British Journal of Pharmacology (1995) 116, 1577-1582

© 1995 Stockton Press  All rights reserved 0007 - 1188/95 $12.00 ”

Calcium channel subtypes for the sympathetic and
parasympathetic nerves of guinea-pig atria

S.J. Hong & 'C.C. Chang

Department of Pharmacology, College of Medicine, National Taiwan University, No. 1, Sec. 1, Jen-Ai Road, Taipei, Taiwan

1 The Ca?* channel subtypes of the autonomic nerves of guinea-pig atria were elucidated by
monitoring the effects of specific Ca?* channel blockers on the negative and positive inotropic responses
associated respectively, with stimulation of the parasympathetic and sympathetic nerves.

2 In left atria paced at 2—4 Hz, the negative inotropic effect induced by field stimulation of
parasympathetic nerves (in the presence of propranolol) was abolished by w-conotoxin MVIIC, a blocker
of N-type and OPQ subfamily Ca’* channels. ®-Conotoxin GVIA (an N-type blocker), w-agatoxin IVA
(a P-type blocker), nifedipine (an L-type blocker) and Ni?* (a T- and R-type blocker) were much less
effective.

3 The positive inotropic response resulting from field stimulation of the sympathetic nerves (in the
presence of atropine) was abolished by both w-conotoxins, while @-agatoxin IVA, nifedipine and Ni**
were ineffective.

4 In the spontaneously beating right atria, the early negative inotropic effect produced by 1,1-dimethyl-
4-phenylpiperazinium was abolished by @-conotoxin MVIIC; whereas the late positive inotropic effect
was partially reduced, but not abolished, by a high concentration of w-conotoxin GVIA.

5 None of the peptide toxins affected the chronotropic and the inotropic responses evoked by
carbachol and isoprenaline.

6 These results suggested that, under physiological conditions, the release of acetylcholine from
paraysmpathetic nerves is dominated by an OPQ subfamily Ca’>* channel while that of noradrenaline
from sympathetic nerves is controlled by an N-type Ca®* channel. Ligand-induced noradrenaline release

appeared to recruit additional type(s) of Ca?* channel.
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Introduction

The release of neurotransmitter is triggered when action po-
tentials depolarize nerve terminals and open voltage-gated
Ca?* channels, the principal mechanism for enabling rapid
Ca?* influx into the nerve terminal (Bertolino & Llinas, 1992;
Llinas et al., 1992b; Zucker, 1993). Electrophysiological and
molecular cloning studies have revealed multiple types of
neuronal Ca?* channels, which have different distribution,
voltage-dependence, kinetics of activation/inactivation and
conductance (Nowycky et al., 1985; Hess, 1990; Llinas et al.,
1992a; Hofmann et al., 1994; Olivera et al., 1994). Using spe-
cific channel blockers, e.g., 1,4-dihydropyridines, @-conotoxin
GVIA, w-conotoxin MVIIC, w-agatoxin IVA and low con-
centrations of Ni’*/Cd?*, the high voltage-activated Ca®*
channels have been subdivided into L-, N-, O-, P-, Q- and R-
types (¢f. Zhang et al., 1993; Olivera et al., 1994). It is apparent
that different types of Ca’* channels are operational for
transmitter release in different neurones and species, though
multiple Ca?* channel types may coexist to regulate neuro-
transmitter release (Lemos & Nowycky, 1989; Turner et al.,
1993; Yawo & Chuhma, 1993; Momiyama & Takahashi, 1994;
Regehr & Mintz, 1994; Wheeler et al., 1994; Dunlap et al.,
1995).

In mammalian atria which are innervated with both sym-
pathetic and parasympathetic nerves for regulatnon of heart
rate and contractile strength, the subtypes of Ca?* channels
involved in neurotransmitter release have not yet been eluci-
dated. Because of the tiny size/mass of nerve terminals/var-
icosities of the postganglionic nerves which are embedded
within muscle fibres, the release of transmitter is difficult to
assess by electrophysiological techniques or by direct mea-
surement. We therefore studied the properties of the Ca’*
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channels pharmacologically by monitoring the effects of spe-
cific Ca?* channel blockers on the inotropic/chronotropic ef-
fects in response to excitation of the autonomic nerves. The
release of neurotransmitters was evoked by means of electrical
field stimulation to simulate the physiological process. A
ganglionic stimulant was also used to evoke transmitter re-
lease.

