
Parasympathetic stimulation exerts a significant
influence over the electrical and mechanical activity of
the heart. These effects are mediated by the neuro-
transmitter ACh, which acts via muscarinic receptors
that are intrinsic to all cardiac myocytes. In general, ACh
exerts inhibitory effects on heart rate and contractility,
and these effects can be mediated by both direct and
indirect signalling mechanisms. Direct signalling
mechanisms involve coupling of the M2 muscarinic
receptor to G protein-activated, inwardly rectifying K+

channels, which are expressed mainly in the atrial and
pacemaker cells of the heart. Indirect signalling
mechanisms involve M2 muscarinic receptor-mediated
modulation of cAMP-dependent b-adrenergic responses
throughout the heart. At one time, the dogma was that
muscarinic receptor stimulation simply inhibits or
antagonizes b-adrenergic responses via M2 muscarinic
receptor-dependent activation of the inhibitory G protein

Gi, which then directly inhibits adenylyl cyclase (AC)
activity (Hartzell, 1988). However, there is clear evidence
that muscarinic receptor activation not only inhibits
b-adrenergic responses, it also facilitates b-adrenergic
responses. The stimulatory effects appear most obviously
as rebound increases in heart rate and contractility that
can be observed immediately following the termination
of vagal stimulation or cessation of exposure to ACh
(Hollenberg et al. 1965; Levy, 1971; Burke & Calaresu,
1972; Gilmour & Zipes, 1985).

In isolated cardiac myocytes, ACh has been shown to
produce both inhibition and rebound stimulation of
L-type Ca2+, cAMP-regulated Cl_, and pacemaker (If)
currents (Wang & Lipsius, 1995, 1996; Zakharov &
Harvey, 1997; Song et al. 1998). The coexistence of both
inhibitory and stimulatory effects of ACh in the same cell
suggests that the net response to muscarinic stimulation
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1. The effects that muscarinic receptor stimulation have on the cAMP-dependent regulation of
L-type Ca2+ currents were studied in isolated guinea-pig ventricular myocytes using the whole-
cell configuration of the patch-clamp technique.

2. The muscarinic agonist ACh inhibited the Ca2+ current stimulated by the b-adrenergic agonist
isoprenaline (Iso), and washout of ACh revealed a stimulatory response that appeared as a
transient rebound increase in the amplitude of the Ca2+ current. The ACh-induced stimulatory
effect was not observed in the absence of Iso.

3. ACh-induced rebound stimulation was also observed in the presence of H2 histamine receptor
activation and cholera toxin treatment, which like b-adrenergic receptor activation enhance
adenylyl cyclase (AC) activity in a stimulatory G protein (Gs)-dependent manner. ACh-induced
rebound stimulation was not observed in the presence of forskolin, which enhances AC activity
in a Gs-independent manner.

4. Pertussis toxin (PTX) treatment blocked both the stimulatory and inhibitory effects of ACh.
Intracellular dialysis with QEHA, a peptide that binds free G protein by subunits, selectively
antagonized the stimulatory effect, leaving an enhanced inhibitory effect.

5. Evidence for the expression of AC4, an isoform of AC that can be stimulated by Gby but only
in the presence of Gas, was obtained by Western blot analysis of guinea-pig ventricular
myocyte membrane preparations.

6. These results suggest that muscarinic receptor stimulation facilitates as well as inhibits cAMP-
dependent regulation of the Ca2+ current and that the net response is a balance between these
two actions. We suggest that the stimulatory effect is due to a direct activation of AC4 by the
by subunits of a PTX-sensitive G protein.
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represents a balance between these opposing actions.
Furthermore, ACh-induced rebound stimulatory effects
can explain physiological phenomena such as post-vagal
tachycardia (Wang & Lipsius, 1996), and they are also
believed to play a role in triggering certain types of
arrhythmogenic mechanisms (Wang et al. 1997; Song et
al. 1998).

As in the case of indirect inhibitory effects, ACh appears
to exert its stimulatory actions by modulating the cAMP-
dependent responses of cardiac myocytes (Linden, 1987;
Wang & Lipsius, 1995; Zakharov & Harvey, 1997). In cat
atrial myocytes, the stimulatory response has been
explained by the nitric oxide synthase (NOS)-dependent
generation of nitric oxide (NO) and subsequent
stimulation of soluble guanylyl cyclase activity (Wang et
al. 1998). The resulting production of cGMP then causes a
decrease in cAMP breakdown by inhibiting type III
phosphodiesterase (PDE III) activity. However, we have
demonstrated previously that NO and cGMP do not
contribute significantly to the stimulatory effect of ACh
in ventricular myocytes (Zakharov & Harvey, 1997;
Belevych & Harvey, 2000). Therefore, the main objective
of the present study was to investigate the possible
molecular mechanism responsible for ACh-induced
stimulatory effects in ventricular myocytes. A preliminary
report of some of these results has been presented in
abstract form (Belevych et al. 2001).

METHODS
Cell isolation

Single ventricular myocytes were isolated from adult Hartley
guinea-pigs using the modification of a method described previously
(Zakharov & Harvey, 1997). Briefly, guinea-pigs were anaesthetized
by I.P. injection of pentobarbital (150 mg kg_1), in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted by
National Institutes of Health and approved by the Institutional
Animal Care and Use Committee at Case Western Reserve
University. Following this procedure, hearts were quickly excised
and the coronary arteries were perfused via the aorta with
physiological salt solution (PSS) containing (mM): NaCl 140, KCl 5.4,
MgCl2 2.5, CaCl2 1.5, glucose 11 and Hepes 5.5 (pH 7.4). Hearts were
initially perfused with calcium-containing PSS for 5 min. The
solution was then switched to nominally calcium-free PSS for a
further 5 min, after which time enough collagenase A (Boehringer
Mannheim) was added to achieve a final concentration of
~0.5 mg ml_1. After 20–35 min of digestion at 36 °C, the ventricles
were removed and placed in a Kraft-Brühe solution containing (mM):
potassium glutamate 110, KH2PO4 10, KCl 25, MgSO4 2, taurine 20,
creatine 5, EGTA 0.5, glucose 20 and Hepes 5 (pH 7.4). The tissue was
then minced, and single myocytes were obtained by filtering it
through 100 µM nylon mesh. Cells were stored in PSS at room
temperature and used on the day of isolation only.

Electrophysiological recording methods

Whole-cell Ca2+ currents were recorded using either the conventional
whole-cell patch-clamp technique (Hamill et al. 1981) or the
perforated-patch variation of that technique employing
amphotericin B (Rae et al. 1991). Microelectrodes were pulled from
borosilicate glass capillary tubing (Corning 7052, Garner Glass) and
had resistances between 1 and 2 MΩ when filled with intracellular

solution. For conventional whole-cell experiments, the intracellular
solution used contained (mM): CsCl 130, TEA-Cl 20, EGTA 5,
MgATP 5, TrisGTP 0.1 and Hepes (pH 7.2). For perforated-patch
experiments, electrodes were filled with a solution containing (mM):
CsCl 130, TEA-Cl 20, EGTA 10 and Hepes 5 (pH 7.2). Amphotericin B
was first dissolved in DMSO (60 mg ml_1) with the aid of sonication.
An aliquot of this stock solution was then added to the pipette
solution to yield a final concentration of 0.2 mg ml_1, and then
sonicated again. The control extracellular solution contained (mM):
NaCl 140, CsCl 5.4, CaCl2 2.5, MgCl2 0.5, glucose 11 and Hepes 5.5
(pH 7.4). Currents due to K+ channel activity were eliminated by
using potassium-free solution containing TEA+ and/or Cs+. Setting
the Cl_ equilibrium potential at 0 mV eliminated the time-
independent, cAMP-regulated Cl_ current from measurements made
at that membrane potential. Myocytes were placed in a 0.5 ml
chamber, into which control extracellular solution was introduced at
a rate of ~1 ml min_1. However, cells were exposed to different
experimental solutions using a fast flow system, as described
previously (Zakharov & Harvey, 1995). This method allows rapid
(< 1 s) changes in the extracellular solutions bathing the myocyte. A
3 M potassium chloride–agar bridge was used to ground the bath. All
experiments were conducted at 32 °C.

