boehringer Mannheim) were obtained as
indicated. Human haemoglobin was prepared as described
(Paterson et al., 1976). All other reagents were from BDH or
Sigma.

Statistics

All values are expressed as mean + s.e.mean of n experiments
and were compared by Student’s ¢ test for paired or unpaired
data, as appropriate, with P < 0.05 considered as statistically
significant.

Results
Detection of EDRF by bioassay

Effluent from the perfused column of endocardial cells con-
tained a diffusible factor which induced a relaxation of the
bioassay detector tissue. This relaxation, measured as the per-
centage decrease of the initial tension, was enhanced in the
presence of superoxide dismutase and catalase (73.9 + 14.2
versus 369 + 94%; P <001; n=28) and was completely
abolished in the presence of haemoglobin (0.5uM, n = 6)
(Figure 1). Furthermore, the relaxation to the effluent from the
cell column was completely reversed by addition of inhibitors
of NO synthase, L-NMMA (50uM, n = 12), or NS-nitro-L-
arginine (20uM, n =4) to the solution perfusing the cell
column (data not shown).

Detection of nitric oxide by spectrophotometry

Addition of L-arginine (0.3-30uM) to the cytosol, in the pre-
sence of NADPH (100uM) and CaCl, (200umM), caused a
concentration-dependent increase in the rate of formation of
NO to a maximum at 30 uM of 5.67 + 0.80 pmol min~ ! mg™*
protein (n = 3; data not shown). In the absence of L-arginine
or NADPH, or if p-arginine (30 uM) was substituted for L-
arginine, the rate of NO synthesis was below the limit of
detection (< 0.1 pmol min~! mg~! protein; n = 3 for each).
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Figure 1 Bioassay of endothelium-derived relaxing factor (EDRF)
release from a perfused column of cultured endocardial cells, recorded
as the change in tension of the detector tissue, a preconstricted ring of
coronary artery of the pig denuded of endothelium. Exposure to the
effluent from the endocardial cells caused the detector tissue to relax.
This effect was enhanced by superoxide dismutase (SOD, 30uml~!)
and catalase (CAT, 100 uml~?) infused through the column (t.c.) and
was reversed by oxyhaemoglobin (Hb, 0.5 uM) infused over the bio-
assay tissue (0.t.). The tracing was redrawn and shortened by a 20min
period, represented by the double bar, and is representative of 6
experiments.

In the presence of L-arginine (30 uMm), the synthesis of NO
was inhibited in a concentration-dependent manner by
L-NMMA (n = 3; Figure 2). .L-NMMA (30 M) abolished the
formation of NO, an effect that was partially reversible upon
addition of a ten fold molar excess of L-arginine (300uMm;
n = 3). In the presence of D-NMMA (30 um) there was a slight
reduction in the rate of NO synthesis from 3.74 + 0.72 to
292 + 0.81 pmolmin~'mg~?! protein (n = 3, data not shown)
which was not statistically significant.

In the absence of free Ca?* (1 mm EGTA), there was no
measurable formation of NO by endocardial cell cytosol
(n = 3). The addition of Ca?* (resultant free Ca2* concentra-
tion 0.1-71 um) resulted in a concentration-dependent rise in
the rate of NO synthesis with an EC,, value of 0.65 + 0.10 um
(n = 3; Figure 3). :

Discussion

We have demonstrated the release from endocardial cells of a
factor with the characteristics of EDRF. It caused the relax-
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Figure 2 Effect of N®-monomethyl-L-arginine (L-NMMA) on the
formation of NO in endocardial cell cytosol. Addition of L-arginine
(L-Arg, 30 uM) initiated the formation of NO which was inhibited by
L-NMMA (3 and 30 um). The formation of NO by L-Arg (30 um) was
abolished with L-NMMA (30 uM) and could be partially reversed by
addition of a ten fold molar excess of L-Arg (300 um). Each column is
the mean of 3 separate experiments; vertical bars show s.e.mean.



NO synthase activity
{pmol min~" mg~" protein)

ol

i L A L —

0.01 0.1 1 10 100
Free Ca?* concentration (pum)

Figure 3 Ca2*-dependence of NO synthesis in endocardial cell
cytosol. The rate of synthesis of NO from L-arginine (30 uM) at free
Ca?* concentrations defined by Ca?*/EGTA buffers is shown. Each
point is the mean of 3 separate experiments; vertical bars show
s.e.mean.

ation of vascular smooth muscle (Furchgott & Zawadzki,
1980) and its effect was potentiated by superoxide dismutase
which prevents the breakdown of EDRF by superoxide anion
(Gryglewski et al., 1986b), and inhibited by haemoglobin
(Martin et al., 1985), which avidly binds NO (Gibson &
Roughton, 1957). Furthermore the release of EDRF from
endocardial cells was inhibited by L-NMMA and NC-nitro-L-
arginine (Palmer et al., 1988b; Rees et al., 1990a; Moore et al.,
1990), specific inhibitors of the NO synthase. It has also been
demonstrated that substance P provokes an endocardium-
dependent increase in guanosine 3':5'-cyclic monophosphate
(cyclic GMP) levels in isolated papillary muscles of the ferret
which is abolished by haemoglobin (Smith et al., 1991). These
results suggest that endocardial cells have the ability to syn-
thesize NO, which accounts for the biological actions of
EDRF (Palmer et al., 1987).

Using a spectrophotometric assay specific for the detection
of NO (Feelisch & Noack, 1987), we have now demonstrated
that the cytosol of endocardial cells contains a Ca%*-, L-
arginine- and NADPH-dependent enzyme which synthesizes
NO. The formation of NO in the cytosol was inhibited in an
enantiomeric specific fashion by L-NMMA, but not
D-NMMA, an effect which was reversible upon addition of
excess L-arginine. These results, along with the strict Ca?*-
dependency of NO synthesis in the cytosol, suggest that the
enzyme present in endocardial cells is similar to that found in
endothelial cells (Palmer & Moncada, 1989; Miilsch et al.,
1989; Mayer et al, 1989; Rees et al., 1990a), the brain
(Knowles et al, 1989; Bredt & Snyder, 1990), platelets
(Radomski et al., 1990a) and the adrenal gland (Palacios et al.,
1989).
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The physiological role of NO released from the endo-
cardium is unclear. It has previously been shown that EDRF
released from porcine endocardial cells shortens the contrac-
tion time of isolated papillary muscle preparations (Smith et
al., 1991). Furthermore, infusions of sodium nitroprusside,
which spontaneously releases NO, into the coronary circula-
tion produced an abbreviation of myocardial contraction in
the Langendorff perfused heart of the ferret (Fort & Lewis,
1991), an effect which could not be observed when the drug
was given into the ventricle. It has also been suggested that
the endocardium may down-regulate the release of atrial
natriuretic factor through an EDRF-dependent mechanism
(Sanchez-Ferrer et al., 1990). In addition the endocardium is
responsible for the negative inotropic effect of vasopressin in
isolated papillary muscles of the cat (Schoemaker et al., 1990).
Whether this action is mediated by the release of NO or
through the suppression of the tonic release of an endocardial-
derived myocardial contraction prolonging factor which has
been described and given the name ‘endocardin’ (Smith et al.,
1991), remains to be determined.

It is apparent that there are similarities between the endo-
cardium, with its potential role in the regulation of myocard-
ial function and in providing a non-thrombogenic surface, and
the endothelium, which plays a crucial role in the regulation
of vascular tone and platelet activity. Endocardial damage has
been shown to occur in isolated papillary muscles exposed to
eosinophils taken from patients with hypereosinophilic syn-
drome or to 5-HT (Shah et al, 1989; 1990). Whether the
damage to the endocardium, seen during hypereosinophilia or
in conditions like carcinoid syndrome (Olsen & Spry, 1985;
Tornebrandt et al., 1986; Spry, 1987), affects the local synthe-
sis of NO and through this contributes to the cardiomyopathy
associated with these disorders, requires further investigation.
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which is Ca2*-independent, as first described in macrophages
(Hibbs et al., 1988; Marletta et al., 1988; Stuehr et al., 1989),
which releases NO as part of their cytotoxic activities against
tumour cells and microorganisms (Hibbs et al., 1990). Recently
it has been shown that vascular endothelial (Radomski et al.,
1990b) and smooth muscle cells (Rees et al., 1990b; Knowles
et al., 1990; Busse & Miilsch, 1990) can also express the Ca?*-
independent inducible form of the enzyme upon exposure to
bacterial endotoxins and cytokines, which is likely to play a
role in the pathological vasodilatation seen in endotoxin
shock and cytokine therapies. It remains to be investigated
whether the endocardium can also. express this form of NO
synthase and if this release of NO affects cardiac function
during conditions of immunological activation.
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The effect of TYB-3823, a new antiarrhythmic drug, on sodium

current in isolated cardiac cells
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1 Sodium current (Iy,) blockade by TYB-3823, a newly synthesized antiarrhythmic agent, was investi-
gated in isolated single ventricular myocytes by use of the whole cell patch-clamp technique.

2 TYB-3823 blocked Iy, under steady-state conditions (K ;. = 500 uM, K, ; = 4.9 uM), findings consis-
tent with a shift in the steady state Iy, availability curve to more negative potentials.

3 TYB-3823 produced use-dependent block at 2 Hz in conjunction with increase in pulse duration (5-
300 ms), that was markedly enhanced at less negative holding potentials.

4 The time course of the onset of block was accelerated and the degree of use-dependent block was
decreased at more negative holding potential. The time course of the onset of block was accentuated with
enhancing block at more positive holding potentials.

5 The time course of recovery from use-dependent block was accelerated at more negative holding
potentials but was accentuated at more positive holding potentials.

6 These results suggest that both tonic block and use-dependent block of sodium channels in cardiac
tissue might result from an interaction of TYB-3832 with sodium channels mainly in the inactivated
channel states and the kinetics of the interaction between drug and receptor may be modulated by the

inactivation gate.

Keywords: Na current; TYB-3823; cardiac myocytes; whole cell voltage-clamp

Introduction

The newly synthesized drug TYB-3823 (1-2,6,-dimethyl-
phenyl)-4,4,-dimethyl-aminoguanidine hydrochloride) has a
potent and long-lasting inhibitory action against supra-
ventricular and ventricular arrhythmias induced by aconitine,
ouabain, or coronary ligation-reperfusion in rats, guinea-pig
and dogs (Kurthy et al., 1985). The previous experiments in
dog isolated ventricular myocytes (Varro et al., 1987) and
guinea-pig papillary muscles (Kodama et al, 1988) have
shown that TYB-3823 suppresses the maximum upstroke
velocity (V,,,,) of action potentials and shortening of action
potential duration. These studies were based on measurement
of V., of cardiac action potentials. However, V_, may not
be a linear measurement of Iy, in cardiac tissue (Cohen et al.,
1984). Therefore it was considered important to elucidate the
blocking mechanism of TYB-3823 on I, in guinea-pig ven-
tricular myocytes, under voltage-clamp conditions.

In the present study, we used the whole cell patch clamp
technique to assess the kinetics of I, blockade by TYB-3823
on single guinea-pig ventricular myocytes. We found that the
TYB-3823 could produce resting block only at depolarized
holding potentials, suggesting a high affinity of TYB-3823 for
the inactivated state of the Na channel. TYB-3823 also shifted
the steady state inactivation curve in the negative potential
direction and produced use-dependent block markedly at low
holding potentials, results consistent with the findings that
TYB-3823 slows recovery from inactivation state. It is con-
cluded from these results that TYB-3823 has a high affinity for
the inactivated state of the Na channel.

Methods

Single guinea-pig ventricular myocytes were isolated by the
enzymatic dissociation technique similar to that previously

t Author for correspondence.

described by Powell et al. (1980) and Ehara et al. (1989).
Sodium currents of single ventricular cells were recorded by
the whole cell clamp technique (Hamil et al., 1981). The
chamber was continuously perfused with low sodium Tyrode
solution at a temperature of 17°C and of the following com-
position (mm): NaCl 10, CsCl 5, CaCl, 1.8, MgCl, 0.5, p-
glucose 11, HEPES 20 and tetramethylammonium chloride
125. The solution was titrated to a pH of 7.35 with 1 M tetra-
methylammonium hydroxide. The internal solution of the
suction pipette was composed of (mm): CsF 145, NaF 10 and
HEPES 5 and titrated to a pH of 7.2 with 1M CsOH. Use of
these solutions allowed effective isolation of Iy, from other
ionic currents. Pipettes had tip resistances less than 0.5 MQ.
Compensation for series resistance was done empirically by
applying series resistance compensation to speed the decay of
capacitive transient. After compensation, capacitive transients
were within 500 us. The membrane current signal was re-
corded on video tapes (video recorder, Mitsubishi HV-F73)
through a PCM converter (SHOSHIN EM, PCM-PP16) for
later computer analysis (NEC PC98XL). Several criteria have
been outlined to permit indirect determination of the ade-
quacy of space-clamp control in cardiac preparations. Under
our experimental conditions (Hisatome et al., 1987; Miyamoto
et al., 1989), current recordings from isolated myocytes satis-
fied the criteria described by Colatsky & Tsien (1979).