Methods

Atrial preparations

Left and right atria were isolated from guinea-pigs (Hartley
strain, 0.35—1.1 kg) of either sex. Preparations were bathed in
Tyrode solution (composition in mm: NaCl 137, KCl 2.8,
MgCl, 1.1, CaCl, 1.8, NaH,PO, 0.33, dextrose 11.2 and
NaHCO; 11.9) maintained at 35—-37°C with the pH adjusted
to 7.2—7.4 by aeration with a gas mixture (95% O,+ 5% CO,).
Depending on the body weight of the animal, the resting ten-
sion was adjusted between 0.2—0.5 g. Contractile forces were
recorded isometrically by means of a strain gauge force
transducer (HSE F30, Germany).

Excitation of autonomic nerves

Field stimulation Left atria were juxta-positioned to the
centre of the stimulation assembly consisting of one pair of
punctate electrodes for pacing cardiac muscle and one pair of
bar electrodes for field stimulation of autonomic nerves similar
to that described by Blinks (1966). Pulses were generated with
digital stimulators having high voltage output (A-M Systems,
U.S.A.). Left atria were driven at 2 or 4 Hz with rectangular
pulses (10—-20 V, 0.2—0.3 ms) unless otherwise indicated. The
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nerves were excited by field stimulations, consisting of short
trains of 1-4 pulses (40—60 V, 0.05-0.1 ms, pulse interval
5 ms). Field pulses were applied within 30 ms following pacing
pulse (within the absolute refractory period of cardiac muscle)
for up to 120 s. Since the field stimulation (train of pulses) was
coupled to the pacing pulse, the frequency of field stimulation
increased simultaneously as the pacing rate increased. Atro-
pine (1 uM) and propranolol (3 uM) were applied to differ-
entiate the effects resulting respectively, from stimulation of
sympathetic and paraysmpathetic nerves.

Excitation by a ganglionic stimulant Spontaneously beating
right atria were used. 1,1-Dimethyl-4-phenylpiperazinium
(DMPP) was applied to stimulate the nicotinic receptor
(Lindmar et al., 1968; Westfall & Brasted, 1972). Changes in
both contractile force and beating rate were monitored. The
drug was washed out within 4 min in order not to cause de-
terioration of tissues.

Assessment of the effects of Ca’>* channel blockers

The effects of Ca’* channel blockers on the inotropic re-
sponses were monitored up to 60 min. For every atrium, the
magnitude of the maximal inhibition of the electrical or che-
mical stimulation-induced negative/positive effects was ex-
pressed as a percentage of the respective control values
obtained before application of channel blockers. The curves
relating the logarithmic concentrations of channel blockers vs.
the magnitude of effects were constructed and the half inhibi-
tion concentrations (ICsy) of Ca?* channel blockers were es-
timated by interpolation.

Chemicals

o-Agatoxin IVA, w-conotoxin GVIA and w-conotoxin MVIIC
were purchased from Peptide Institute (Japan). Atropine,
carbachol, DMPP, tubocurarine, isoprenaline, propranolol,
nifedipine and tetrodotoxin were purchased from Sigma
Chem. Co. (U.S.A.). Toxins were applied cumulatively for the
study of dose-response relationships.

Statistics

Data are expressed as means + s.e. from at least 4 preparations.
The results were analyzed with Student’s paired ¢ test with the
level of significance taken as P<0.05.

Results

Effects of peptide toxins on atrial contractility

At the concentrations applied (0.1-3 uM), w-conotoxin
GVIA, e-conotoxin MVIIC, and w-agatoxin IVA did not in-
hibit the contractile strength and beating rate of right atria.
These peptide toxins were also without effect on the muscarinic
receptor agonist, carbachol (10—30 uM), induced negative
chronotropic/inotropic effects nor the f-adrenoceptor agonist,
isoprenaline (3—30 nM), induced positive responses (not
shown).

Effects of field stimulation on contractile force

The contractile strength of isolated left atria varied with
pacing frequency. It increased from 0.47+0.08 g at 0.5 Hz
to 1.53+0.11 g at 4 Hz and then declined to 1.20+0.13 g at
6 Hz (n=13-17). Pacing frequency was set at 2—4 Hz in
the following experiments. Application of field stimulation to
excite intra-cardiac nerves elicited biphasic changes of con-
tractile strength: an initial rapid decline, followed in 10—
155s, by a progressive increase. Upon termination of sti-
mulation, a prominent rebound increase of contractile
strength occurred which gradually returned to the pre-sti-