Currents were recorded using an Axopatch 200 voltage-clamp
amplifier (Axon Instruments), low-pass filtered at 5 kHz, and
sampled at 10 kHz using an IBM-compatible computer with a
Digidata 1200 interface and pCLAMP software (Axon Instruments).
The series resistance and cell membrane capacitance were
compensated before and during experiments. In experiments where
the perforated-patch technique was used, current recording did not
begin until the uncompensated series resistance reached a level of
< 10 MΩ. Visual observation of myocyte contractions associated
with voltage-clamp depolarizations activating the Ca2+ current was
used to verify that the perforated patch remained intact. The
voltage-clamp protocol employed a holding potential of _80 mV. A
50 ms pre-pulse to _30 mV was used to inactivate Na+ channels. The
time course of changes in the magnitude of the Ca2+ current was
monitored by applying the pre-pulse followed by a 100 ms test pulse
to 0 mV once every 5 s. The amplitude of the Ca2+ current was
determined by measuring the absolute magnitude of the peak inward
current during the step depolarization to 0 mV. All results are
expressed as the mean ± S.E.M. of the results obtained from n number
of cells. Statistical significance between two groups was defined by
Student’s t test, P values of < 0.05.

Immunoblotting

Guinea-pig hearts were excised and homogenized with a Polytron in
ice-cold phosphate-buffered saline (PBS) containing 2.5 mM EDTA,
1 mM DTT, 0.1 mM phenylmethylsulphonyl fluoride, and 10 µg ml_1

each of aprotinin and leupeptin. The homogenates were filtered
through cheesecloth and crude membranes were prepared by
isolating the pellet and sedimenting it between 300 and 100 000 g.
Proteins were separated by SDS-PAGE using 7.5 % polyacrylamide
gels under reducing conditions. Proteins were then transferred to
polyvinylidene difluoride membranes and probed with rat-specific
antibody generated to the 20 carboxy-terminal amino acids of AC
type IV (AC4, Santa Cruz Biotechnology) in the presence and absence
of blocking peptide. Goat-antirabbit IgG coupled to horseradish
peroxidase was utilized as the secondary antibody. The presence of
immunoreactive protein was assessed by enhanced chemi-
luminescence.

Drugs and chemicals

Acetylcholine hydrochloride (ACh), R(_)-isoprenaline (+)-bitartrate
(Iso), histamine hydrochloride (Sigma), N G-monomethyl-L-arginine
(L-NMMA), cholera toxin (Calbiochem) and pertussis toxin (PTX, List
Biochemical Laboratories) were prepared as aqueous stock solutions.
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Milrinone, bisindolylmaleimide I (BIM) and wortmannin
(Calbiochem) were prepared as stock solutions in DMSO. Forskolin
(Calbiochem) was prepared as a stock solution in polyethylene glycol.
Atropine (Sigma) was prepared as stock solution in ethanol. All non-
aqueous stock solutions were prepared so that final drug
concentrations were achieved by at least a 1:1000 dilution. QEHA, a
peptide representing the by-binding motif (residues 956–982 in the
C2a region) of AC2, and SKEE, a peptide representing the cognate
region of AC3, which does not bind Gby, were kindly provided by Dr
Ravi Iyengar at the Mount Sinai School of Medicine in New York
City. All other chemicals were obtained from Sigma. Ascorbic acid
(50 µM) was added to all external solutions to prevent the oxidative
degradation of Iso.

RESULTS
ACh facilitation of b-adrenergic responses

In cardiac myocytes, the L-type Ca2+ current is
augmented by cAMP via activation of protein kinase A
(PKA) and subsequent protein phosphorylation. This
mechanism is typically associated with b-adrenergic
receptor activation of AC via the stimulatory G protein
Gs. Furthermore, this stimulatory effect of b-adrenergic
receptor stimulation can be antagonized by the
concurrent activation of muscarinic receptors. However,
in atrial myocytes, exposure to and subsequent washout
of the muscarinic receptor agonist ACh also produces a
cAMP-mediated transient rebound stimulation of the
L-type Ca2+ current, even in the absence of b-adrenergic
stimulation (Wang & Lipsius, 1995). ACh has also been
reported to cause rebound stimulation of the cAMP-
regulated Cl_ current in ventricular myocytes. Yet, to see
this effect it was necessary to first prime the cells with a
b-adrenergic receptor agonist such as Iso (Ono & Noma,
1994; Zakharov & Harvey, 1997). In fact, this ACh-
induced stimulatory response could be observed in the
presence of subthreshold concentrations of Iso, and
increasing the concentration of Iso increased the
magnitude of the response to ACh, but only up to the
point where the magnitude of the stimulatory effect
reached that of a maximally stimulating concentration of
Iso alone (Zakharov & Harvey, 1997). This suggests that
the ACh-induced stimulatory effect in ventricular
myocytes is facilitated by b-adrenergic and/or cAMP-
dependent responses. Consistent with this idea, ACh
produces the same type of stimulatory effect on the
L-type Ca2+ current in ventricular myocytes (Fig. 1).

Exposure to 1 nM Iso produced submaximal stimulation
of the ventricular L-type Ca2+ current, and subsequent
addition of 1 µM ACh antagonized this response.
Furthermore, washout of ACh resulted in rapid reversal
of the inhibitory effect, which then revealed the
stimulatory response. This stimulatory response appeared
as a transient increase in the amplitude of the Ca2+ current
to a level well beyond that observed in the presence of Iso
before exposure to ACh (Fig. 1A). The ACh-induced
stimulatory effect was measured as the difference
between the magnitude of the current at the peak of the
rebound response and the magnitude of the current in the

presence of Iso alone before exposure to ACh. The size of
the stimulatory effect was then normalized to the
magnitude of the response to a maximally simulating
concentration of Iso (1 µM) observed in the same cell
(Zakharov & Harvey, 1997; Belevych & Harvey, 2000).
For this and subsequent experiments, cells were exposed
to ACh for 60–90 s. We have demonstrated previously
that this is sufficient time for the stimulatory response to
ACh to reach a steady state (Zakharov & Harvey, 1997).
Consistent with this observation, the rebound effect
measured in the presence of 1 nM Iso following exposure
to ACh for 3 min was 28 ± 7.8 % (n = 3) of that produced
by 1 µM Iso alone. This is not significantly different from
the size of the rebound effect measured in the presence of
1 nM Iso following exposure to ACh for 60–90 s (P > 0.5;
see below).