To study the tonic block of TYB-3823 on Iy,, low pulse
frequency (0.01 Hz) was used, sufficient to ensure full recovery
from rate dependent block of Iy,. Thereby, drug-induced
decrease in Iy, is defined as tonic block. The amount of tonic
block is calculated as % decrease in Iy, after perfusion with
drug as compared to control. To study the use-dependent
block, rest periods of 180s were interposed between the trains
of stimuli. I, decreased during a pulse train and reached a
new steady state. The amount of use-dependent block is calcu-
lated as % decrease of Iy, in the new steady state with respect
to that of the first pulse (Hisatome et al., 1990). TYB-3823 was
kindly supplied by Toyobo & Co., Ltd., Osaka, Japan; this
drug is synthesized by Biogal (Debrecen, Hungary) as
G.Y.K.I 38233 and licensed to Toyobo.
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Results

Voltage-dependency and block of Na current by
TYB-3823

Figure la shows the families of Na currents under control
conditions (upper panel) and after administration of TYB-
3823, 30 uM (lower panel). Na current were elicited by depolar-
izing pulses to selected test potentials from a holding potential
(HP) of —90mV every 90s. After 8 min exposure to TYB-
3823, the Na current was reduced to about 60% of the control
value. Figure 1b shows the current-voltage relationship before
and 8min after exposure to 30um TYB-3823. TYB-3823
blocked the Na currents without changes in either threshold
potential, peak potential or equilibrium potential. Figure 2
shows the relationship between fraction of tonic block and the
concentration of TYB-3823 at HP = —90mV. Each point
represents a mean value of the blocked ratio of Iy, at each
concentration (n = 4). The sigmoidal curves drawn through
the data points are described according to the following equa-
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Figure 1 Voltage-dependence of TYB-3823 block of Na current. (a)
Families of Na current traces under control conditions and after
30 um TYB-3823 administration were obtained by applying SmV step
pulses of 30ms from a holding potential of —90mV. Calibration
shows 1 nA of current amplitude and 20 ms of time scale. (b) Current-
voltage relationship for the peak current under control conditions and
in the presence of 30 uM TYB-3823. Na current was blocked at all test
potentials without affecting the current-voltage relationship.
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Figure 2 Concentration-dependent TYB-3823 block of Na current.
Relationship between blocked reaction of Na current (ordinate scale)
and the concentration of TYB-3823 (abscissa scale) are shown. I, was
elicited by a test pulse to —20mV from HP = —90mV. The sigmoid-
al curve was drawn as a best fit to equation (see text). Slope factor was
0.97 and K4 was 15 uM.

tion:

Y =(1+ Ky ,,,/[D]) " M

where y represents fraction of block, K, ,,, is apparent disso-
ciation constant at HP = —90mV and [D] is the drug con-
centration. Ky ,,, was 15 x 10" ®m at HP = —90mV.

Resting block by TY B-3823

Figure 3 shows the steady state availability curve for Na
current under control conditions and after exposure to TYB-
3823 (30 and 200 um). I, availability was assessed at selected
membrane prepulse potentials by use of a standard two-pulse
protocol. A 1s prepulse to the designated level of membrane
potential was followed by a 0.5ms interval and then by a
30ms test pulse to —20mV. This two pulse sequence was
applied once every 90s. The curves drawn through the data
points are described by the following equation:

h = {1 + exp[(V, — Vu)/k1} @

where V_, is the prepulse potential, V,, is the prepulse potential
at which h = 0.5 and k is a slope factor. At very negative HP
(HP = —140mV), high doses of TYB-3823 could reduce the
maximum available Iy,. This decrease in I, at
HP = —140mV and low pulse frequency is defined as resting
blockade of Iy, by TYB-3823. Although 30um TYB-3823
could not produce significant resting block, 200 um TYB-3823
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Figure 3 Dose-dependent effects of TYB-3823 on Na availability
curve. Prepulse potential where I, is one-half maximum (V,) and the
slope factor (k) was calculated using Boltzmann distribution: h = 1/1
+ exp[(V, — Vo/k] where V_ =prepulse potential. V, was
—95.3mV and k was 6.3 (O, control), —102.8mV and 6.3 in 30 um
TYB-3823 (@) and —113.3mV and 6.2 in 200uM TYB-3823 (OJ),
respectively.
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Figure 4 The relationship between pulse duration and use-
dependent block at 2Hz in the presence of 100 um TYB-3823: effects
of holding potential. (a) (1-4): I, elicited during a train of pulse to
—20mV from HP = —140mV or —120mV at 2Hz. Open circle
shows I, at 1st pulse and closed circle I, at 10th pulse, duration of
which is S5ms (1) and 300ms (2) at HP = —140mV, 5ms (3) and
300ms (4) at HP = —120. For calibration, see Figure 1a. (b) The
relationship between pulse duration and phasic block at 2Hz in the
presence of 100 um TYB-3823. Vertical bars show s.e. (n = 4) of use-
dependent block at various pulse durations at HP = —140 (open
columns) and —120mV (hatched columns).

reduced maximum Iy, by 20% (n = 4) on average. TYB-3823
also shifted the Na availability curve toward more negative
potentials in a dose-dependent manner without changes in
slope factor. Therefore, resting block was observed only at a
high dose of TYB-3823, and the I, blocking action of TYB-
3823 was markedly dependent on membrane potential.
According to equation (1), K4 .., i.€., dissociation constant in
rested state, was 500 x 10~ °M.

Use-dependent block by TY B-3823

In addition to tonic block, TYB-3823 produced use-dependent
block of I,. The magnitude of the use-dependent block of I,
was dependent on the pulse duration and holding potential.
Figure 4a(1) shows Iy, elicited by the first depolarizing pulse
from HP = —140 to —20mV (open circle) and 10th pulse
(closed circle) in the presence of 100 um TYB-3823 at 2 Hz, of
which pulse duration was short (5 ms). Figure 4a(2) shows Iy,
elicited by the long pulse duration (300ms) from
HP = —140mV. Even long train pulses could produce only a
small amount of use-dependent block at HP = —140mV.
Figure 4a(3) shows Iy, elicited by a first depolarizing pulse
(open circle) from HP = —120 to —20mV, and 10th pulse
(closed circle) in the presence of 100 um TYB-3823 at 2Hz,
with a short pulse duration (5 ms). Figure 4a(4) shows I, elic-
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Figure 5 The time course of onset block in the presence of 100 um
TYB-3823. (a) The two-pulse protocol was used to assess the onset of
use-dependent block. Iy, elicited by control (bottom arrow) and the
test pulse following each conditioning pulse, the duration of which
was 2, 5, 10, 50, 300, or 3000 ms (upper arrow) is shown in the pre-
sence of 100uM TYB-3823. HP was —140 and —100mV and test
potential was —20mV. For calibration, see Figure 1a. (b) The time
constant of onset of block were 29 ms and 135ms at HP = —140 (Q)
and —100mV (@), respectively.

ited by a long duration pulse (300 ms) from HP = —120mV
at 2Hz. Even short duration pulses could reveal TYB-3823-
induced use-dependent block of I, . Figure 4b shows the % of
use-dependent block at 2 Hz by train pulses of 5, 10, 30, 100
and 300ms in the presence of 100um TYB-3823 at
HP = —140 and —120mV (n = 4). The % of use-dependent
block is calculated by the peak current for the 10th pulse nor-
malized relative to that of the first pulse. The degree of use-
dependent block at each HP increased with increase in the
pulse duration. In addition, more cumulative block was
observed at more depolarized HP. These results suggest that
the magnitude of use-dependent block by TYB-3823 was
dependent on both the HP and the pulse duration. It is worth
noticing that even short duration pulses such as 5 or 10ms
produced use-dependent block, and the proportion of use-
dependent block induced by S and 10 ms duration pulses rela-
tive to that by 300ms was about 30% at either HP = — 120
or —140mV.

Onset of use-dependent block of 1, by TYB-3823

The above data suggest that onset of use-dependent block by
TYB-3823 might be fast. Therefore, this possibility was tested
by use of a two-pulse protocol as follows. In the presence of
100 um TYB-3823, a prepulse (2 to 300ms) to —20mV from
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Figure 6 Effects of TYB-3823 on the recovery from inactivation of
I\, - Recovery of I, from inactivation was assessed by two-pulse pro-
tocol shown in the inset in upper part of (a). (a) I, elicited by the test
pulse to —20mV following 1000 ms prepulse is shown after selected
recovery times (ms) as shown by arrows from HP = —140 and
—100mV in the presence of 100um TYB-3823. For calibration, see
Figure 1a. (b) Iy, elicited during test pulse (I,.,) was normalized to
that elicited by the control pulse (I ,,,). At HP = —140mV (@), I\,
recovered within 300 ms, whereas at HP = — 100 mV (Q) full recovery
of I, required more than 3s.

HP = —140 and HP = —100mV was followed by a 1s
recovery period and a test pulse to —20mV from each HP to
assess current recovery as shown in the pulse protocol of
Figure 5a. This sequence was applied at 90s interval to avoid
build-up of use-dependent block. The upper panel of Figure
5a shows the original current traces followed by 10 us prepulse
(control) and by 3000ms prepulse at HP = —140mV. The
lower panel of Figure 5a shows the original current traces fol-
lowed by 10us, 2, 5, 10, 50, and 300ms prepulse at
HP = —100mV. Figure 5b shows % of onset of use-
dependent block following prepulse duration varying from 2
to 300ms in the presence of 100 uM TYB-3823 at HP = —140
(open circles) and —100mV (closed circles). More positive HP
accelerated the degree of onset of block, which was already
revealed from prepulse duration =2ms at HP = —100mV.
This experiment indicates that, at less negative HP, even short
pulse durations such as 2ms could induce use-dependent
block of Iy,, and block was also enhanced at longer prepulse
durations such as 100 and 300 ms. By contrast, the more nega-
tive holding potential accentuated the degree of onset block.
The onset of block was fitted by a single exponential curve.
The time constants of onset of block were 39 and 175ms at
HP = —140 and —100mV, respectively, which suggested that

more negative HP accelerated the time constant of onset of
block.

Recovery from inactivation of 1, in the presence of
TYB-3823

Recovery from inactivation was assessed by the protocol
shown in the inset of Figure 6a. A 1000ms prepulse was fol-
lowed by a variable recovery period and a test pulse to assess
the amount of current recovered at HP = —140 and
—100mV. Each two-pulse sequence was applied at 90s inter-
val. The upper panel of Figure 6a shows the original current
traces at HP = —140mV and the lower panel of Figure 6a
shows the original current traces at HP = —100mV. Figure
6b shows that the peak current for each test pulse was nor-
malized to that for the preceding control pulse and plotted as
a function of recovery time. At HP = —140mV (closed
circles), the Na current recovered rapidly, being described by
single exponential with a time constant of 27ms in the pre-
sence of 100 uM TYB-3823. The time course of recovery was
slowed markedly at HP = —100mV, and was characterized
by the time constant of 587 ms. Thus, the more positive HP
slowed recovery from inactivation markedly, a finding consis-
tent with its effects in inducing use-dependent block.

Discussion

The present experiments have shown that the TYB-3823
decreased Iy, of guinea-pig ventricular myocytes, in both a
tonic and use-dependent fashion, and also shifted the Na
channel availability curve in the hyperpolarizing direction.
The time constant for the decay of capacitive transients did
not change before and after administration of TYB-3823, so
that the shift of the inactivation curve was not due to a
voltage drop across the residual series resistance. We tried to
reconcile the present results with the modulated receptor
hypothesis (Hille, 1977; Hondeghem & Katzung, 1977).
According to the modulated receptor theory, (1) drugs bind to
the receptor site or very close to the sodium channel, (2) the
affinity of the receptor of the drug is modulated by the
channel state: rested, inactivated and activated state, (3) drug-
associated channels differ from the drug-free channels in that
they do not conduct and their ability to be activated is shifted
to more negative potentials. It is known that the tonic block is
composed of rested and inactivated state block. A simplified
scheme showing the relation between TYB-3823 and inac-
tivation and the resting state is reproduced, which was shown
by Bean et al. (1983).