Figure 1 Responses to field stimulation of the contractile force of
guinea-pig left atrium. Left atria were paced at 2Hz. In each panel,
field stimulations were delivered for 50s in between the upward and
downward arrow heads. Each field stimulation consisted of a short
train of 2 pulses (0.05-0.1 ms duration, 5ms apart) per pacing pulse.
(a) Control; (b) the same atrium, 20 min after treatment with 3 uM
propranolol; (c) the same atrium, after washout of propranolol and
treatment with 1uM atropine for 20min. Note the rebound
facilitation phase in (a). Similar responses were obtained from 7
preparations. Calibrations: 1g and 10s.

mulation level (Figures 1 and 2). The extent of the stimu-
lation-induced negative response and the post-stimulation
rebound positive inotropic response became more marked as
the pulse number (1-4) in each train of field stimulation
increased. Both the negative and positive inotropic responses
were abolished by a low concentration of tetrodotoxin
(0.3 uM) that had no effect on the contractility of regularly
paced atria (not shown).

To see if the effects of field stimulation were mediated
by release of acetylcholine and noradrenaline from auto-
nomic nerves, we tested the antagonistic effects of atropine
(a muscarinic receptor antagonist) and propranolol (a f-
adrenoceptor antagonist). In the presence of propranolol
(3 uM), the facilitatory phase was abolished and the field
stimulation caused a monophasic sustained inhibition (Fig-
ures 1b and 2Ib). In contrast, atropine (1 uM) abolished the
initial inhibitory phase but enhanced the facilitatory com-
ponent (Figures 1c and 2IIb). The post-stimulation rebound
facilitation was absent when either atropine or propranolol
was present, indicating that the rebound phenomenon is
due to a more rapid termination of the muscarinic com-
ponent than the adrenergic one. In the following experi-
ments, the effects of Ca?* channel blockers on the field
stimulation-induced negative and positive inotropic effects
were analyzed quantitatively in preparations pretreated, re-
spectively, with propranolol and atropine to differentiate
cholinergic inhibitory and adrenergic facilitatory compo-
nents.

Effects of w-conotoxin GVIA

In the presence of w-conotoxin GVIA, the profile of inotropic
responses on field stimulation was changed. The adrenergic
facilitation, but not the cholinergic inhibition, was depressed
(Figure 2Ic vs. a). Figure 3 illustrates dose-dependent effects of
the toxin on the cholinergic and adrenergic components. o-
Conotoxin GVIA abolished the adrenergic component with an
ICs value of 0.42+0.05 uM (n=6). However, the toxin in-
hibited the cholinergic component by only 49+ 7% at 10 uM.
The effect on the adrenergic component was irreversible on
washout.
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Figure 2 Effects of w-conotoxin GVIA and w-conotoxin MVIIC on field stimulation-induced changes of inotropic responses in left
atria. Left atria were paced at 4 Hz. In each panel, field stimulations (4 pulses per pacing pulse) were delivered for 60s in between
the upward and downward arrow heads. Column I: (a) control; (b) the same atrium, 20 min after treatment with 3 uM propranolol;
(c) the same preparation (after washout of propranolol) treated with @-conotoxin GVIA 1 um for 20 min; (d) the same preparation,
20 min after a further treatment with ®-conotoxin MVIIC 1 um. Column II: (a) another preparation, control; (b) the same atrium,
20 min after treatment with 1 uM atropine; (c) the same preparation (after washout of atropine) treated with w-conotoxin MVIIC
0.5 uM for 20 min; (d) the same preparation, 20 min after a further treatment with w-conotoxin GVIA 1 uM. Note that the negative
and positive inotropic responses on field stimulations were abolished when treated with both w-conotoxins (d vs. a). Similar
responses were obtained in 6 preparations. Calibrations: 1g and 60s.

Effects of w-conotoxin MVIIC

In contrast to w-conotoxin GVIA, w-conotoxin MVIIC in-
hibited the field stimulation-induced negative and positive in-
otropic effects in parallel (Figure 2IIc vs. a and b and Figure 3).
The ICj, values for the cholinergic and adrenergic components
were 0.28 £0.04 uM (n=6) and 0.49+0.05 uM (n=6), respec-
tively. Interestingly, while ®-conotoxin MVIIC abolished the
cholinergic component at 0.5 uM, there was a small fraction
(9+2%) of the adrenergic component that remained un-
affected even when a 10 fold higher concentration of the toxin
was used. Both the cholinergic and adrenergic components
recovered 54+5% (n=10) after washout of w-conotoxin
MVIIC (not shown).