The ability of ACh to produce a stimulatory response was
clearly affected by the level of concurrent b-adrenergic
stimulation (Fig. 1B). In the absence of Iso, there was no
evidence for an ACh-induced stimulatory effect. The
magnitude of the Ca2+ current observed following
washout of 1 µM ACh was not significantly different
from the magnitude of the current measured before
exposure to ACh (P > 0.6). The actual difference was
_0.75 ± 0.8 % (n = 10) of that produced by exposure to
1 µM Iso in the same cells. However, exposure to even
subthreshold concentrations of Iso was sufficient to
enable ACh-induced stimulatory responses. In the
presence of 0.3 nM Iso, exposure to and subsequent
washout of ACh produced a significant stimulatory
response (P < 0.05). This is despite the fact that 0.3 nM Iso
did not produce a stimulatory effect by itself. The
magnitude of the ACh-induced stimulatory response
observed in the presence of 0.3 nM Iso was 13 ± 4.8 %
(n = 13) of that produced by 1 µM Iso in the same cells.
Furthermore, increasing the level of b-adrenergic
stimulation augmented the magnitude of the rebound
response produced by ACh. In the presence of 1 nM Iso,
the magnitude of the stimulatory response to 1 µM ACh
was 31 ± 3.7 % (n = 23) of that produced by 1 µM Iso
alone. In the presence of 3 nM Iso, the magnitude of the
stimulatory response increased to 41 ± 6.2 % (n = 9) of
that produced by 1 µM Iso. However, the magnitude of
the total current observed following washout of 1 µM ACh
in the presence of 3 nM Iso (101 ± 5.4 %) was not
significantly different from that observed in the presence
of 1 µM Iso alone (P > 0.8). Therefore, this measurement
is likely to be an underestimate of the full stimulatory
response, since ACh was not able to stimulate the current
beyond the level produced by a maximally stimulating
concentration of Iso alone. This is supported by the fact
that ACh did not elicit a stimulatory response in the
presence of 1 µM Iso. The magnitude of the current
observed following washout of 1 µM ACh in the presence
of 1 µM Iso was 102 ± 4.1 % (n = 6) of that measured in
the presence of 1 µM Iso before exposure to ACh. The
difference between the effects of 1 µM Iso measured
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before and following ACh exposure is not statistically
significant (P > 0.4). These results confirm the idea that
in cardiac ventricular myocytes the stimulatory effect of
ACh is due to facilitation of b-adrenergic and/or cAMP-
dependent responses. They also demonstrate that in
guinea-pig ventricular myocytes, ACh-induced stimulatory
mechanisms affect cAMP-regulated Cl_ and L-type Ca2+

channels similarly.

These initial experiments were conducted using the
conventional configuration of the whole-cell patch clamp
technique. This approach has the potential of introducing
confounding effects by allowing important components
of the cytosol to dialyse out of the cell, leading to
distortion of ion channel responses to regulation by
G protein-coupled receptors (Kurachi et al. 1989;
Zakharov & Harvey, 1995). To determine whether or not
cell dialysis might have affected our ability to accurately

measure ACh-induced stimulatory responses, we
conducted experiments utilizing the perforated-patch
variation of the whole-cell voltage-clamp technique,
which is known to significantly reduce the experimental
impact on signalling mechanisms. Since changes in the
relative level of b-adrenergic stimulation can affect the
magnitude of the ACh-induced stimulatory response (see
Fig. 1), we first determined whether cell dialysis
significantly affected b-adrenergic sensitivity of the
L-type Ca2+ current. We found that over the time course
of our experiments, the stimulatory effect of 1 nM Iso on
the L-type Ca2+ current was not significantly altered
(P > 0.1). When using the conventional patch-clamp
technique, the magnitude of the response to 1 nM Iso was
23 ± 3.0 % (n = 23) of that produced by 1 µM Iso in the
same cells. When using the perforated-patch technique,
the magnitude of the response to 1 nM Iso was 34 ± 7.1 %
(n = 9) of that produced by the maximal stimulatory
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Figure 1. Exposure to and subsequent washout of ACh produced transient rebound stimulation of
the L-type Ca2+ current, but only in the presence of submaximally stimulating concentrations of
isoprenaline (Iso)

A, time course of changes in amplitude of L-type Ca2+ current under control conditions (a), and during
exposure to 0.001 µM Iso alone (b), 0.001 µM Iso plus 1 µM ACh, 0.001 µM Iso following washout of ACh (c)
and 1 µM Iso alone (d). The magnitude of the ACh-induced rebound stimulatory effect (R) was calculated
by normalizing the magnitude of the rebound response (c _ b) to the magnitude of the response to a
maximal stimulation concentration of Iso (d _ a), according to the equation: R = 100(c _ b)/(d _ a). Inset,
examples of L-type Ca2+ currents recorded under the conditions indicated in A. The dotted line above
current traces represents the zero current level. Note: changes in holding current represent parallel
regulation of the cAMP-dependent Cl_ current. B, changes in the magnitude of the L-type Ca2+ current
measured prior to (5) and during the peak of the response following 60–90 s exposure to 1 µM ACh, in the
absence and in the presence of 0.0003, 0.001, 0.003 and 1 µM Iso (4). Measurements were normalized to
the magnitude of the response produced by 1 µM Iso alone. Differences between bars at each concentration
of Iso represent the magnitude of net ACh-induced stimulatory effect (*P < 0.05; ***P < 0.001; ns, not
significant P > 0.4).



effect produced by 1 µM Iso. Furthermore, the magnitude
of ACh-induced rebound stimulation of the L-type Ca2+

current produced by 1 µM ACh in the presence 1 nM Iso
was not significantly affected (P > 0.5). When using the
conventional patch-clamp technique, the magnitude of
the rebound response was 31 ± 3.7 % of that produced by
1 µM Iso. When using the perforated-patch technique, the
magnitude of the rebound response was 31 ± 5.5 % of
that produced by 1 µM Iso. Since cell dialysis did not
appear to affect these responses, all subsequent
experiments were performed using the conventional
whole-cell method.

Muscarinic stimulation via a PTX-sensitive G protein

It has been reported that ACh-induced rebound
stimulation of the L-type Ca2+ current in atrial myocytes
and the cAMP-regulated Cl_ current in ventricular
myocytes can be elicited not only upon washout of ACh, a
muscarinic receptor agonist, but also upon the addition of
atropine, a muscarinic receptor antagonist (Wang &
Lipsius, 1995; Zakharov & Harvey, 1997). Consistent
with these observations, the addition of 10 µM atropine in
the continued presence of 1 nM Iso plus 1 µM ACh resulted
in a transient stimulation of the L-type Ca2+ current in
guinea-pig ventricular myocytes (Fig. 2). Using this
approach, the magnitude of the stimulatory response was
26 ± 4.9 % (n = 8) of that produced by 1 µM Iso in the
same cells. This is not significantly different from the
magnitude of the stimulatory response observed upon
washout of ACh in the presence of 1 nM Iso (P > 0.4). This
supports the idea that ACh-induced rebound stimulation
of the L-type Ca2+ current is mediated by the same

muscarinic receptor-dependent mechanism described
previously.