R I
Dﬂ Ky ron Dﬂ Ky,
RD ID

where D is the drug molecule, R is the rested state, RD is the
resting state with the neutral form of drug bound; I and ID
are the corresponding forms of inactivation. Therefore, the
apparent affinity for TYB-3823 (1/K, ,,,) Will depend largely
on the apportionment of channels between rested and inac-
tivated state (comprising fraction h and 1 — h, respectively) as
following equation:

l/I(tl,npp = h/Kd.tect + (1 - h)/Kd,i (3)

where h is the fraction of channels in the rested state in the
absence of drug and K,; is the dissociation constant for




binding to. the inactivated state. K, ., is the dissociation con-
stant in the rested state. K,,,, at HP = —90mV was
15 x 107°M. Ky, Was 500 x 107m (n=3) and K,; was
49 x 107 °m.

Mean shift of the inactivation curve induced by the drug is
obtained from the following equation:

dV, =k In{(1 + [DY/K,,,..)/(1 + [DY/K, )} @

where dV, is the shift of inactivation curve, k is the slope
factor of inactivation curve and [D] is drug concentration.

In order to confirm our calculation, we applied our data to
the above equation. In the presence of 200 um TYB-3823, the
hyperpolarizing shift is calculated to be 20mV, which was
very close to the experimental data (18.2mV). These results
suggest that under steady state conditions, TYB-3823 had a
very low affinity for the rested state, and blocked the Na
channel mainly by binding to the inactivated state, resulting
in a decrease in number of the sodium channels available.

Use-dependent block is produced when the drug-channel
interaction is too slow to reach equilibrium within a single
cycle of Na channel activation and inactivation. Drug binding
to open channels and resting channels is also attributed to the
accessibility of the receptor, which is controlled by the Na
channel gate (Stimers et al., 1985; Tanguy & Yeh, 1985). That
is, the use-dependent block is attributed to a specific inter-
action between the sodium channel and the charged form of
the drug molecules. This use-dependent blocking action is
explained by two different theories, the modulated receptor
hypothesis as already mentioned in the previous section and
the guarded receptor hypothesis (Starmer et al., 1984). In the
latter, the affinity of the binding site of the drug is constant,
but access to the binding site is guarded by activation and/or
inactivation gates, such that the forward binding rate is faster
when the channel is open or inactivated than under resting
conditions. The present experiment showed that TYB-3823
exerted pronounced use-dependent block dependent on the
longer duration of the depolarizing pulse and the more depo-
larized level of the holding potential. Thus, a train of long
pulses (300 ms) could produce a small amount of Na channel
block at HP = —140mV, because at this holding potential,
Na channels are predominantly in the rested state conforma-
tion but not in the inactivated state conformation. By con-
trast, at HP = —120mV, even a train of brief pulses (5ms)
produced a large degree of use-dependent block and this
degree of block was enhanced by a train of longer pulses
(300 ms), because at this holding potential, Na channels are
partially in the inactivated state conformation. These results
suggest that TYB-3823 has little effect on the Na channel in its
activated state, but binds to the inactivated state, i.e., inac-
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tivated gate (state)-dependent block, resulting in block of Iy,
due to a decrease in the number of channels available. Since
TYB-3823 can be supposed to block inactivated channels with
an affinity that is larger compared to that for the rested state
channels, at depolarized holding potentials (where tonic block
is marked and most channels are distributed between drug
bound and unbound inactivated state) rapid train pulses can
increase the fraction of inactivated state.

It is worthwhile to notice that the time course of both onset
block and recovery from block was accelerated at more nega-
tive holding potentials while decreasing the degree of use-
dependent block, and was accentuated at more positive
holding potentials while increasing the degree of use-
dependent block. Based on the guarded receptor hypothesis,
the receptor site should lie within the channel lumen and the
charged form of the drug would reach it from the pore. At
more negative holding potentials, the access of drug molecules
to the binding site could not be guarded by the inactivation
gate. Under these conditions, the drug molecules could easily
gain access to the binding site and could also easily leave the
site, which might reflect on the fast kinetics of drug-receptor
interaction, resulting in a decrease in the degree of use-
dependent block due to a reduction in the time that the drug
was present on the receptor. By contrast, at more positive
holding potentials, the access of drug molecules to the binding
site would be guarded by the inactivation gate. In this condi-
tion, the drug not only could hardly gain access to the binding
site but also would have difficulty leaving the site, which
might reflect on the slow (intermediate) kinetics of drug-
receptor interaction, resulting in an enhanced degree of use-
dependent block because of the longer time the drug was
present on the receptor. Kodama et al. (1989) recently demon-
strated that at a resting membrane potential of —90mV,
TYB-3823 should be regarded as an intermediate kinetic class
1 drug according to the scheme of Campbell (1988) using V,,,,
of the action potential in multicellular preparations, which is
in favour of our data at a more positive holding potential.
However, at more negative holding potentials, this substance
has been proposed as a fast kinetic Class 1 drug and assumed
to have the characteristics of inactivated channel blockers
rather than activated channel blockers. In summary, our
results show that TYB-3823 is a potent blocker of Na current
in guinea-pig ventricular myocytes. The magnitude of tonic
and use-dependent block may be a major factor in the anti-
arrhythmic efficiency in depolarized tissue in such conditions
as ischaemia.
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Inhibition of the release of endothelium-derived relaxing factor
in vitro and in vivo by dipeptides containing N€-nitro-L-arginine
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1 We have shown that dipeptides containing N€-nitro-L-arginine (NO,Arg) inhibit the biosynthesis of
endothelium-derived relaxing factor (EDRF) in vitro and in vivo.

2 In anaesthetized rats, intravenous administration at 1-30mgkg™' of the methyl ester of NO,Arg,
NO,-Arg-L-phenylalanine (NO,Arg-Phe), L-alanyl-NO,Arg (Ala-NO,Arg) or NO,Arg-L-arginine
(NO,Arg-Arg) produced dose-related increases in mean arterial blood pressure (MABP) which were unaf-
fected by D-arginine (D-Arg; 20mgkg ™! min~! for 15 min), but prevented by co-infusions of L-arginine (L-
Arg; 20mgkg ™! min~? for 15min) or by their parent dipeptides.

3 NO,Arg methyl ester, NO,Arg-Phe methyl ester or Ala-NO,Arg methyl ester (10mgkg™!, i.v.) also
inhibited the reduction in MABP caused by the endothelium-dependent vasodilator, acetylcholine
(30 ugkg~'min~! for 3min), but not those induced by glyceryl trinitrate (20 ugkg™ ! min~! for 3 min) or
iloprost (6 ugkg™ ! min~! for 3 min) which act directly on the vascular smooth muscle.

4 Moreover, NO,Arg methyl ester, NO,Arg-Phe methyl ester or NO,Arg-Arg methyl ester (100 uM)
inhibited the acetylcholine-induced relaxation of rabbit aortic strips, and NO,Arg-Phe methyl ester
(30 uM) blocked the stimulated (bradykinin, 30 pmol) release of EDRF from bovine aortic endothelial cells
grown on microcarrier beads.

5 In endothelial cells grown in L-Arg-deficient medium, L-Arg-containing dipeptides such as L-Arg-L-
Phe, L-Ala-L-Arg or L-Arg-L-Arg increased both the basal and stimulated release of EDRF. Moreover, the
L-Arg containing dipeptides, but not their NO,Arg analogues, were rapidly cleaved by these cells.

6 Thus, dipeptides containing NO,Arg can directly interfere with the biosynthesis of EDRF in vitro and
in vivo. Moreover, the potentiation of EDRF release from endothelial cells deprived of L-Arg by dipeptides
containing L-Arg suggests that such peptides may serve as an additional or alternative substrate for the

biosynthesis of EDRF.

Keywords: L-arginine; peptide(s); endothelium-derived relaxing factor; biosynthesis; haemodynamics; bioassay

Introduction

Endothelium-derived relaxing factor (EDRF), released from
the vascular endothelium by a variety of stimuli, potently
relaxes vascular smooth muscle (Furchgott, 1984) and inhibits
platelet aggregation and adhesion (Azuma et al, 1986;
Radomski et al., 1987) via stimulation of soluble guanylate
cyclase in the target cell (Rapaport & Murad, 1983). Nitric
oxide (NO; Palmer et al., 1987) or possibly a closely related
molecule, such as S-nitroso-L-cysteine (Myers et al., 1990),
accounts for the biological activity of EDRF. NO is formed
via the oxidation of one of the guanidino nitrogens of the
amino acid L-arginine (L-Arg). The enzymatic pathway for its
biosynthesis in cytotoxic macrophages (Marletta et al., 1988),
endothelial (Palmer et al., 1988; Miilsch et al., 1989) and cere-
bellar cells (Bredt & Snyder, 1990) involves a NADPH- and
calcium- or magnesium-dependent dioxygenase which cata-
lyzes the conversion of L-Arg to L-citrulline (L-Cit) and NO. In
addition to these cells, NO biosynthesis has also been ascribed
to astrocytes (Murphy et al., 1990), hepatocytes (Billiar et al.,
1990), mast cells (Salvemini et al., 1990), platelets (Radomski
et al., 1990), polymorphonuclear leukocytes (Rimele et al.,
1988), vascular smooth muscle (Wood et al., 1990), the central
(Garthwaite et al., 1988) and peripheral nervous system (Bult
et al., 1990), and the adrenal gland (Palacios et al., 1989).

The L-Arg analogue, N®-monomethyl-L-arginine (MeArg),
is an inhibitor of the metabolism of L-Arg to nitrogen oxides
in cytotoxic macrophages (Hibbs et al., 1987; Iyenger et al.,
1987) and also prevents the release of EDRF from vascular
endothelial cells (Rees et al, 1989a; Sakuma et al, 1988).
Interestingly, MeArg may be a naturally occurring substance

! Author for correspondence.

(Paik & Kim, 1975). MeArg also inhibits the formation of NO
by cytosolic fractions from activated macrophages (Stuehr et
al., 1989), endothelial cells (Miilsch et al., 1989) and rat fore-
brain tissues (Knowles et al., 1989). The most striking bio-
logical effect of MeArg is its long lasting pressor effect in
rabbits, rats or guinea-pigs (Rees et al., 1989b; Whittle et al.,
1989; Aisaka et al., 1989). This effect, together with its attenu-
ation by L-Arg, but not D-Arg, suggests that a continuous,
presumably flow-induced release of EDRF exerts a tonic vaso-
dilator influence. The question whether this release is funda-
mentally different from the stimulated release induced by
acetylcholine or bradykinin, is a matter of intense investiga-
tion, and has also been addressed in the present study.

Another L-Arg analogue, NC-nitro-L-arginine (NO,Arg)
methyl ester, is also a potent inhibitor of EDRF biosynthesis
in vitro, producing an L-Arg-reversible inhibition of the vaso-
dilator effects of acetylcholine in rabbit aortic rings and the
rat perfused mesentery (Moore et al., 1989). NO,Arg methyl
ester also inhibits the release of EDRF from bovine aortic
endothelial cells in culture (Ishii et al., 1990). When compared
to MeArg, NO,Arg methyl ester is a more potent inhibitor of
endothelium-dependent relaxations in vitro (Moore et al.,
1989; Ishii et al., 1990; Hecker et al., 1990a, Rees et al., 1990),
and produces a more pronounced and longer-lasting increase
in blood pressure in the anaesthetized rat (Hecker et al,
1990a; Rees et al., 1990). These differences in potency may be
partly due to the extensive metabolism by the endothelium of
MeArg to L-Cit and subsequently to L-Arg, for NO,Arg
methyl ester is not metabolized in this way (Hecker et al.,
1990a).

Interestingly, L-Arg-containing peptides may be additional
or alternative substrates for the biosynthesis of EDRF
(Hecker et al., 1990b). To explore further this possibility, we
investigated the effects of  three dipeptides,
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NO,Arg-L-phenylalanine (NO,Arg-Phe) methyl ester, L-
alanine-NO,Arg  (Ala-NO,Arg) methyl ester and
NO,Arg-L-arginine (NO,Arg-Arg) methyl ester, on (1) haemo-
dynamic parameters in the anaesthetized rat, (2) the
endothelium-dependent relaxation of rabbit isolated aortic
strips, and (3) the release of EDRF from bovine aortic endo-
thelial cells in culture. In addition, we have studied the metab-
olism of L-Arg-L-Phe, L-Ala-L-Arg and L-Arg-L-Arg and their
NO,Arg derivatives by cultured endothelial cells, and have
investigated whether L-Arg-containing dipeptides can influ-
ence the release of EDRF from these cells or from an intact
endothelium in vitro and in vivo.