Effects of w-agatoxin IVA

w-Agatoxin IVA (1 uM) had no effect on the cholinergic or
the adrenergic component of field stimulation-induced in-
otropic responses (Figure 3). At a very high concentration
(3 pM), the toxin reduced the cholinergic and adrenergic
components by 37+6% (n=4) and 21+5% (n=4), respec-
tively. Pretreatment with w-agatoxin IVA (1 uM) did not re-
duce the inhibitory activities of either conopeptide (not
shown).

Effects of nifedipine and Ni**

Unlike the peptide toxins, nifedipine (1-3 uM) and Ni2*
(100-200 uM) reduced the contractile strength by 73+12%
(n=6) and 26+ 5% (n=6), respectively, while the field stimu-
lation-induced negative and positive inotropic effects were not
depressed (not shown, ¢f. Figure 5).

Effects of Ca’* channel blockers on DMPP-induced
responses

In spontaneously beating right atria, DMPP (10-30 uM) in-
duced biphasic changes of contractions. In the initial 10—-15 s,
the heart rate and contractile strength decreased by 17+3%
and 32+ 5% (n=8), respectively. After these transient negative
chronotropic/inotropic effects, the heart rate and contractile
strength increased, in the following 15-25s, to a peak by
46+7% and 477+24% (n=38), respectively (Figure 4a).
Thereafter, the positive chronotropic/inotropic effects declined
gradually to a steady level. The negative and positive chron-
otropic/inotropic effects were absent in preparations pretreated
with atropine (1 uM) and propranolol (3 uM) (not shown).
Thus, like field stimulation, DMPP caused initial negative and
late positive chronotropic/inotropic effect by way of auto-
nomic nerve stimulation. The DMPP-responses could be
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Figure 3 Effects of Ca?* channel blockers on field stimulation-
induced cholinergic depression and adrenergic facilitation of left
atria, paced at 4Hz. Field stimulation (4 pulses per pacing pulse)
were delivered for 60-120s. (a) Inhibition of the cholinergic
depression in atria treated with 3 uM paropranolol; (b) inhibition of
the adrenergic facilitation in atria treated with 1uM atropine. In
control preparations, the contractile force was reduced by 79+4%
(n=10) during the maximal cholinergic depression while it was
increased by 247+23% (n=11) during the maximal adrenergic
facilitation. The effects of Ca?* channel blockers are presented as
percentages of the maximal negative or positive response relative to
the respective control: (O) w-agatoxin IVA; (Hl) w-conotoxin
MVIIC; (A) w-conotoxin GVIA; (V) nifedipine. Ca?* channel
blockers were added cumulatively. The inhibitory effects were
monitored up to 60min. Mean+s.e. each from 4-6 preparations;
some error bars fall within symbols.

quantitatively reproduced, provided that the interval of drug
application was longer than 20 min.

The DMPP-induced cholinergic inhibition, like that after
field stimulation, was effectively inhibited by w-conotoxin
MVIIC (1-3 uMm) by 93+3% (n=38, ¢f. Figure 4-IIb vs. a).
However, unlike field stimulation, the DMPP-induced adre-
nergic facilitation was inhibited only to a limited extent (by
29 1 6%, n=8), even after high concentrations of w-conotoxin
GVIA (10 uM) and/or w-conotoxin MVIIC (3 uM) (Figure 4-
Ib vs. a and -1, -Ilc vs. a). To see if the toxin-resistant adre-
nergic component was mediated by other types of Ca’*
channels, the effects of nifedipine (3 um), Ni2* (300 uM) and
o-agatoxin IVA (3 uM) were studied. None of the Ca?*
channel blockers inhibited the atrial responses to DMPP.
Figure 5 illustrates that when the atrial contractility per se was
depressed by nifedipine, the DMPP-induced positive inotropic
effects were not reduced.

Discussion

That the biphasic inotropic responses upon field stimulation of
the guinea-pig atria are due to neurotransmitter released from
parasympathetic and sympathetic nerves is substantiated by
the facts that the inotropic responses could be abolished by low
concentrations of Na* channel blocker, by a f-adrenoceptor
antagonist (for the positive effect) and by a muscarinic receptor
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Figure 4 Effects of w-conotoxin GVIA and w-conotoxin MVIIC on
DMPP-induced negative and positive inotropic/chronotropic re-
sponses in right atria. In each set of records, the upper trace
monitored the beating rates (the horizontal arrow marks the level of
250beatsmin~!) and the lower traces the contractile force. The
vertical arrow heads indicate application of DMPP. Column I:
DMPP 10 uM: (a) control; (b) the same atrium, 20 min after treatment
with o-conotoxin GVIA 3 uM; (c) the same atrium after a further
treatment with w-conotoxin MVIIC (1 uM) for 20 min. Column II:
DMPP 30 uM; (a) another preparation control; (b) the same atrium,
20min after treatment with @-conotoxin MVIIC 3 uM; (c) the same
atrium after a further treatment with o-conotoxin GVIA (10 um) for
20min. Note that w-conotoxin MVIIC inhibited DMPP-induced
negative chronotropic/inotropic effects (Ic vs. a; II b vs. a). Similar
responses were obtained in 4 preparations. Calibrations: 2g, 1min,
and 100 beatsmin".