It is well established that the ability of ACh to inhibit
cardiac b-adrenergic responses is mediated through the
PTX-sensitive inhibitory G protein, Gi (Hartzell, 1988). It
has also been demonstrated that ACh-induced rebound
stimulation of the L-type Ca2+ current in atrial myocytes
and the cAMP-activated Cl_ current in ventricular
myocytes can be prevented by PTX treatment (Wang &
Lipsius, 1995; Zakharov & Harvey, 1997). In our
experiments, treatment of myocytes with 2 µg ml_1 PTX
for at least 2 h at 37 °C also blocked ACh rebound
stimulation of the Ca2+ current (Fig. 3). In guinea-pig
ventricular myocytes, Iso regulates ion channel function
solely through the activation of b1-adrenergic receptors,
and it is known that PTX treatment increases the
sensitivity of cardiac ion channels to b1-adrenergic
receptor stimulation (Hool & Harvey, 1997). Therefore, to
avoid saturation of the ACh-induced stimulatory
responses we carried out these experiments in the
presence of 0.3 nM Iso. Under these conditions, instead of
being subthreshold, this concentration of Iso alone
activated the L-type type Ca2+ current to a level that was
42 ± 6.5 % (n = 7) of that produced by 1 µM Iso.
However, application of 1 µM ACh in the presence of
0.3 nM Iso failed to produce either an inhibitory or a
stimulatory effect. The magnitude of the Ca2+ current
observed following washout of 1 µM ACh was not
significantly different from the magnitude of the current
measured before exposure to ACh (P > 0.3). The actual
difference was 2 ± 1.8 % (n = 7) of that produced by
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Figure 2. Atropine, a muscarinic receptor
antagonist, mimics the effect of washing out
ACh

A, time course of changes in amplitude of the
L-type Ca2+ current under control conditions (a)
and during cumulative exposure to 0.001 µM Iso
(b), 1 µM ACh and 10 µM atropine (c) followed by
exposure to 1 µM Iso alone (d). B, examples of
L-type Ca2+ currents recorded the under
conditions indicated in A. The dotted line above
current traces represents the zero current level.
Note: changes in holding current represent
parallel regulation of the cAMP-dependent Cl_

current. C, the stimulatory effects of 0.001 µM Iso
measured prior to exposure to 1 µM ACh (5) and
during the peak of the response caused by
atropine washin (4) were normalized to the
magnitude of the response to 1 µM Iso alone ($).
The stimulatory effects of 0.001 µM Iso measured
during atropine washin were significantly greater
than those measured prior to ACh exposure
(**P < 0.01).
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Figure 3. ACh-induced rebound stimulation
of the L-type Ca2+ current is blocked by
pertussis toxin (PTX) treatment

A, time course of changes in amplitude of the
L-type Ca2+ current in PTX-treated cell under
control conditions (a), and during exposure to
0.0003 µM Iso alone (b), 0.0003 µM Iso plus 1 µM

ACh, 0.0003 µM Iso following washout of ACh (c)
and 1 µM Iso alone (d). B, examples of L-type
Ca2+ currents recorded under the conditions
indicated in A. The dotted line above current
traces represents the zero current level. Note:
changes in holding current represent parallel
regulation of the cAMP-dependent Cl_ current.
C, the stimulatory effects of 0.0003 µM Iso were
measured in PTX-treated cells prior to (5) and
following (4) exposure to 1 µM ACh and then
normalized to the magnitude of the response to
1 µM Iso alone ($). The stimulatory effects of
0.3 nM Iso measured following exposure to ACh
were not significantly different from those
measured prior to ACh exposure (ns, P > 0.3).

Figure 4. N G-monomethyl-L-arginine
(L-NMMA), a nitric oxide synthase
inhibitor, does not affect ACh-induced
rebound stimulation of the L-type Ca2+

current

A, time course of changes in amplitude of the
L-type Ca2+ current under control conditions
(a), and during exposure to 0.001 µM Iso alone
(b), 0.001 µM Iso plus 1 µM ACh, 0.001 µM Iso
following washout of ACh (c) and 1 µM Iso
alone (d). The cell was pretreated with 1 mM

L-NMMA for more than 1 h prior to and
continuing through the patch-clamp
experiment. B, examples of L-type Ca2+

currents recorded under the conditions
indicated in A. The dotted line above current
traces represents the zero current level. Note:
changes in holding current represent parallel
regulation of the cAMP-dependent Cl_ current.
C, the stimulatory effects of 0.001 µM Iso were
measured in L-NMMA-treated cells prior to (5)
and following (4) exposure to 1 µM ACh and
then normalized to the magnitude of the
response to 1 µM Iso alone ($). The stimulatory
effects of 0.001 µM Iso measured following
exposure to ACh were significantly greater
than those measured prior to ACh exposure
(***P < 0.001).



exposure to 1 µM Iso in the same cells. The results from
these experiments are consistent with the idea that ACh-
induced rebound stimulation of the L-type Ca2+ current
in guinea-pig ventricular myocytes is mediated by the
same PTX-sensitive G protein-dependent mechanism
involved in ACh-induced rebound stimulation of the
same current in atrial cells as well as the cAMP-regulated
Cl_ current in these same cells.

NOS and PDE-III-independent responses

Despite the similarities between the ACh-induced
stimulatory responses observed in cat atrial and guinea-
pig ventricular myocytes, previous work has suggested
that the actual signalling pathway responsible for the
ACh-induced rebound stimulation of L-type Ca2+ channel
function in atrial myocytes involves the NO-dependent
production of cGMP and cGMP-dependent inhibition of
PDE III. The resulting decrease in cAMP metabolism
could then explain the resulting stimulatory effects.
However, in guinea-pig ventricular myocytes, we
demonstrated that this pathway is unlikely to explain
ACh-induced rebound stimulation of the cAMP-regulated
Cl_ current. Furthermore, we found that rebound
stimulation of the L-type Ca2+ current is intact in
ventricular myocytes obtained from mice in which there
has been targeted disruption of the gene responsible for
the expression of NOS type III, the predominant isoform
of NOS expressed in the heart (Belevych & Harvey, 2000).
Consistent with these latter observations, we have found
that treatment of guinea-pig ventricular myocytes with

the NOS inhibitor L-NMMA did not inhibit ACh-induced
rebound stimulation of the L-type Ca2+ current (Fig. 4).
Wang & Lipsius (1995) have demonstrated that acute
exposure to 100 µM L-NMMA was sufficient to completely
block ACh-induced rebound stimulation of the L-type
Ca2+ current in cat atrial myocytes. We treated our cells
with 1 mM L-NMMA for a period beginning at least 1 h
before and continuing through the duration of the patch-
clamp experiments. Under these conditions the
magnitude of the stimulatory response produced by
exposure to 1 µM ACh in the presence of 1 nM Iso was
27 ± 5.2 % (n = 13) of that produced by a maximally
stimulating concentration of Iso alone. This is not
significantly different from the magnitude of the
rebound response observed in the absence of L-NMMA
(P > 0.5). These data support the idea that the lack of NO
involvement in ACh-induced stimulatory responses in
guinea-pig ventricular myocytes is not unique to the
cAMP-regulated Cl_ current.