Methods

Surgical procedure

Male Wistar rats (245-320 g; Glaxo Laboratories Ltd., Green-
ford, Middx.) were anaesthetized with thiopentone sodium
(Trapanal; 120mgkg ™!, i.p.). The trachea was cannulated to
facilitate respiration and the rectal temperature was main-
tained at 37°C by means of a rectal probe connected to a
homeothermic blanket (BioScience, Sheerness, Kent, U.K.).
The right carotid artery was cannulated and connected to a
Transamerica type 4-422-0001 pressure transducer for the
measurement of phasic and mean arterial blood pressure and
heart rate on a Grass model 7D polygraph recorder (Glass
Instruments, Quincy, Mass., U.S.A.). The left jugular vein, the
right femoral vein and the left femoral vein were cannulated
for the administration of drugs.

Organ bath experiments

Male New Zealand White rabbits (2.0-2.6kg) were anaes-
thetized with sodium pentobarbitone (Sagatal; 60mgkg™!,
i.v.) and subsequently exsanguinated. The thoracic aorta was
rapidly removed, cleared of adhering periadventitial fat and
cut into rings of Smm width. The rings were cut open and
mounted in 20 ml organ baths filled with warmed (37°C), oxy-
genated (95% O,/5% CO,) Krebs solution (pH 7.4) consisting
of (mM): NaCl 118, KC1 4.7, KH,PO, 1.2, MgSO, 1.17, CaCl,
2.5, NaHCO, 25, glucose 5.6, EDTA 0.05 and indomethacin
0.006. Isometric force was measured with Biegestab K30 type
351 transducers (Hugo Sachs Elektonik, F.R.G.) and recorded
on a Watanabe WRT 281 physiograph. A tension of 2g was
applied and the strips were equilibrated for 90 min, changing
the Krebs solution every 15 min.

Endothelial cell culture

Endothelial cells were isolated from bovine aortae as pre-
viously described (de Nucci et al., 1988). They were grown to
confluence in plastic flasks for 57 days, removed by treat-
ment with 0.05% (w/v) trypsin, seeded onto Cytodex-3 micro-
carrier beads (Pharmacia Ltd, Central Milton Keynes) and
grown to confluence (5-7 days) in Dulbecco’s modified Eagle’s
medium containing L-Arg (0.6 mMm), 10% foetal calf serum, L-
glutamine (4mm), penicillin (500iuml™?), streptomycin
(500 ugml~!) and gentamycin (100 ugml™'). In experiments
where the cells were cultured for 24 h in the absence of L-Arg,
Minimum Essential Medium without L-Arg containing L-
glutamine (2 mM) was used.

Superfusion bioassay cascade

Endothelial cells on beads (approximately 6 x 107 cells) were
packed into a jacketed chromatography column and perfused
at Smlmin~! with warmed (37°C) oxygenated (95% O,/5%
CO,) Krebs solution containing superoxide dismutase (SOD,
10 units ml~!) to stabilize EDRF and indomethacin (5.6 uM) to
block the formation of cyclo-oxygenase products. The effluent
from the column superfused a cascade (Vane, 1964) of four

spirally cut, rabbit aortic strips with the endothelium removed
(RbA) separated from the column by 1, 4, 7, and 10s, respec-
tively. All compounds tested were first infused over the assay
tissues (0.t.) as a control and then through the column of
endothelial cells (t.c.). The detector tissues were preconstricted
by infusions of the stable thromboxane A, analogue U46619
(30nM; 9,11-dideoxy-9,,11,-methanoepoxy-prostaglandin F,,)
or phenylephrine (100nm). Tissue lengths were detected by
auxotonic levers attached to Harvard isotonic transducers and
displayed on a six channel Watanabe recorder (type WR3101).
The tissues were calibrated by the relaxant effects of glyceryl
trinitrate (GTN), and the sensitivities adjusted electronically
to give similar recordings of the relaxations.

High performance liquid chromatography (h.p.l.c.)
analysis

The h.p.l.c. analysis of the endothelial cell amino acid content
was performed as previously described (Hecker et al., 1990a).
Briefly, endothelial cells (3.5 x 10% cells/100ul beads) were
washed 5-10 times with 9 vol of Krebs solution, lysed by
adding an excess of methanol (5:1, v/v), and then centrifuged
for 10min at 10,000g. An aliquot (50 ul) of the supernatant
was mixed with 50ul of o-pthaldialdehyde reagent (Sigma,
Poole, Dorset) for 1 min at room temperature, and 25ul of
this mixture were applied to a 250 x 4.6 mm (i.d.) Ultratech-
sphere ODS-5 hplc. column (HPLC Technology,
Macclesfield) fitted with a 50 x 4.6 mm (i.d.) guard column.
The column was eluted at ambient temperature by using a
convex gradient (ACS model 352 ternary gradient system,
setting 3) from 0% solvent A (100% methanol)/100% solvent
B (10mmM KH,PO,/acetonitrile/methanol/tetrahydrofuran
84.0:7.5:7.5:1, v/v) to 100% solvent A/0% solvent B over
30min followed by 100% solvent A for 5min. The flow rate
was set to 1mlmin~! and the fluorescence of the eluate was
continuously monitored (Waters model 420 fluorescence
detector) at 425nm (excitation wavelength 338nm). The
endogenous amino acids were identified by comparison with
authentic standards, and their intracellular concentration was
calculated by use of standard calibration curves and assuming
an endothelial cell volume of 0.5 pl (Hecker et al., 1990b).

Materials

NO,Arg methyl ester, acetylcholine hydrochloride (ACh), nor-
adrenaline, phenylephrine, superoxide dismutase (SOD) and
the amino acids were obtained from Sigma Chemical Co.
(Poole, Dorset). NO,Arg-Phe methyl ester, Ala-NO,Arg
methyl ester, NO,Arg-Arg methyl ester, L-Arg-L-Phe, L-Ala-L-
Arg and L-Arg-L-Arg were obtained from Bachem Feinchemi-
kalien AG (Bubendorf, Switzerland). The peptides were
>98% pure, as judged by h.p.l.c. analysis, did not contain any
contaminants active in the biological preparations used, and
their L-Arg content was <0.1%. All other peptides were from
either Bachem or Sigma. The purity of some of these peptides
was also verified by h.p.l.c. analysis. Sodium pentobarbitone
(Sagatal) was purchased from May & Baker (Dagenham) and
sodium thiobarbitone (Trapanal) was from Byk Gulden
(Konstanz, F.R.G.). GTN (Nitronal) was supplied by Lipha
Pharmaceuticals Ltd. (West Drayton). Collagenase was
obtained from Lorne Diagnostics (Suffolk) and trypsin,
Minimum Essential Medium and Dulbecco’s modified Eagle’s
medium were obtained from Flow Laboratories (Irvine, U.K.).
Iloprost was a generous gift from Schering AG (Berlin,
F.R.G.) and U46619 from Dr J. Pike (The Upjohn Company,
Kalamazoo, U.S.A.). All other chemicals and solvents were
obtained in the highest commercially available quality from
either Sigma or BDH Ltd. (Dagenham).

Statistical comparison

All values in the figures and text are expressed as
mean + s.e.mean of n observations. A two-way analysis of
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variance (ANOVA) or a two-tailed Student’s ¢ test were used
to compare means among different groups and to analyse
intragroup variation (Wallenstein et al., 1980; SPSS Inc,
Chicago, IL, US.A). A P value of less than 0.05 was con-
sidered statistically significant.

Results
Effect of NO, Arg-containing dipeptides in vivo

In anaesthetized rats (control data), the average values of
mean arterial blood pressure (MABP) and heart rate were
123 + 2mmHg and 379 + 9 beats min~ !, respectively (n = 68).
As with NO,Arg methyl ester itself, bolus i.v. injections of
NO,Arg-Phe methyl ester, Ala-NO,Arg methyl ester or
NO,Arg-Arg methyl ester (1-30mgkg™') induced dose-
dependent increases in MABP (Figure 1) which reached
maximum levels within 5-10min. These pressor responses
were long-lasting (see Table 1 for Ala-NO,Arg methyl ester)
and higher doses produced pressor responses of longer dura-
tion, e.g. Ala-NO,Arg methyl ester at 10mgkg~! produced an
increase in MABP lasting for 30-45min as compared to an
increase in MABP lasting for up to 2h at a dose of
30mgkg ™. The pressor responses to all three dipeptides were
not associated with a significant change in heart rate (data not
shown). Ala-NO,Arg methyl ester produced dose-related
increases in MABP similar in maximum and duration to those
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Figure 1 Effect of intravenous bolus injections of NC-nitro-L-argin-
ine methyl ester (NO,Arg methyl ester), NO,Arg-Phe methyl ester,
Ala-NO,Arg methyl ester or NO,Arg-Arg methyl ester on mean
arterial blood pressure (MABP) of anaesthetized rats. The figure
depicts the increases in MABP induced by NO,Arg methyl ester,
NO,Arg-Phe methyl ester, Ala-NO,Arg methyl ester or NO,Arg-Arg
methyl ester at 1mgkg~! (solid columns; n=3-4), 3mgkg™!
(hatched columns; n = 4-17), 10mgkg~! (open columns; n = 7-24)
and 30mgkg™! (cross-hatched columns; n = 3). tSignificant differ-
ence (P < 0.05) between the effect of NO,Arg-Arg methyl ester and
NO,Arg-Phe methyl ester or Ala-NO, methyl ester at 30mgkg™".

of NO,Arg-Phe methyl ester, whereas NO,Arg-Arg methyl
ester was slower in onset (data not shown) and at 30mgkg™?
significantly less potent than Ala-NO,Arg methyl ester or
NO,Arg-Phe methyl ester (P < 0.05; Figure 1). Moreover, in
pithed rats Ala-NO,Arg methyl ester (10mgkg~!) produced
the same pressor effect (42 + 2mmHg; n = 3) as in the anaes-
thetized control group (48 + 2mmHg; n = 24).

Figure 2 summarizes the effects of L-Arg and D-Arg on the
pressor responses obtained with NO,Arg methyl ester,
NO,Arg-Phe methyl ester, Ala-NO,Arg methyl ester or
NO,Arg-Arg methyl ester. Intravenous infusions of L-Arg
(20mgkg ™! min~! for 15min) had no effect on resting MABP
(see Table 1), but significantly attenuated (70% inhibition;
P < 0.001) the increases in MABP induced by NO,Arg
methyl ester (10mgkg~!), whereas D-Arg (20mgkg™ ! min~!
for 15 min) was without effect (Figure 2). Similarly, L-Arg infu-
sions attenuated the pressor responses induced by
NO,Arg-Phe methyl ester, Ala-NO,Arg methyl ester or
NO,Arg-Arg methyl ester (70, 63 and 81% inhibition, respec-
tively; P < 0.001), whereas D-Arg was inactive.

Intravenous infusions of L-Arg-L-Phe, L-Ala-L-Arg or
L-Arg-L-Arg (free acid form; 20mgkg~ ! min~! for 15min) did
not cause a significant fall in MABP (see Table 1 for L-Ala-L-
Arg). However, co-infusions of L-Ala-L-Arg or L-Arg-L-Arg
completely prevented (4 + 3mmHg (n = 3) for L-Ala-L-Arg
and 3 + 2mmHg (n =3) for L-Arg-L-Arg) the increase in
MABP induced by their NO,Arg derivatives (48 + 2mmHg

60+

& 8
—+
—
i
—+
F——+—l

N
o
1

* XX

Increase in MABP (mmHg)
w
o

-
o
1

0

NO,Arg NO,Arg-Phe Ala-NO,Arg  NO,Arg-Arg
Figure 2 Attenuation by L-arginine (L-Arg), but not D-Arg, of the
vasopressor effects of NS-nitro-L-arginine methyl ester (NO,Arg
methyl ester), NO,Arg-Phe methyl ester, Ala-NO,Arg methyl ester or
NO,Arg-Arg methyl ester. The figure shows the increases in mean
arterial blood pressure (MABP) following i.v. bolus injections of
NO,Arg methyl ester, NO,Arg-Phe methyl ester, Ala-NO,Arg
methyl ester or NO,Arg-Arg methyl ester at 10mgkg™' in the
absence (open columns; n=7-24) or presence of either L-Arg
(20mgkg 'min~! for 15min iv.; hatched columns; n=3-8) or
p-Arg (20mgkg 'min~! for 15min iv.; solid columns; n=3).
***Significant difference (P < 0.001) between infusions in the absence
or presence of L-Arg; significant difference (P < 0.05) between infu-
sions in the presence or absence of D-Arg.