Figure 5 Effects of nifedpine on DMPP-induced negative and
positive inotropic/chronotropic responses in right atria. Experiments
on beating rate (upper trace) and contractile force (lower trace) as
described in the legend to Figure 4. The vertical arrow head indicates
application of DMPP (10 uM). (a) Control; (b) the same atrium,
20min after treatment with nifedipine 3 uM. Note that nifedipine,
while it depressed the contractile force, did not inhibit the positive
inotropic effects of DMPP. Similar responses were obtained from 4
preparations. Calibrations: 2g, 1min, and 100 beatsmin~"'.

antagonist (for the negative effect). Monitoring of the in-
otropic effects can therefore provide information on the re-
lative release of neurotransmitters from pulse to pulse,
although the magnitude of changes of release might not be
linearly reflected in that of inotropic effects. Since w-conotoxin
GVIA and w-conotoxin MVIIC did not affect the control
contractile strength or the inotropic/chronotropic effects pro-
duced by direct stimulation of postsynaptic myocardial f-
adrenoceptors or muscarinic receptors, the inhibition by the
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conopeptides of the inotropic responses induced by field sti-
mulation can be regarded as resulting from depression of the
release of acetylcholine or noradrenaline from autonomic
nerves.

Ca’* channel type for sympathetic nerve

Failures of nifedipine, an L-type Ca?* channel blocker (Fox et
al., 1987), and w-agatoxin IVA, a blocker of P- and Q-type
Ca?* channels (Mintz et al., 1992; Sather et al., 1993), to affect
the positive inotropic response to field stimulation suggests
that L-, P- and Q-type Ca®* channels do not play a major role
in the release of noradrenaline. The slight inhibition produced
by w-agatoxin IVA (Figure 3) at concentrations 2—3 orders
higher than that required for the blockage of P- and Q-type
Ca’* channels might be ascribed to nonspecific inhibition of
other Ca?* channel types. In contrast, @-conotoxin GVIA, a
toxin specific for the N-type Ca2* channel (Olivera et al., 1985;
McCleskey et al., 1987), completely inhibited this positive in-
otropic response with an ICs, value similar to that of the block
of other neuronal N-type Ca?* channels, suggesting that in the
guinea-pig atrium the Ca?* channel of the sympathetic nerve
activated by nerve action potential can be categorized as N-
type - the main Ca’?* channel subtype proposed for other
sympathetic nerves (Miller, 1987; Hirning et al., 1988; De Luca
et al., 1990; Pruneau & Angus, 1990). A block of a major
fraction of the positive inotropic response by w-conotoxin
MVIIC, a blocker of OPQ subfamily and N-type Ca?* chan-
nels (Hillyard et al., 1992; Randall et al., 1993; Sather et al.,
1993; Grantham et al., 1994; Olivera et al., 1994) can be at-
tributed to its inhibition of the N-type Ca’* channels.

In contrast to the effect induced by electrical stimulation,
the positive inotropic/chronotropic responses produced by the
chemical stimulant DMPP were much less sensitive to both
conopeptides. It is possible that additional Ca* channels are
recruited on DMPP stimulation. They could be voltage-gated
and plasma membrane-bound Ca?* channels of a different
type, or channels of the same type in a location inaccessible to
the toxins. Unlike field stimulation which causes pulsatile short
term depolarization of nerve terminals, DMPP evokes trans-
mitter release by prolonged stimulation of the nicotinic re-
ceptors located on sympathetic nerve terminals/varicosities.
This mode of triggering transmitter release is analogous to that
in chromaffin cells, which are anatomically homologous to
sympathetic neurones and release catecholamines mainly in
response to activation of nicotinic receptors. The Ca?* chan-
nels involved in the catecholamine release were multiple, in-
cluding L-, N- and P-type Ca?* channels (Albillos ef al., 1994;
Artalejo et al., 1994; Lopez et al., 1994). It is likely that a
different set of Ca®>* channels could be opened in response to
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sympathetic nerves. It may be anticipated that regulation of
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