In addition to being unable to block ACh-induced
rebound stimulation of the Ca2+ current with L-NMMA,
we were also unable to block these effects with milrinone
(Fig. 5), a specific inhibitor of PDE III activity (Harrison
et al. 1986). Cells were exposed to 10 µM milrinone, a
concentration that is at least 1000-fold greater than the
IC50 for inhibiting this enzyme (Fischmeister & Hartzell,
1991), and 2-fold greater than the concentration used to
completely block facilitation of the L-type Ca2+ current
by maximally effective concentrations of exogenous cGMP
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Figure 5. Milrinone, a specific type III
phosphodiesterase (PDE III) inhibitor, does
not block ACh-induced rebound stimulation
of L-type Ca2+ current

A, time course of changes in amplitude of L-
type Ca2+ current under control conditions (a),
and during exposure to 0.0003 µM Iso alone (b),
0.0003 µM Iso plus 1 µM ACh, 0.0003 µM Iso
following washout of ACh (c) and 1 µM Iso
alone (d). The cell was exposed to milrinone
(10 µM) starting at the beginning of the patch-
clamp experiment. Inset, examples of L-type
Ca2+ currents recorded under conditions
indicated in A. The dotted line above the
current traces represents the zero current level.
Note: changes in holding current represent
parallel regulation of cAMP-dependent Cl_

current. B, the stimulatory effects of 0.0003
and 0.001 µM Iso were measured in milrinone-
treated cells prior to (5) and following (4)
exposure to 1 µM ACh and then normalized to
the magnitude of the response to 1 µM Iso alone
($). The stimulatory effects of 0.001 and
0.0003 µM Iso measured following exposure to
ACh were significantly greater than those
measured prior to ACh exposure (*P < 0.01 and
**P < 0.05, respectively).



(Ono & Trautwein, 1991). Although this concentration of
milrinone by itself did not stimulate the Ca2+ current, it did
increase the sensitivity of the Ca2+ current to stimulation
by Iso. However, it did not block the rebound stimulatory
response produced by ACh. In the presence of 1 nM Iso,
1 µM ACh produced a stimulatory response that was
29 ± 5.3 % (n = 4) of that produced by 1 µM Iso alone.
This is not significantly different from the magnitude of
the stimulatory response observed in the absence of
milrinone (P > 0.8). However, the total magnitude of the
current observed in milrinone-treated cells following
washout of ACh in the presence of 1 nM Iso (103 ± 3.3 %)
was not significantly different from that produced by
1 µM Iso alone in the same cells (P > 0.3), suggesting
that the rebound response had saturated. When these
experiments were repeated using 0.3 nM Iso, the rebound
response did not saturate. Under these conditions, the
magnitude of the stimulatory response elicited by 1 µM

ACh was 31 ± 8.7 % (n = 11) of that produced by 1 µM

Iso. This is about 2.5 times larger than the magnitude of
the stimulatory response produced by 1 µM ACh in the
presence of 0.3 nM Iso in cells that were not pretreated
with milrinone (see Fig. 1). Although the difference is not
statistically significant (P = 0.07), an increase in the
magnitude of the response is not unexpected since total PDE
activity was partially inhibited. The fact that milrinone did not
block the rebound response supports the idea that ACh-
induced stimulatory effects in guinea-pig ventricular
myocytes do not involve the inhibition of PDE III
activity.

Gs dependence of the muscarinic stimulatory response

If ACh-induced stimulatory responses do not involve NO-
dependent regulation of PDE III activity, what other
mechanism can explain such effects? One possibility is
that muscarinic receptor activation of the PTX-sensitive
inhibitory G protein Gi may directly stimulate AC4
activity via a Gby-dependent mechanism. This
hypothesis is based on the fact that Gby can directly
activate AC2 and AC4 (Gao & Gilman, 1991; Tang &
Gilman, 1991; Federman et al. 1992). In cardiac
myocytes, AC5 and AC6 mRNA levels are most
abundant. However, AC4 mRNA has also been detected
(Gao & Gilman, 1991; Espinasse et al. 1999). Furthermore,
only AC5 and AC6 are inhibited by Gai (Chen & Iyengar,
1993; Taussig et al. 1994). Therefore, muscarinic receptor
activation of Gi could antagonize b-adrenergic responses
by inhibiting AC5 and/or AC6 while at the same time
facilitating b-adrenergic responses by stimulating AC4. If
this is true, then the ability of ACh to produce
stimulatory effects in guinea-pig ventricular myocytes
should depend not only on there being sufficient basal
levels of cAMP, but perhaps more importantly it should
depend on there being sufficient basal Gs activation, since
Gby-dependent stimulation of AC4 should only occur in
the presence of activated Gas (Gao & Gilman, 1991;
Federman et al. 1992). To test this hypothesis, we
determined whether or not ACh-induced stimulatory
responses could be observed when using Gs-dependent as
well as Gs-independent means of priming the cells.
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Figure 6. ACh can produce transient rebound
stimulation of L-type Ca2+ currents in the
presence of submaximally stimulating
concentrations of histamine

A, time course of changes in amplitude of L-type
Ca2+ current under control conditions (a), and
during exposure to 0.03 µM histamine alone (b),
0.03 µM histamine plus 1 µM ACh, 0.03 µM

histamine following washout of ACh (c) and
10 µM histamine alone (d). B, examples of L-type
Ca2+ current recorded under conditions indicated
in A. The dotted line above current traces
represents the zero current level. Note: changes
in holding current represent parallel regulation
of the cAMP-dependent Cl_ current.
C, stimulatory effects of 0.03 µM histamine were
measured prior to (5) and following (4)
exposure to 1 µM ACh and then normalized to
the magnitude of the response to 10 µM

histamine alone ($). The stimulatory effects of
0.03 µM histamine measured following exposure
to ACh were significantly greater than those
measured prior to ACh exposure (**P < 0.01).



We first looked for the ability of ACh to produce a
stimulatory response in the presence of histamine. In the
heart, activation of both H2-histaminergic and
b-adrenergic receptors regulates L-type Ca2+ channel
activity via Gs-dependent stimulation of AC (Hescheler et
al. 1987). Consistent with this idea, exposure to and
subsequent washout of ACh in the continuous presence of
a submaximally stimulating concentration of histamine
resulted in significant rebound stimulation of L-type Ca2+

current (Fig. 6). In the presence of 30 nM histamine, the
stimulatory effect produced by 1 µM ACh was 42 ± 11 %
(n = 7) of that produced by a maximally effective
concentration of histamine (10 µM) in the same cells.

A similar response was obtained when Gs was activated
via a receptor-independent mechanism using cholera
toxin. ACh produced a rebound stimulatory response in
cells that were first treated with 1 µg ml_1 cholera toxin
for at least 2 h at 37 °C. Basal L-type Ca2+ current density
increased from 8.6 ± 0.6 (n = 7) to 41 ± 3.1 pA pF_1

(n = 12) in cholera-toxin-treated cells. The increase in
basal current is due at least in part to an increase in cAMP
production caused by direct activation of Gs by the toxin
(Gilman, 1987). Consistent with this idea, exposure of
cholera toxin-treated cells to 10 µM ACh resulted in
significant inhibition of the basal Ca2+ current, an effect
that was not observed in control cells (Fig. 7). However,
the Ca2+ current did not appear to be maximally
activated since exposure of cholera toxin-treated cells to
1 µM Iso still produced a stimulatory response. Figure 7B

demonstrates that washout of ACh produced a transient
rebound increase in the amplitude of Ca2+ current to a
level significantly higher than that observed before ACh
application. The amplitude of the Ca2+ current observed
following washout of ACh increased by 19 ± 5.0 %
(n = 12) over baseline. This was not significantly
different from the magnitude of the Ca2+ current
response to 1 µM Iso in cholera toxin-treated cells
(17 ± 13.6 %, n = 3, P > 0.8). In control cells, exposure to
and washout of 10 µM ACh did not produce a stimulatory
effect (Fig. 7A). The amplitude of the Ca2+ current
measured in control cells following ACh washout was
97 ± 2.5 % (n = 7) of that observed before ACh
application. These data are consistent with the
hypothesis that ACh-induced rebound effects require the
presence of activated Gas.