Table 1 Reversal of the pressor effect of L-alanyl-NC-nitro-L-arginine methyl ester (Ala- NO,Arg)by L-arginine (L-Arg) or L-alanyl-L-

arginine (L-Ala-L-Arg)

Group n Omin Smin

Ala-NO,Arg 5 120 + 4 157+ 4
+ L-Arg 5 120+ 3 160 + 3
+ L-Ala-L-Arg 5 124 + 4 171+ 7
L-Arg 6 112+ 7 110+ 2
L-Ala-L-Arg 5 121+ 9 124 +3

MABP (mmHg)

10 min 15min 20 min 30min

155+ 5 156 + 5 152+ 4 144 + 7

153+ 5 137 + 5* 126 + 5* 125 + 4*
163 +7 146 + 3* 133 + 4* 130 + 6*
11243 110+ 3 11143 11745

123+3 1214+ 3 11743 11745

Changes in mean arterial blood pressure (MABP) in anaesthetized rats. Different groups of animals received: Ala-NO,Arg (10mg kg~!
iv. at Omin); Ala-NO,Arg (10mgkg~! iv. at Omin) plus L-Arg-infusion (20mgkg™'min~' iv. for 15min starting at Smin);
Ala-NO,Arg (10mgkg ! i.v. at Omin) plus L-Ala-L-Arg (20mgkg ™' min~! i.v. for 15 min starting at 5min); L-Arg (20mgkg™ ' min~' i.v.
for 15min starting at Smin) or L-Ala-L-Arg (20mgkg ™' min~!i.v. for 15 min starting at 5min).

* P < 0.05 when the MABP values of group 2 or 3 were compared to group 1 at the same time point.
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(n=24) for Ala-NO,Arg and 42+ 6mmHg (n=7) for
NO,Arg-Arg at 10mgkg™1, respectively). These two dipep-
tides (see Table 1 for L-Ala-L-Arg) as well as L-Arg also
reversed established pressor responses caused by their
NO,Arg derivatives (Table 1). Similar experiments with
L-Arg-L-Phe were complicated by the fact that L-Arg-L-Phe is
a potent pressor peptide in the anaesthetized rat at doses as
low as 10ugkg™?, causing a simultaneous increase in MABP
and heart rate (Thiemermann et al., 1991). None the less
L-Arg-L-Phe (20mgkg~! for 15min) reversed the increase in
MABP induced by NO,Arg-Phe methyl ester (10mgkg™!).

Successive infusions (3 min) of the endothelium-dependent
vasodilator acetylcholine (ACh; 30 ugkg™!min~! at —10, 5,
15, 30, 45 and 60min) induced a fall in MABP which was
reproducible during the 60 min experimental protocol (n = 4,
data not shown). Pretreatment with NO,Arg methyl ester,
NO,Arg-Phe methyl ester or Ala-NO,Arg methyl ester
(10mgkg~?) significantly inhibited the fall in MABP induced
by ACh (Figure 3) with a maximum suppression 15min after
application of the inhibitor (P < 0.05 at 5, 15, 30 and 45 min;
data not shown). In contrast, NO,Arg methyl ester,
NO,Arg-Phe methyl ester or Ala-NO,Arg methyl ester did
not inhibit the decrease in MABP caused by the endothelium-
independent vasodilator GTN (20ugkg 'min~! for 3 min)
and potentiated the hypotensive effect of iloprost
(6 ugkg™ ' min~?! for 3min; P < 0.01; Figure 3).

Endothelium-dependent relaxations in vitro

Incubations of rabbit aortic strips with NO,Arg methyl ester,
NO,Arg-Phe methyl ester or NO,Arg-Arg methyl ester (all at
100 um) had no effect on the resting tone of the tissues. When
untreated tissues were preconstricted with noradrenaline, ACh
produced a concentration-dependent relaxation (ECs,
90 + 7nM; n = 35), and a further contraction at concentra-
tions exceeding 1uM. Preincubations with NO,Arg methyl
ester (100uM for 20min) then caused a decrease in the
maximum relaxation to ACh from 69 + 6 to 18 + 6% (n = 4;
P < 0.001), representing a 72 + 10% inhibition. Relaxations
to ACh were not restored after removal of the inhibitor and 3
consecutive 15min incubations with fresh Krebs solution.
However, addition of L-Arg (1 mm), but not D-Arg (n = 4), to
the Krebs solution (3 consecutive 15min incubations),
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Figure 3 Effect of NC-nitro-L-arginine methyl ester (NO,Arg methyl
ester), NO,Arg-Phe methyl ester or Ala-NO,Arg methyl ester on the
vasodilator responses to acetylcholine (ACh; 30ugkg™ !min~! for
3 min), glyceryl trinitrate (GTN; 20 ugkg ™' min~" for 3 min) or ilop-
rost (6ugkg™~'min~! for 3min). The figure depicts the decreases in
MABP of n =5 experiments in the absence (solid columns) or pre-
sence of NO,Arg methyl ester (hatched columns), NO,Arg-Phe
methyl ester (open columns) or Ala-NO,Argmethyl ester (cross-
hatched columns). The inhibitors were injected as a bolus
(10mgkg™') 15min before the vasodilator was infused intravenously.
Significant differences, * P < 0.05 or ** P < 0.01, from control experi-
ments.

reversed the inhibitory effect of NO,Arg methyl ester (n = 4;
P < 0.01), so that relaxations to ACh were not significantly
different from control responses. In control tissues the three
consecutive dose-response curves for ACh were identical and
not altered by additions of L-Arg or D-Arg (data not shown).
Similarly, NO,Arg-Phe methyl ester (100uM for 20min)
produced a significant inhibition of the relaxant effects of
ACh. The EC,, for ACh was shifted by a factor of 12.5 from
80nM to 1um, and the maximum relaxation to ACh was
reduced from 89 +3% to 58 + 11% (n=21; P < 0.001).
L-Arg (1mM; 3 consecutive 15min incubations) reversed the
inhibitory effect of NO,Arg-Phe methyl ester (n=6;
P < 0.01; Figure 4a), whereas D-Arg did not (n = 4). In con-
trast to the inhibition of endothelium-dependent relaxations,
NO,Arg-Phe methyl ester (100 uM for 20 min) did not affect

‘the endothelium-independent relaxations induced by GTN

(0.2-9nM; n = 3; data not shown).
When compared to NO,Arg methyl ester or NO,Arg-Phe
methyl ester, NO,Arg-Arg methyl ester (100um for 20 min)
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Figure 4 Inhibition by (a) NS-nitro-L-arginine-L-phenylalanine
methyl ester (NO,Arg-Phe methyl ester) or (b) NO,Arg-Arg methyl
ester of the endothelium-dependent relaxation of rabbit aortic strips.
The tissues were preconstricted with noradrenaline (10-20nM) to
approximately 1g of tension and a cumulative dose-response curve to
acetylcholine (ACh; 6nmM—6uM; A) was constructed. The
NO,Arg-containing dipeptides (100 uM) were added 20 min before the
construction of a second dose-response curve to ACh (O). After
removal of the inhibitor, the tissues were incubated three times with
L-Arg (1 mM) for 15min followed by a third dose-response curve to
ACh (0OJ). The figure shows the mean changes in tension with s.e.mean
(vertical bars) (expressed as % relaxation of induced tone) n =4-5
experiments with aortic strips from different rabbits. * and 1 denote
significant differences (by two-way analysis of variance) between the
relaxant effects of ACh in the presence or absence of NO,Arg-Phe
methyl ester (P < 0.001) or NO,Arg-Arg methyl ester (P < 0.05) and
between the inhibitory activity of NO,Arg-Phe methyl ester in the
presence or absence of L-Arg (P < 0.01), respectively.
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Figure 5§ NC-nitro-L-arginine-L-phenylalanine methyl ester (NO,-
Arg-Phe methyl ester) inhibits the release of EDRF from cultured
endothelial cells as detected by the cascade bioassay. For experimen-
tal details refer to Methods. In (a) is shown the relaxation of the
detector tissues (expressed as % relaxation relative to the response
caused by glyceryl trinitrate) induced by bradykinin (BK; 10 pmol) in
n =13 experiments using different batches of endothelial cells. The
solid column shows responses in the absence of NO,Arg-Phe methyl
ester (30 uM t.c), the hatched column in the presence of NO,Arg-Phe
methyl ester, and the open column in the presence of both
NO,Arg-Phe methyl ester and L-Arg (100 uM) ** and  denote signifi-
cant differences between NO,Arg-Phe methyl ester and control
(P < 0.01) and NO,Arg-Phe methyl ester and L-Arg (P < 0.05). (b) An
original trace of two rabbit aortic strips (RbA) separated from the
column of endothelial cells by 1 and 4s, respectively. Glyceryl tri-
nitrate (GTN; 20 pmol) was given as a bolus injection over the detec-
tor tissues (0.t.) to calibrate their responses to EDRF released by BK
(10 pmol) infused through the column of endothelial cells (t.c.). Note,
that when infused o.t., NO,Arg-Phe methyl ester (30 4M) had no effect
on the tone of the detector tissues and did not interfere with the detec-
tion of EDREF, but elicited an increase in tone of the first RbA when
infused t.c, indicating a reduction in the flow-induced release of
EDREF. This effect was reversed by co-infusions of L-Arg (100 uMm).

caused a weak but significant inhibition of the relaxation
induced by ACh (23 4+ 3% inhibition of the maximum relax-
ation to ACh; n = 10; Figure 4b), reducing its activity by
about 2 fold (EC,, for ACh increased from 100nM to 200 nM;
n=10; P <0.05). This effect was completely reversed by
L-Arg (1 mMm; 3 consecutive 15 min incubations; n = 3), but not
by D-Arg (1 mM; 3 consecutive 15min incubations; n = 6). In
contrast to L-Arg (0.001-10 mM), the parent dipeptides, L-Arg-
L-Phe, L-Ala-L-Arg or L-Arg-L-Arg (free acid form) caused sig-
nificant relaxations of the rabbit aortic strips at concentra-
tions above 100uM, which, however, were not strictly
endothelium-dependent (data not shown).

EDREF release from cultured endothelial cells

Infusions of NO,Arg-Phe methyl ester (30 uM) over the detec-
tor tissues in the cascade (o.t.) did not affect the relaxations
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Table 2 Metabolism of L-alanyl-NC-nitro-L-arginine methyl
ester (Ala-NO,Arg methyl ester), NO,Arg-Arg methyl ester
or NO,Arg-Phe methyl ester by cultured endothelial cells

Net increase in intracellular L-Arg or NO,Arg (um)

Dipeptide 10 min 30min 60 min
L-Ala-L-Arg 1618 + 308 2513 + 532 3715 + 1281
Ala-NO,Arg! 334 + 186* 1064 + 494 1057 + 194*
L-Arg-L-Arg 633 + 18 1519 + 93 2249 + 218
NO,Arg-Arg! 15 £ 9*=*» 91 4 25%** 129 4 17%**
L-Arg-L-Phe 419 + 88 1564 + 188 2378 + 180
NO,Arg-Phe! 23 + 16** 286 + 143** 566 + 102***

The NO,Arg derivatives or their parent dipeptides (100 uM)
were incubated with endothelial cells deprived of L-Arg
(7 x 10%cells on 200ul microcarrier beads in 1ml Krebs
solution) for 0, 10, 30 or 60min at 37°C followed by h.p.l.c.
analysis. NO,Arg (free acid or methyl ester form) could not
be detected by the fluorescence method employed. Therefore,
its concentration has been inferred from the parallel increase
in L-Ala, L-Arg or L-Phe, respectively. The table shows the
mean (+s.e.mean) increases in L-Arg or NO,Arg after sub-
traction of the corresponding time control levels. The aster-
isks denote NO,Arg levels (NO,Arg derivative) significantly
different (P < 0.05, 0.01 or 0.001) from the corresponding
L-Arg concentrations (parent dipeptide).