Next we looked for ACh-induced rebound responses in
cells that were primed using forskolin (Fig. 8). This
compound activates AC directly via a Gs-independent
mechanism (Hurley, 1999). If elevated cAMP production
alone is sufficient to enable ACh to produce its
stimulatory effect, then one should see rebound responses
in the presence of forskolin. Exposure of guinea-pig
ventricular myocytes to 0.1 and 0.3 µM forskolin
produced a submaximal, concentration-dependent
stimulation of the L-type Ca2+ current. Furthermore,
addition of 1 µM ACh reversed the forskolin-induced
response. However, upon washout of ACh, there was no
rebound stimulation of the current. In the presence of
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Figure 7. Treatment with cholera toxin
reveals ACh-induced rebound stimulation of
basal L-type Ca2+ currents

A and B, time courses of changes in amplitude of
the L-type Ca2+ current under control
conditions (a), and during (b) and following (c)
washout of 10 µM ACh in control myocytes (A)
and myocytes treated with cholera toxin (B).
Insets, examples of L-type Ca2+ currents
recorded under the conditions indicated in A
and B. The dotted lines above current traces
represent the zero current level.



0.1 µM forskolin, the magnitude of the Ca2+ current
following washout of ACh was 101 ± 2.0 % (n = 7) of that
observed just prior to the application of ACh. In the
presence of 0.3 µM forskolin, the magnitude of the Ca2+

current following washout of ACh was 98 ± 2.5 % (n = 7)

of that observed just prior to the application of ACh.
These data support the conclusion that ACh-induced
stimulatory responses occur only in the presence of Gs

activation, which is consistent with the idea that Gby
activation of AC4 may be involved.
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Figure 8. ACh does not produce a
stimulatory effect on L-type Ca2+ currents
in the presence of submaximal stimulating
concentrations of forskolin

A, time course of changes in amplitude of
L-type Ca2+ current under control conditions (a),
and during exposure to 0.3 µM forskolin alone
(b), 0.3 µM forskolin plus 1 µM ACh, 0.3 µM

forskolin following washout of ACh (c) and
10 µM forskolin alone (d). Inset, examples of
L-type Ca2+ currents recorded under the
conditions indicated in A. The dotted line above
current traces represents the zero current level.
Note: changes in holding current represent
parallel regulation of cAMP-dependent Cl_

current. B, stimulatory effects of 0.1 and 0.3 µM

forskolin measured prior to (5) and following
(4) exposure to 1 µM ACh and normalized to the
magnitude of the response to 10 µM forskolin
alone ($). The stimulatory effects of 0.1 and
0.3 µM forskolin measured following exposure to
ACh were not significantly different from those
measured prior to ACh exposure (ns, P > 0.6
and P > 0.4, respectively).

Figure 9. Cell dialysis with the Gby-binding
peptide QEHA significantly reduced ACh-
induced rebound stimulation of L-type Ca2+

currents

A, time course of changes in amplitude of L-type
Ca2+ current under control conditions (a), and
during exposure to 0.001 µM Iso alone (b),
0.001 µM Iso plus 1 µM ACh, 0.001 µM Iso
following washout of ACh (c) and 1 µM Iso alone
(d). 100 µM QEHA was included in the pipette
solution. B, examples of L-type Ca2+ current
recorded under the conditions indicated in A. The
dotted line above current traces represents the
zero current level. Note: changes in the holding
current represent parallel regulation of the
cAMP-dependent Cl_ current. C, net ACh-
induced rebound effect measured following
8–12 min of cell dialysis with control pipette
solution (5) and pipette solution containing
100 µM QEHA (4). Rebound stimulation was
elicited by washing out 1 µM ACh in the presence
of 1 nM Iso and normalized to the magnitude of
the response to 1 µM Iso alone. The net ACh-
induced stimulatory effect was calculated as
described in Fig. 1. Cell dialysis with QEHA
significantly reduced the net rebound effect of
ACh (*P < 0.05).



Gby dependence of the muscarinic stimulatory
response

If ACh-induced stimulatory responses are due to Gby
activation of AC4, then it should be possible to antagonize
such effects by introducing an excess of the peptide
QEHA, which represents the Gby binding sequence of
AC2. This peptide has been shown to bind Gby and block
Gby-mediated activation of a variety of responses,
including stimulation of AC2 (Chen et al. 1995). For these
experiments, 100 µM QEHA was added to the pipette
solution and allowed to diffuse into the cell for 8–12 min
before the effects of ACh were tested. Figure 9A
demonstrates an example of the response to 1 µM ACh in
a cell dialysed with 100 µM QEHA. Exposure to 1 µM ACh
inhibited the stimulatory response to 1 nM Iso. However,
washout of ACh did not produce rebound stimulation of
the Ca2+ current. On average, the magnitude of the ACh-
induced rebound response measured in cells dialysed with
QEHA was 13 ± 4.2 % (n = 9) of that produced by 1 µM

Iso (Fig. 9B). In time-matched control experiments, ACh-
induced stimulation of the Ca2+ current was 27 ± 4.6 %
(n = 11) of that produced by 1 µM Iso. These results
indicate that QEHA significantly attenuated the
magnitude of the ACh-induced stimulatory response
(P < 0.05). This effect of QEHA cannot be explained by a
change in b-adrenergic responsiveness, since dialysing
cells with QEHA did not significantly affect the response
to 1 nM Iso (P > 0.5). The magnitude of the Ca2+ current
response to 1 nM Iso was 32 ± 5.8 % of that produced by
1 µM Iso in cells dialysed with QEHA and 36 ± 4.7 % of
that produced by 1 µM Iso in control cells.

Another set of control experiments was performed by
dialysing cells with a pipette solution containing the
peptide SKEE. This peptide represents the analogous
region of AC3, an isoform of AC that does not bind Gby
(Chen et al. 1995). For these experiments, 100 µM SKEE
was added to the pipette solution and allowed to dialyse

into the cell for 8–12 min before the effects of ACh were
tested. The magnitude of ACh-induced rebound
stimulation of the Ca2+ current was 38 ± 2.7 % (n = 3;
data not shown) of that produced by 1 µM Iso. This is
significantly greater than the magnitude of the
stimulatory response observed in cells dialysed with
QEHA (P < 0.01), but it is not significantly different
from the magnitude of the stimulatory response observed
in the absence of QEHA (P > 0.2). These results support
our hypothesis that ACh-induced stimulatory effects can
be mediated through the direct activation of AC by Gby
in the presence of activated Gas.

Although the stimulatory effect of ACh is obvious upon
washout of the agonist, it may still affect the response
observed in the presence of the agonist. As we have
suggested previously (Zakharov & Harvey, 1997), the net
response to ACh most likely represents a balance between
its stimulatory and inhibitory effects. In this case, one
might expect that the attenuation of the ACh
stimulatory response would result in a more pronounced
inhibitory effect. Analysis of the inhibitory effects of
ACh in the presence of QEHA revealed that in cells
dialysed with QEHA, 1 µM ACh inhibited the response to
1 nM Iso by 68 ± 6.7 % (n = 9). However, in the time-
matched control cells, 1 µM ACh antagonized the
stimulatory effect of 1 nM Iso only by 43 ± 4.2 %
(n = 11). This indicates that in cells dialysed with QEHA,
there is a statistically significant increase in the ability of
ACh to inhibit b-adrenergic responses (P < 0.05).

It has been demonstrated that mRNA for AC4 is present
in cardiac tissue (Gao & Gilman, 1991; Espinasse et al.
1999). However, if AC4 is involved in the stimulatory
effect of ACh, it would be important to demonstrate the
presence of AC4 protein. Immunoblot analysis of guinea-
pig ventricle membrane preparations (n = 3) consistently
established the presence of a protein that reacts with a
specific anti-AC4 antibody (Murthy & Makhlouf, 1997). A
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Figure 10. Adenylyl cyclase type 4 (AC4) is present in
guinea-pig ventricular myocytes

AC4 immunoreactive protein is identified in guinea-pig
heart crude membrane preparations following SDS-PAGE
and electrophoretic transfer to polyvinylidene difluoride
membranes. An immunogenic band greater than 200 kDa is
identified that is absent in preparations treated with
AC4-specific blocking peptide. Immunoreactive proteins
were visualized by enhanced chemiluminescence. Each lane
contains 70 µg of crude membrane protein.



single immunogenic band with a molecular mass greater
than 200 kDa was identified (Fig. 10), which corresponds
to the reported molecular mass of AC4 found in other
guinea-pig tissues (Liu et al. 1999). Furthermore, pre-
incubation of the anti-AC4 antibody with its specific
blocking peptide abolished the immunoreaction. These
data indicate that AC4 is present at the protein level in
guinea-pig ventricular myocytes.

The data presented thus far support the idea that the
ACh-induced stimulatory effect involves a Gby-
dependent mechanism. The requirement for activation of
Gs and the evidence that AC4 is present in guinea-pig
ventricular myocytes further supports the idea that the
ACh-induced stimulatory response may actually involve
the Gby-dependent activation of AC4. However, it is
conceivable that other Gby-dependent mechanisms could
be involved, including Gby-dependent stimulation of
phospholipase C activity and subsequent activation of
protein kinase C (PKC; Clapham & Neer, 1997). The
ability of PKC to stimulate AC5 and/or AC6 in a Gs-
dependent manner might then explain the stimulatory
effect of ACh. To test this possibility, we studied the
effects of ACh in the presence of the PKC inhibitor
bisindolylmaleimide I (BIM) (Fig. 11). These experiments
were carried out using myocytes that were exposed to
300 nM BIM, starting 1 h before and continuing through
the completion of the patch-clamp experiment. This
concentration of BIM is 30-fold greater than the IC50 for
inhibition of PKC activity (Toullec et al. 1991). Further-

more, we have used this concentration of BIM previously
to inhibit PKC-dependent responses in guinea-pig
ventricular myocytes (Middleton & Harvey, 1998).
However, BIM did not block the ability of 1 µM ACh to
produce a stimulatory response in the presence of 1 nM

Iso. The magnitude of the ACh-induced stimulatory
response was 31 ± 6.3 % of that produced by 1 µM Iso in
the same cells. This is not significantly different from the
magnitude of the ACh-induced stimulatory response
observed in the absence of BIM (P > 0.8).

Gby can also produce stimulation of the L-type Ca2+

current through a phosphoinositide-3 (PI3) kinase-
dependent signalling pathway (Viard et al. 1999). There is
also evidence that M2 muscarinic receptors are coupled to
PI3 kinase via a by-dimer derived from Gi/Go proteins
(Wang et al. 1999). To test the possible contribution of PI3
kinase to ACh-induced rebound stimulation of the L-type
Ca2+ current, we studied the effect of ACh in the presence
of wortmannin, a specific PI3-kinase inhibitor (Ui et al.
1995). Cells were pretreated with 100 nM wortmannin for
up to 40 min prior to and continuing through the patch-
clamp experiment. This concentration of wortmannin is
20-fold higher than the IC50 for inhibition of PI3 kinase
activity (Okada et al. 1994). The net rebound response
produced by 1 µM ACh in the presence of 1 nM Iso in
wortmannin-treated cells was 43 ± 12.6 % (n = 6; data
not shown) of that elicited by 1 µM Iso. This is not
significantly different from the magnitude of ACh
stimulatory effect measured under control conditions
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Figure 11. ACh-induced rebound stimulation
of L-type Ca2+ currents is not affected by
bisindolylmaleimide I (BIM), a protein
kinase C inhibitor

A, time course of changes in amplitude of L-type
Ca2+ current under control conditions (a), during
exposure to 0.001 µM Iso alone (b), 0.001 µM Iso
plus 1 µM ACh, 0.001 µM Iso following washout of
ACh (c) and 1 µM Iso alone (d). The cell was
pretreated with 0.3 µM BIM for at least 8 min
prior to the beginning of the patch-clamp
experiment. B, examples of L-type Ca2+ currents
recorded under the conditions indicated in A. The
dotted line above current traces represents the
zero current level. C, the stimulatory effects of
0.001 µM Iso were measured in BIM-treated cells
prior to (5) and following (4) exposure to 1 µM

ACh and then normalized to the magnitude of the
response to 1 µM Iso alone ($). Stimulatory effects
of 0.001 µM Iso measured following exposure to
ACh were significantly greater than those
measured prior to ACh exposure (***P < 0.001).



(P > 0.2). To ensure that wortmannin had reached an
effective level in the cytosol, cells were dialysed with a
pipette solution containing 1 µM wortmannin; 1 µM

wortmannin was also added to external solution. Under
these conditions, the stimulatory effect of ACh (1 µM)
measured in the presence of 1 nM Iso was 38 ± 7.0 %
(n = 4; data not shown) of the effect produced by 1 µM

Iso. This is also not significantly different from the
magnitude of the ACh-induced stimulatory effect
measured under control conditions (P > 0.4).

DISCUSSION
Muscarinic receptor activation can produce rebound
stimulatory effects on the L-type Ca2+ current in guinea-
pig ventricular myocytes (Song et al. 1998). This was
confirmed in the present study by demonstrating that
rebound responses can be elicited not only upon
withdrawal of exposure to ACh, but also by exposure to
the muscarinic receptor antagonist atropine in the
continued presence of ACh. The present study goes
further and demonstrates that this stimulatory effect is
due to the facilitation of cAMP-dependent responses.
This conclusion is supported by the fact that ACh-
induced stimulatory effects were not observed in the
absence of b-adrenergic stimulation. In addition,
increasing the level of b-adrenergic stimulation increased
the magnitude of the stimulatory response, but only up to
the point were it reached the magnitude of the response
elicited by a maximally stimulating concentration of Iso
alone. These findings demonstrate that in guinea-pig
ventricular myocytes, the L-type type Ca2+ current and
the cAMP-regulated Cl_ current both respond to the
stimulatory effects of ACh in the same cAMP-dependent
manner (Zakharov & Harvey, 1997). This observation is
also consistent with the fact that ACh-induced rebound
stimulation of the L-type Ca2+ current in cat atrial
myocytes involves a cAMP-dependent mechanism (Wang
& Lipsius, 1995). One difference, however, is that the
ACh-induced rebound responses observed in atrial
myocytes can be elicited in the absence of b-adrenergic
stimulation. This is consistent with the observation that
atrial myocytes exhibit a greater level of basal AC
activity.