(n=3;*P < 0.05;** P < 0.01; *** P < 0.001; 'methyl ester)

induced by GTN (20pmol; o.t.) or by EDRF released after
injections of bradykinin (BK; 10 pmol) through the column of
endothelial cells (t.c.) (n = 4; Figure 5b). When infused t.c.,
however, NO,Arg-Phe methyl ester elicited an increase in
tone of the aortic strips which was greatest on the first RbA
(denoting a reduction in flow-induced EDRF release) and sig-
nificantly inhibited the release of EDRF induced by BK (86%
inhibition from 90 + 21% relaxation to 12 + 6%; n=3;
P < 0.01; Figure 5a). Co-infusions of L-Arg (100 uMm) partially
reversed the inhibitory effect of NO,Arg-Phe methyl ester
(50% inhibition from 90 + 21% relaxation to 44 + 6% ; n = 3;
P < 0.05). These effects of NO,Arg-Phe methyl ester were
similar to those produced by NO,Arg methyl ester (Hecker et
al., 1990a).

In 28 of 31 experiments (i.e. 90%) with endothelial cells cul-
tured for 24h in the absence of L-Arg, dipeptides containing
L-Arg, such as L-Arg-L-Phe (n = 14), L-Ala-L-Arg (n = 6),
L-Arg-L-Arg (n = 6), L-Arg-L-Ile (n = 3) or L-Arg-L-Leu (n = 2)
(all at 50 uMm; free acid or methyl ester form) increased the
flow-induced release of EDRF, and in 9 of 20 experiments (i.e.
45%) also the bradykinin-stimulated release of EDRF (data
not shown). In addition L-Arg but not D-Arg (50um), to a
similar extent as the dipeptides, potentiated the stimulated
release of EDRF from L-Arg-depleted endothelial cells in 11 of
19 experiments (i.e. 58%), increased flow-induced EDRF
release in 6 of 19 experiments (i.e. 32%), and had no effect in 2
experiments (data not shown).

Metabolism of dipeptides containing L-Arg and their
NO, Arg derivatives by bovine aortic endothelial cells

When L-Arg-L-Phe (100 uM) was incubated with Arg-depleted
endothelial cells in Krebs solution, there was a rapid, time-
dependent increase in both L-Arg and L-Phe. The cleavage of
the dipeptide was completely prevented by co-incubations
with a mixture of protease inhibitors (bestatin and phos-
phoramidon, 5uxgml~!; amastatin, aprotinin, captopril, leu-
peptin and trypsin-chymotrypsin inhibitor, 50ugml~?;
phenylmethylsulphonyl fluoride, 0.5mm; data not shown).
When compared to L-Arg-L-Phe, L-Phe was liberated from
NO,Arg-Phe methyl ester at a significantly slower rate
(P <0.01 at 10 and 30min; P < 0.001 at 60min; Table 2).
L-Ala-L-Arg (100 uM) was more rapidly cleaved than L-Arg-L-
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Phe (P < 0.05 at 10 and 30 min), whereas L-Arg-L-Arg (100 um)
was metabolized at virtually the same rate (Table 2). In con-
trast, the metabolism of NO,Arg-Arg methyl ester was con-
siderably slower than that of NO,Arg-Phe methyl ester
(P < 0.01 at 60 min) or Ala-NO,Arg methyl ester (P < 0.01 at
10, 30 and 60 min). When compared to NO,Arg-Phe methyl
ester (net increase in NO,Arg after 10min 23 + 16 uM; n = 3)
or NO,Arg-Arg methyl ester (15 + 9 uMm after 10min; n = 3),
the cleavage of Ala-NO,Arg methyl ester led to a more rapid
liberation of NO,Arg (334 + 187 um after 10min; n = 3).

Discussion

The inhibition by MeArg of the biosynthesis of EDRF/NO by
vascular endothelial cells in vitro (Rees et al., 1989a; Sakuma
et al., 1988) is associated with a sustained rise'in systemic
blood pressure in anaesthetized rabbits (Rees et al, 1989b),
guinea-pigs (Aisaka et al., 1990) and rats (Whittle et al., 1989;
Tolins et al., 1990; Walder et al., 1990) and conscious rats in
vivo (Gardiner et al., 1990). The MeArg-induced rise in blood
pressure in the rat is associated with a decrease in glomerular
filtration rate and urinary guanosine 3';5'-cyclic mono-
phosphate (cyclic GMP) excretion (Tolins et al., 1990) as well
as a reduced conductance in the renal, mesenteric, carotid and
hindquarter vascular beds (Gardiner et al, 1990). In human
volunteers, infusion of MeArg into the brachial artery or
dorsal vein inhibits the vasodilator responses to ACh and
bradykinin, but not GTN (Vallance et al., 1989). Although
MeArg reduces the blood flow in the brachial artery by
approximately 40%, it does not cause vasoconstriction in the
dorsal vein, suggesting that a continuous release of NO regu-
lates vascular tone in the arterial, but not in the venous part
of the human circulation (Vallance et al., 1989). The pressor
effect of MeArg and its reversal by L-Arg, but not D-Arg, form
the basis of the hypothesis that a continuous or flow-induced
release of NO, derived from the metabolism of L-Arg, main-
tains the vasculature of several species including man in a
vasodilated state (Rees et al., 1989b).

NO,Arg methyl ester is a more potent inhibitor of
EDRF/NO biosynthesis than MeArg in vitro (Moore et al.,
1989; Rees et al., 1990) and in vivo (Hecker et al, 1990a;
Walder et al., 1990; 1991; Gardiner et al., 1990). These differ-
ences in potency between MeArg and NO,Arg methyl ester
may be due to (1) a faster uptake of NO,Arg by the endothe-
lium (methyl ester instead of free acid form); (2) a higher affin-
ity of the NO,Arg derivative for EDRF/NO-synthase; and/or
(3) differences in metabolism of both L-Arg analogues by the
endothelium. Indeed, we have previously demonstrated
(Hecker et al., 1990a) that MeArg, but not NO,Arg methyl
ester, is substantially metabolised by cultured endothelial cells
to L-Cit and subsequently to L-Arg, which both in turn would
reduce the degree of inhibition of the NO-forming enzyme(s)
afforded by MeArg.

Here we demonstrate that the methyl esters of
NO,Arg-Phe, Ala-NO,Arg or NO,Arg-Arg are novel and
potent inhibitors of EDRF/NO biosynthesis in vitro and in
vivo. For example NO,Arg-Phe methy] ester fits the following
criteria for an inhibitor of EDRF/NO biosynthesis: (1) it
inhibited the basal and bradykinin-stimulated release of
EDRF from cultured endothelial cells in an L-Arg-reversible
manner; (2) it inhibited the endothelium-dependent, but not
endothelium-independent, vasodilator responses in vitro and
in vivo and these effects were again reversed by L-Arg; and (3)
intravenous application of NO,Arg-Phe methyl ester to
anaesthetized rats produced a dose-related increase in blood
pressure which was prevented by co-infusions of L-Arg, but
not D-Arg.

Likewise, Ala-NO,Arg methyl ester and NO,Arg-Arg
methyl ester caused dose-related pressor effects in the anaes-
thetized rat which were largely prevented by coinfusions of
L-Arg, but not b-Arg. Moreover, infusions of the parent dipep-

tides L-Ala-L-Arg or L-Arg-L-Arg did not exert any haemo-
dynamic effects in the anaesthetized rat, but completely
prevented the pressor effects of the NO,Arg derivatives. Even
when given after the pressor effect was already established,
L-Arg or the parent dipeptides reduced the elevated blood
pressure so that baseline values were obtained within 15-
20min. This was also true for NO,Arg-Phe methyl ester;
however, attempts to prevent its pressor effect by co-infusions
of L-Arg-L-Phe were hampered by the finding that L-Arg-L-
Phe itself increased blood pressure and heart rate in the
anaesthetized rat by enhancing plasma noradrenaline levels
via a central mechanism (Thiemermann et al., 1991).

These results demonstrate that NO,Arg-containing dipep-
tides are novel inhibitors of EDRF/NO biosynthesis in vitro
and in vivo. The fact that the methyl esters of NO,Arg-Phe,
Ala-NO,Arg and NO,Arg-Arg produce a substantial increase
in mean arterial blood pressure in the anaesthetized rat sup-
ports the hypothesis that a continuous flow-induced release of
NO, derived from the L-Arg/NO pathway in the endothelium,
is of substantial importance-for the physiological regulation of
vascular tone and, hence, blood pressure.

Although there is some evidence that MeArg may produce
its pressor effect in the anaesthetized rat by causing a central
activation of the sympathetic nervous system (Sakuma et al.,
1990), it seems unlikely that the pressor effects of either
NO,Arg methyl ester or the NO,Arg-containing dipeptides
are brought about by a central effect, for the pressor responses
to NO,Arg methyl ester (P.K. Moore, personal
communication) or Ala-NO,Arg methyl ester (this study) were
not reduced in pithed rats.

The similarities between NO,Arg methyl ester and the
NO,Arg-containing dipeptides as inhibitors of NO-
biosynthesis raises the question as to whether these dipeptides
act in their own right or after cleavage to NO,Arg. When
compared to L-Arg-L-Arg, the cleavage of NO,Arg-Arg
methyl ester by Arg-depleted, cultured endothelial cells was
slow and a significant intracellular concentration of NO,Arg,
i.e. 100 uM was attained only after 30-60 min. Thus, the release
of NO,Arg from NO,Arg-Arg methyl ester does not appear
to account for its inhibitory activity in vitro. This conclusion is
reinforced by our findings that cultured endothelial cells spon-
taneously generate 150-750 uMm intracellular L-Arg within 30—
60min which would compete with any NO,Arg cleaved from
the peptide (Hecker et al., 1990a,b). Freshly isolated, rabbit
aortic endothelial cells have an even higher level of L-Arg
(4mmMm; Swierkosz et al, 1990). The potent pressor effect of
NO,Arg-Arg methyl ester in vivo compared to its rather weak
effect on EDREF release in vitro, however, suggests that some
cleavage to the more active NO,Arg is occurring in vivo.

In contrast to NO,Arg-Arg methyl ester, the inhibitory
potency of NO,Arg-Phe methyl ester appears to be equivalent
in vitro and in vivo. NO,Arg-Phe methyl ester is a more
potent inhibitor of the release of EDRF from the rabbit aorta
and a more potent vasopressor agent than MeArg in vivo, but
both compounds are equally effective in inhibiting the release
of EDRF from cultured endothelial cells. However, the uptake
of exogenous MeArg (40 uM) by these cells leads to an intracel-
lular accumulation of approximately 3mM MeArg within
10min (Hecker et al, 1990a), whereas the cleavage of
NO,Arg-Phe methyl ester (100 uM outside the cell) results only
in the formation of about 20 uM NO,Arg inside the cell over
the same period of time. This strongly suggests that
NO,Arg-Phe methyl ester directly inhibits the biosynthesis of
EDRF/NO in vitro and probably also in vivo.

Unlike NO,Arg-Phe methyl ester or NO,Arg-Arg methyl
ester, the inhibitory activity of Ala-NO,Arg methyl ester in
vivo and in vitro may be associated with its breakdown to
NO,Arg, for this was much more rapid in vitro (see Table 2).
Moreover, our findings cannot rule out the possibility that
NO,Arg-Arg methyl ester or NO,Arg-Phe methyl ester are
cleaved by cells other than endothelial cells while circulating
in the blood or when passing through metabolically active
organs such as the lung of the liver. Our present data on the
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metabolism of these peptides, however, could also be inter-
preted as indicating that a NO,Arg-containing dipeptide with
a hydrophobic residue such as NO,Arg-Phe is a better fit for
the active site of EDRF/NO synthase and, hence, may be pro-
tected from proteolytic cleavage, whereas the other two ana-
logues (alkyl or basic residue) cannot avidly bind to the
enzyme and exert their inhibitory activity via breakdown to
NO,Arg.

The di-oxygenase-like enzymes responsible for the biosyn-
thesis of NO exist in at least two distinct forms (see Nathan &
Stuehr, 1990), both of which require NADPH and a divalent
cation (calcium or magnesium) as a co-factor. The so-called
‘constitutive’ type is present in endothelial, cerebellar and
polymorphonuclear cells and can synthesize NO in a matter
of seconds following stimulation by agonists such as brady-
kinin, N-methyl-pD-aspartate or formyl-methionyl-leucyl-
phenylalanine. In contrast, the ‘inducible’ type can be
expressed in endothelial cells, hepatocytes, macrophages,
monocytes or tumour cells after 4-18 h following activation of
the cell with cytokines, tumour necrosis factor or bacterial
lipopolysaccaride. MeArg is a more potent inhibitor of the
‘inducible’ enzyme (Nathan & Stuehr, 1990; Gross et al,
1990), whereas NO,Arg methyl ester is a more potent inhibi-
tor of the ‘constitutive’ enzyme (Moore et al., 1989; Ishii et al.,
1990; Hecker et al., 1990a; Nathan & Stuehr, 1990). The
NO,Arg-containing dipeptides, in particular NO,Arg-Phe
methyl ester, have a similar inhibitory profile to that of
NO,Arg methyl ester and are likely to be effective inhibitors
of the ‘constitutive’ enzyme present in endothelial cells.

The inhibition by these NO,Arg-containing dipepetides of
the release of EDRF in vitro in conjunction with the poten-
tiating effect of their parent dipeptides on the release of EDRF
from endothelial cells deficient in L-Arg may be interpreted as
indicating that an L-Arg containing small peptide can serve as
an additional or alternative substrate for the biosynthesis of
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Pharmacology of the putative M, muscarinic receptor
mediating Ca-current inhibition in neuroblastoma x glioma
hybrid (NG 108-15) cells

IM.P. Caulfield & D.A. Brown

Department of Pharmacology, University College London, Gower Street, London WC1E 6BT

1 We have assessed the potency of a range of agonists and antagonists on the muscarinic receptor
responsible for inhibiting the Ca-current (I,) in NG 108-15 hybrid cells.

2 Acetylcholine (ACh), oxotremorine-M and carbachol were potent ‘full’ agonists (EC,, values were
0.11 M, 0.14 uMm and 2 uM, respectively). Maximum inhibition of peak high-threshold I, by these agonists
was 39.5%. (+)-Muscarine, methylfurmethide and arecaidine propargyl ester (APE) were ‘partial’ agonists,
with EC;, values of 0.54 um, 0.84 um and 0.1 um, respectively.

3 Atropine, pirenzepine and himbacine were potent antagonists of muscarinic inhibition of I,, with
apparent pKp values of 9.8, 7.74 and 8.83, respectively. Methoctramine was relatively weak (pKg = 7.63).
Atropine and pirenzepine depressed maximum responses to agonists, probably because these antagonists
have relatively slow dissociation rates.

4 The characteristic pharmacological profile found for the M, receptors in these functional experiments
(himbacine high affinity, pirenzepine moderate to high affinity, methoctramine low affinity) corresponds
well with data from earlier binding experiments (Lazareno et al., 1990). Since mRNA hybridising to
probes for the m4 receptor genotype can be detected in these cells, it is suggested that these pharmacolo-

gical characteristics identify the equivalent expressed receptor subtype M, .
Keywords: M, muscarinic receptor; Ca current; neuroblastoma cell; acetylcholine; himbacine; pirenzepine; methoctramine;

muscarine; oxotremorine-M

Introduction

There are at least five muscarinic acetylcholine receptor geno-
types, designated m1 to m5 (Kubo et al., 1986a,b; Bonner et
al., 1987; Peralta et al., 1987; Buckley et al., 1989). Receptors
expressed from genes ml, m2 and m3 may correspond to
those defined pharmacologically as M;, M, and M; (see
Hulme et al., 1990).

One cell type which appears to express mRNA from the m4
genotype is the NG 108-15 mouse neuroblastoma x rat
glioma hybrid cell (Peralta et al., 1987; Fukuda et al., 1988).
Recent ligand-binding experiments on muscarinic receptors
expressed in these cells have shown a unique profile of antago-
nist binding constants, suggesting that it is now possible to
define a corresponding pharmacological M, subtype
(Lazareno et al., 1990).

The functional role of this subtype is not yet clear, but one
possibility is that it might mediate some of the presynaptic
inhibitory effects of muscarinic agonists. The reason for sug-
gesting this is that differentiated NG 108-15 cells express a
variety of neural ion channels (see Brown & Higashida, 1988;
Robbins & Sim, 1989) and that one effect of stimulating the
endogenous muscarinic receptor in these cells is to inhibit a
voltage-gated Ca-current (Higashida et al., 1990). An effect of
this type might (arguably) contribute to the inhibition of
transmitter release (Miller, 1990).

Hence, in these present experiments, we have tested the
effects of some different muscarinic agonists and antagonists
on the Ca-current in differentiated NG 108-15 cells, in order
to define further the pharmacological profile of this putative
M, receptor as seen from a functional viewpoint.

Some of these data have been presented in preliminary form
(Caulfield et al., 1991).

1 Author for correspondence.

Methods

Ca-currents

NG 108-15 cells (passage numbers 11-96) were ‘differentiated’
with either 10um prostaglandin E, plus 50uM iso-
butylmethylxanthine for 4-10 days (Docherty, 1988) or 200 um
dibutyryl cyclic AMP for 9-28 days (Higashida et al., 1990)
prior to recording. Dishes of cells were perfused at 5-
10mimin~! with a modified Krebs solution (pH 7.4; 22°C-
24°C; pre-bubbled with 95% O,/5% CO,) containing (mm):
NacCl 120, KCl 3, CaCl, 2.5, MgCl, 1.2, NaHCO, 23, HEPES
5, D-glucose 11. Tetrodotoxin (0.5um) was included in the
medium to suppress Na* currents. The whole-cell variant of
the patch-clamp technique (Hamill et al., 1981) was used to
record voltage-activated Ca-currents. Patch electrodes (3-
9 MQ, usually 4-5 MQ) were filled with a solution containing
(mM): CsCl 110, tetracthylammonium chloride (TEA) 25,
MgCl, 3, EGTA 3, HEPES 40 (adjusted to pH 7.4 with
CsOH). After formation of a gigohm seal (1 GQ-4GQ) between
electrode and cell membrane and breaking through into
‘whole-cell’ recording, the cell was voltage-clamped at
—80mV (occasionally —90mV) with an Axoclamp-2A ampli-
fier (Axon Instruments) in switch-clamp mode at a switching
frequency of 4-10kHz. Ca-currents were recorded as the com-
posite currents evoked by stepping for 100ms (occasionally
500 ms) to OmV or +10mV (cf. Docherty, 1988).

It has previously been shown that the use of TEA to inhibit
K* currents activated concomitantly by the depolarizing
voltage steps reduces the potency of muscarinic agonists and
antagonists in this system (Caulfield, 1991). Elimination of
contaminating outward K* currents was therefore achieved
by allowing sufficient time for the Cs in the pipette solution to
diffuse into the cell. This could be monitored by the progres-
sive increase in inward current seen during a 100 ms depolar-
izing command pulse and experiments were not started until
this current had stabilized (cf. Caulfield, 1991).
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Data analysis

The effects of muscarinic agonists were measured as the per-
centage reduction of peak inward Ca-current. Currents were
measured with respect to the zero current line. Agonists were
applied until no further reduction in peak current amplitude
was seen. Stepwise cumulative additions of agonist concentra-
tions without agonist-free periods between applications were
used only where responses to each dose of agonist determined
in this manner did not differ significantly from corresponding
responses obtained by discrete application of each agonist
concentration. Dose-effect relationships were analyzed by
determining the least-squares fit of data to the function y =
Ymax X"/(x" + K™), where y is percentage inhibition of currents,
Ymax IS Maximum inhibition, x is agonist concentration and n
is a ‘slope factor’. Where agonist dose-effect data were pooled,
data obtained in each individual experiment were expressed as
a percentage of the maximum response to ACh (3 uM or 10 um)
in that experiment and the least-squares fit to the pooled
mean responses was weighted by the inverse of the corre-
sponding variances. These and all subsequent curve fitting
procedures were carried out by use of ‘Sigma Plot 4’ computer
software (Jandel Scientific).

Antagonist potencies were measured in experiments in
which antagonists were at apparent equilibrium, as assessed
by stabilization of responses to a continually adjusted sub-
maximal agonist dose. Effects of antagonists producing right-
ward parallel shifts of agonist dose-response curves were
quantified by calculating the Ky value using the Gaddum-
Schild equation: Kz = B/(DR — 1), where K is the apparent
antagonist dissociation constant, B is antagonist concentra-
tion and DR is the ratio of the EC,, value for the agonist
dose-effect curve in the presence of antagonist to that for the
control agonist curve.

Some antagonists reduced the maximum agonist response
and shifted the dose-effect curve rightward. These data were
analyzed by determining the least squares fit of the function:

_ (1—pg) KA
ps Ka/ps + A’
which is a rearrangement in hyperbolic form of the equation:
A _Ad-—py

where A and A’ are agonist concentrations producing
matched responses in the absence and in the presence of
antagonist, respectively, K, is agonist dissociation constant
and pg is the proportion of receptors occupied by antagonist
(see Rang, 1965; Furchgott, 1966).

The antagonist K was then estimated from:

A

B(1 -
Kg= ( Ps)
Ps
which is a rearrangement of the Langmuir isotherm
B
PPEBrK,

where B is antagonist concentration.

Materials

The following compounds were obtained from Semat:
methoctramine  tetrachloride, ()-muscarine chloride,
oxotremorine-M methiodide. Atropine sulphate, ACh chlo-
ride, pirenzepine dichloride, carbachol chloride and iso-
butylmethylxanthine (IBMX) were purchased from Sigma
Chemicals. BM-5 (N-methyl-N(1-methyl-4-pyrrolodino-2-
butynyl)acetamide) was a generous gift of Dr A.D. Michel
(Glaxo Group Research Ltd.). Dr R.B. Barlow very kindly
supplied samples of APE (arecaidine propargyl ester) and
McN A 343 (4-chlorophenyl-carbamoyloxy-2-butynyl tri-

methyl ammonium chloride). We thank Dr S.H. Lazareno

" (MRC Collaborative Centre, London) for a kind gift of him-

bacine. Prof. H. Higashida (Kanazawa University) generously
sent supplies of high purity dibutyryl cyclic AMP.

Results

Agonists

Application of muscarinic agonists produced reversible
(usually within 5min) and reproducible inhibition of the Ca-
current (Figure 1). Prolonged application of agonist (>2 min)
resulted in some recovery from inhibition, which may have
been due to desensitization of the agonist effect (data not
shown). The agonists inhibited a transient high-voltage-acti-
vated component of the current, with little effect on the com-
ponent of inward current remaining at the end of a 500 ms
depolarizing step (Figure 1). This resembles the pattern of Ca-
current inhibition by noradrenaline in these cells (Docherty &
McFadzean, 1989).

The inhibitory effect of muscarinic agonists varied greatly
between cells and batches of cells, even though all of the cells
appeared morphologically ‘differentiated’. In 61 cells
exhibiting high-voltage activated currents (cf. Docherty, 1988),
the mean maximum inhibition (4s.e.mean) was 40% =+ 2,
ranging from 15% to 76%. Muscarinic inhibition was small
(<5%) or absent in recordings made over a 15 month period
from 285 cells which only had a low voltage-activated Ca-
current (cf. Docherty, 1988). This variability in responsiveness
of batches of cells seemed not to be due to any of the follow-
ing factors: passage number, culture conditions (e.g., serum
concentration, culture substrate, CO, concentration in incu-
bator atmosphere), differentiating agent (dibutyryl cyclic
AMP, prostaglandin E; (PGE,)/IBMX), duration of exposure
to differentiating agent (5 days to 4 months), pipette solution
contents (with or without ATP 1 mM/GTP 0.1 mMm, or an ATP-
regenerating system) or recording temperature (22°C-37°C). It
stands in contrast to the high proportion of noradrenaline-
responsive cells (193/205) reported by Docherty & McFad-
zean (1989), but is more in accord with the low mean
inhibition (about 14%) seen in native NG 108-15 cells by
Higashida et al. (1990).

my

|0.5 nA

ACh 1 pm 60 s
Control + ACh
( ‘—\f'/ |0.5 nA
0.2s

Figure 1 Inhibition of calcium current (I,) in NG 108-15 cells by
acetylcholine (ACh). The downward deflections in the upper trace rep-
resent peak inward Ca-currents evoked by stepping for 100ms to a
command potential of 0mV from a holding potential of —80mV.
Steps were made every 10s. The lower expanded traces show the
current evoked by the same command step applied for 500 ms, before
and during the peak effect of ACh. For clarity, capacity transients at
the beginning and end of the current have been masked.
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Figure 2 (a) A representative experiment showing inhibition of Ca-
current by increasing concentrations of oxotremorine-M. Downward
deflections show peak Ca-current amplitude (see Figure 1). (b) Dose-
effect relationships for agonist inhibition of Ca-current. Points rep-
resent mean normalized responses (see Methods for calculations and
curve-fitting procedures) and vertical bars show s.e.mean values for
acetylcholine (ACh) (@), oxotremorine-M (V) and muscarine (). K
and n values (see Methods) for the curves fitted to the pooled mean
agonist responses were 0.1 uM and 1.07 for oxotremorine-M, 0.11 um
and 0.9 for ACh and 0.76 uM and 0.85 for muscarine.

Figure 2 shows dose-effect curves obtained with the
muscarinic agonists ACh, oxotremorine-M and muscarine.
The potency of ACh was increased about 3 fold in the pre-
sence of neostigmine, suggesting the presence of functionally-
active cholinesterase on the cells (McGee et al., 1978). Results
obtained with these and other agonists are summarized in
Table 1. Muscarine was a ‘partial agonist’” with a lower
maximal effect than oxotremorine-M, ACh or carbachol. Esti-
mates of the maximum effect of muscarine were obtained from
the curve fitted to the pooled normalised data (see Methods).
Methylfurmethide and APE were potent agonists, but also
produced lower maximum responses than ACh or
oxotremorine-M. The putative M, receptor-selective agonist
McN A 343 did not reduce Ca-currents at concentrations up
to 100 um, but this latter concentration of McN A343 abol-
ished the response to a subsequent dose of ACh (1 um; n = 2).
Similar effects were seen with the oxotremorine analogue,
BM-5, which has been reported to be a selective agonist for
the adenylate-cyclase coupled receptors in heart and in NG
108-15 cells (Baumgold & Drobnick, 1989). BM-5 had no
inhibitory effects at concentrations up to 10 uM, but this con-
centration of BM-5 shifted the ACh dose-response curve to
the right (49 and 52 fold, n = 2) in a parallel way, suggesting
an apparent antagonist K of about 0.2 uM.

Antagonists

In 8 out of 17 experiments, antagonist application increased
the peak Ca current (Figure 3). This enhancement by antago-
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Table 1 Potencies of muscarinic agonists as inhibitors of
the Ca-current in NG 108-15 cells

Maximum
—log EC5, ECs, response
Agonist (s.e.mean) (u™m) n (s.e.mean)
Acetylcholine 6.49 (0.1) 0.32 4 100
Acetylcholine 6.95 (0.1) 0.11 11 100
+ neostigmine 1 um
Oxotremorine-M 6.85 (0.18) 0.14 4 100 (3)
Muscarine 6.27 (0.3) 0.54 4 73(7)
APE 6.71 (0.28) 0.19 4 81 (6)
Methylfurmethide 6.1 0.84 2 57
Carbachol 57 2 2 100

APE = arecaidine propargy! ester.

nists was not observed in the remaining 9 experiments. The
mean increase (4 s.e.mean) in these 8 experiments was
18% + 4. There was no apparent relation between this effect
and either the antagonist used or the antagonist concentra-
tion. One explanation might be that the antagonist relieved a
state of partial inhibition resulting from spontaneous or
induced release of ACh from these cholinergic cells (McGee et
al., 1978). Notwithstanding, the overall effect of the antago-
nists on agonist dose-response curves was consistent, regard-
less of whether or not this enhancement occurred.

The antagonists studied fell into two groups. Himbacine
(Gilani & Cobbin, 1986) and methoctramine shifted agonist
dose-effect curves to the right without any significant
reduction in maximum agonist response (Figure 4). This
enabled calculation of apparent Ky values for these com-
pounds from the estimated dose-ratios (Table 2). At a low
concentration (30nM), pirenzepine shifted the agonist curves
rightward without reducing maximum responses, but at
higher concentrations, the maximum was decreased (Figure
5a). Atropine (1-10nm) also reduced maximum agonist
responses (data not shown). This effect is not due to irrevers-
ible binding of antagonist to receptor (e.g. Furchgott, 1966;
Barlow et al., 1991), as the inhibitory effects of pirenzepine
(Figure 5b) and atropine (data not shown) reversed within
30min on perfusing with antagonist-free medium.

It is more likely that the reduction in maximum agonist
response results from a low receptor reserve and slow disso-
ciation of antagonist from the receptor, so that the antagonist
behaves as if it were irreversible, as previously described by
Rang (1965). The data were therefore analyzed using the func-
tion set out by Rang (1965) and Furchgott (1966), as modified
by Barlow et al. (1991; see Methods section), allowing estima-
tion of apparent antagonist Ky values (Figure 6 and Table 2).
Included for comparison in Table 2 are data from the radioli-
gand binding experiments of Lazareno et al. (1990) on NG

] 0.5 nA

60 s

Pirenzepine
300 nm

Figure 3 Pirenzepine increases Ca-current amplitude. Downward
deflections represent peak Ca-current, as in Figure 1.
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Figure 4 Sample experiments showing acetylcholine (ACh) dose-
effect curves for Ca-current inhibition in the absence (@) and (a) in
the presence of 10nM (V) and 30nM (@) himbacine and (b) in the
presence of 100nM (V), 300nm (@) and 1uM (A) methoctramine.
Curves were fit by least squares procedures (see Methods) where there
were four or more data points; otherwise curves were drawn by eye.
The control curve for the himbacine experiment was fit with a K value
of 0.07 uM, n of 0.81 and y,,, of 75.8%. Estimated himbacine dose-
ratios were 4.5 (10nM) and 17.7 (30nm). The control curve for the
methoctramine experiment was fit with a K value of 0.07 um, n of 0.94
and y,,, of 42.1%. Estimated methoctramine dose-ratios were 4
(100 nm), 8 (300 nM) and 21 (1 um).

108-15 cells and rabbit lung (which express the m4 receptor
gene) and on M,;, M, and M, receptor-containing prep-
arations. The pKy value for pirenzepine obtained directly
from the dose-ratio shifts in the two experiments with 30 nm
pirenzepine was slightly higher than the value estimated by
the Rang/Furchgott analysis of data from experiments with
higher pirenzepine concentrations, although the difference was
not significant (P > 0.05, ¢ test).

The use of the Rang/Furchgott analysis, which regards the

Ca current inhibition
o
=

(normalized response — ACh max. = 1)

o
N
T

v

00t O . .
-8 -7 -6 -5
ACh concentration (log mol I™)

.

Oxo-M umm - -
T pm __|JosnA
—— 60 s
Control Pirenzepine Recovery
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Figure 5 Representative experiments showing the effect of 30 nM (@),
100nM (V) and 300nM (M) pirenzepine on respective acetylcholine
(ACh) dose-effect curves (O V [J) for Ca-current inhibition. Data
from 3 experiments were pooled by normalizing responses to the fitted
ACh maximum response in each experiment and curves were gener-
ated by least-squares procedures (see Methods). Fitted K values for
the three control curves were 0.93 uM, 0.98 uM and 0.92 uM; fitted n
values were 0.96, 1.1 and 0.76. Fitted parameters for the pirenzepine
curves were: K =043uM, n= 1.1, y,_,, = 0.98 (pirenzepine 30nm);
K =045um, n = 1.1, y,,,. = 0.69 (pirenzepine 100nM). The curve for
the experiment with 300nM pirenzepine was drawn by eye. (b)
Oxotremorine-M (Oxo-M) inhibition of Ca-current (represented by
downward deflections, as in Figure 1) is reduced by pirenzepine.
Recovery of response is shown after 30 min perfusion with antagonist-
free medium.

antagonists as effectively irreversible, also allows estimation of
agonist dissociation constants (see Methods). The mean pK,
(+ s.emean) estimated for ACh in this manner was
6.05 + 0.24, corresponding to a K, of 0.89 um.

Discussion

The profile of antagonist affinities deduced from these experi-
ments accords quite closely with those predicted from pre-
vious ligand-binding experiments (Michel et al., 1989;
Lazareno et al, 1990). Thus, the absolute and relative

Table 2 Antagonist potencies against muscarinic inhibition of Ca-current in NG 108-15 cells

PKp Kj
Antagonist ( + s.e.mean) (nM)
Atropine 9.8 (0.39) 0.15
Pirenzepine 7.74 (0.23) 18.2
(100 nM—300 nMm) 7.53 (0.27) 29.5
(30nm) 8.25 (0.5) 5.6
Methoctramine 7.63 (0.23) 23
Himbacine 8.83 (0.13) 1.5

=}
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pK g from radioligand binding*

M, sites
NG Lung M, M, M,
9.56 9.55 9.01 9.51
72 7.55 8.02 6.48 7.09
8.09 7.83 7.6 8.34 6.88
8.53 847 7.16 8.34 7.09

* Data from antagonist displacement experiments of Lazareno et al. (1990). NG = NG 108-15 cells; Lung = rabbit lung, M, =
[3H]-pirenzepine binding to rat cerebral cortex; M, and M; = [*H]-N-methylscopolamine binding to rat heart and rat submandibular

gland, respectively.
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Figure 6 (a) A representative experiment showing the reduction of
maximum inhibition of Ca-current by acetylcholine (ACh) by 100 nM
pirenzepine. Curves were fit by least-squares procedures (see Methods)
and the best-fit parameters were: control K =0.07uM, n =19,
Ymax = 63%; pirenzepine, K = 0.31uM, n=1, y_,, = 4%. (b) The
same data fit to the hyperbolic function

A=(1—Pn) KL A
Ps  Kuppt+ A

(see Barlow et al., 1991)
where A is plotted on the ordinate and A’ on the abscissa scale. A and
A’ are ACh concentrations in the absence and presence of antagonist,
respectively; K, is agonist dissociation constant and pg is the propor-
tion of receptors occupied by antagonist. The curve was drawn with
K, and pj values of 0.2 uM and 0.6, respectively.

potencies of himbacine, pirenzepine and methoctramine mea-
sured against muscarinic inhibition of I, are very similar to
the ligand displacement potencies on putative M, receptors in
both NG 108-15 cells and rabbit lung (Lazareno et al., 1990),
and clearly differ from their potencies at M;, M, or M,
binding sites (Lazareno et al., 1990) or at the corresponding
receptor subtypes in functional assays (e.g. Brown et al., 1980;
Lazareno & Roberts, 1989). Although the potency of pirenze-
pine against I, inhibition (pKy 7.74) was slightly higher than
its binding potency in NG 108-15 cells (pKy 7.2; Lazareno et
al., 1990), the accuracy of functional pKjy calculations is
probably limited by the non-parallel shift of the dose-response
curve (see below). Also, equivalent differences between binding
and functional potencies for pirenzepine have been noted at
M, receptors (Brown et al., 1980) and it is possible that other
factors such as uptake into cells may affect measurements.
Therefore, M, receptors seem to preserve their unique antago-
nist profile when measured by a functional assay. Our experi-
ments further suggest that they might best be distinguished
operationally from M, receptors by their high sensitivity to
himbacine rather than by their slightly lower sensitivity to
pirenzepine.

In contrast to the unique profile for antagonist potencies,
the potencies of the agonists we tested were roughly compar-
able with those observed in a functional assay for M, receptor
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activation (e.g. Brown et al., 1980). However, several points
are noteworthy.

Firstly, there seems to be a rather low receptor reserve for
Ca-current inhibition, even for ‘full’ agonists such as acetyl-
choline, carbachol and oxotremorine-M, such that high con-
centrations of pirenzepine and atropine reduced the maximum
agonist effect. This is to be expected from the interaction of an
agonist with a slowly dissociating antagonist when there are
few ‘spare receptors’ (Rang, 1965). At first sight this seems an
inadequate explanation for the depression, since methoctra-
mine and himbacine had similar or lower apparent Ky values
than pirenzepine, so might be expected to dissociate slowly,
yet produced a parallel shift of the agonist dose-response
curve. However, pirenzepine appears to have a much slower
dissociation rate than that predicted from its equilibrium con-
stant. Thus, the rate constant for dissociation of [*H]-pirenze-
pine from M, receptors in rabbit lung is only 1.5 times greater
than that for dissociation of [*H]-N-methylscopolamine,
whereas the ratio of the equilibrium constants is 480
(Lazareno et al, 1990). Analysis of the data for pirenzepine
block yielded an apparent dissociation equilibrium constant
for acetylcholine of 0.89 uM, so that a just-maximal concentra-
tion of 3 uM would have to occupy about 77% of the available
receptors. Although this occupancy is somewhat greater than
that predicted from the dose-ratio shift produced by concen-
trations of pirenzepine below those which depressed the
maximum response, the concept of a low receptor reserve is
substantiated by the fact that muscarine, methylfurmethide
and APE appeared to behave as ‘partial’ agonists, with a
lower maximum effect than that produced by acetylcholine or
oxotremorine-M.
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