Despite the fact that ACh-induced stimulatory responses
involve a cAMP-dependent mechanism, there appears to
be a distinct difference in the signalling pathway
responsible for the ACh-induced increase in cAMP in the
different preparations. In cat atrial myocytes, ACh-
induced stimulation of the L-type Ca2+ current is believed
to involve the activation of NOS via a PTX-sensitive G
protein and subsequent cGMP-dependent inhibition of
PDE III (Wang et al. 1998). We have demonstrated
previously that in guinea-pig ventricular myocytes, ACh-
induced stimulation of the cAMP-regulated Cl_ current
involves a PTX-sensitive G protein, but it is not linked to
a NOS/PDE-III-dependent mechanism (Zakharov &

Harvey, 1997). The present study demonstrates that
ACh-induced stimulation of the L-type Ca2+ current in
guinea-pig ventricular myocytes also involves a PTX-
sensitive G protein that is activating a NOS/PDE-III-
independent mechanism. This indicates that the
previously described differences in the signalling
pathways responsible for ACh-induced stimulatory
responses are not due to differences in how Ca2+ channels
and Cl_ channels are regulated. Our results support the
idea that there are differences in the signalling
mechanisms responsible for the ACh-induced stimulation
of ion channel activity in atrial and ventricular
myocytes. Although such differences might be explained
on the basis of species-specific signalling mechanisms, this
seems unlikely since we have already demonstrated that
the NO signalling pathway is not involved in ACh-
induced stimulatory responses in mouse ventricular
myocytes (Belevych & Harvey, 2000).

The observation that ACh did not produce a stimulatory
response in the absence of b-adrenergic stimulation (see
Fig. 1) suggests that it is necessary to prime the cells by
elevating cAMP to some critical level in order to see such
effects. However, an increase in cAMP production alone
is clearly not sufficient to enable muscarinic receptor
stimulation to elicit a stimulatory response. This is
demonstrated by the lack of ACh-induced rebound
stimulation in the presence of forskolin. Exposure to 0.1
or 0.3 µM forskolin increased basal cAMP production, as
demonstrated by the stimulatory effect it had on the Ca2+

current. Furthermore, subsequent exposure to ACh
inhibited this stimulatory response. However, there was
no evidence of rebound stimulation upon washout of ACh
(see Fig. 8). In addition to demonstrating that increased
cAMP production alone is not enough to enable ACh to
elicit its stimulatory effect, it also supports the conclusion
that the stimulatory response to muscarinic receptor
stimulation is not due to the inhibition of PDE activity or
a reduction in cAMP breakdown. In fact, such
experiments eliminate any mechanism that involves the
regulation of the b-adrenergic signalling pathway at any
point downstream of AC.

The fact that ACh-induced rebound stimulation could be
observed in the presence of 0.3 nM Iso might be used to
argue that a significant elevation of cAMP levels is
actually unnecessary, since this concentration of the
b-adrenergic agonist by itself did not affect the
magnitude of the Ca2+ current (see Fig. 1). However, it is
possible that cAMP levels were increased by this
concentration of Iso, but that they had not yet reached
the threshold necessary to affect L-type Ca2+ channel
function. In any case, the fact that exposure to Iso, but
not forskolin, enabled ACh to produce a stimulatory
effect indicates that this muscarinic response requires the
activation of some component of the b-adrenergic
signalling pathway that is associated specifically with
receptor activation. The finding that the ACh-induced
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stimulatory response could also be observed in the
presence of histamine indicates that this component is
also activated by H2-histaminergic receptors. The likely
candidate is Gs, since both receptors are known to couple
to this stimulatory G protein (Hescheler et al. 1987). This
conclusion is further supported by the fact that ACh-
induced rebound stimulation was observed when Gs was
activated directly by cholera toxin (see Fig. 7).

The activation of Gs, like other heterotrimeric G proteins,
is associated with the exchange of GDP for the GTP
bound to the a subunit. This results in the dissociation of
Gas and Gby subunits. Activated Gas can then bind
directly to and stimulate all isoforms of AC. In cardiac
myocytes, there is evidence for expression of AC4, AC5,
AC6 and AC7 (Defer et al. 2000). However, it is commonly
assumed that AC5 and AC6 are the only isoforms of any
consequence in cardiac tissue (Ishikawa & Homcy, 1997;
Espinasse et al. 1999). This is largely based on the finding
that mRNA levels for these two isoforms are the most
abundant. Furthermore, AC5 and AC6, but not AC4 and
AC7, can be inhibited by direct binding of the activated
Ga subunit of the inhibitory G protein Gi, which may
explain the ability of M2 muscarinic receptor activation to
antagonize b-adrenergic responses via a PTX-sensitive G
protein. However, mRNA levels do not necessarily
correspond with the level of protein expression. Although
it is not known what the relative levels of AC5 and AC6
vs. AC4 and/or AC7 are, in the present study we have
found evidence that AC4 can be detected at the protein
level (see Fig. 10). We observed an immunoreactive band
with an apparent molecular mass of > 200 kDa, which is
consistent with the 220 kDa protein identified as AC4 in
guinea-pig myenteric neurones (Liu et al. 1999). Based on
the amino acid composition, the predicted molecular
masses of most cloned AC isoforms is around 120 kDa
(Taussig & Gilman, 1995). The significant difference
between the predicted and experimentally observed
molecular masses of AC4 has been attributed to the fact
that the protein undergoes glycosylation and that it is
believed to associate tightly with some G proteins. As
demonstrated previously in guinea-pig neurones,
treating membrane preparations to remove N-linked
glycosylation and prevent G protein association causes a
shift of labelled protein to the expected molecular mass
(Liu et al. 1999). The idea that guinea-pig cardiac
myocytes express significant levels of AC4 protein is
consistent with the previous immunohistochemical
evidence that the AC4 antibody specifically labels cardiac
tissue (Schulze & Buchwalow, 1998).

The idea that AC4 is present at functionally relevant
levels is important because being highly homologous to
AC2, it does not appear to be inhibited by Gai (Gao &
Gilman, 1991; Taussig et al. 1994). Furthermore, it can
actually be stimulated by Gby, albeit only in the presence
of Gas (Gao & Gilman, 1991; Federman et al. 1992).
Therefore, the derivation of Gby from a PTX-sensitive G

protein (see Fig. 3) could explain the ACh-induced Gas-
dependent facilitation of cAMP-dependent responses.
Indeed, scavenging free Gby with QEHA peptide
significantly attenuated the stimulatory effect that ACh
has on the L-type Ca2+ current (see Fig. 9). We have
demonstrated previously that in guinea-pig ventricular
myocytes the muscarinic stimulatory response, like the
muscarinic inhibitory response, involves activation of M2

muscarinic receptors (Zakharov & Harvey, 1997).
Therefore, the response to muscarinic receptor
stimulation is likely to represent the balance between two
signalling mechanisms activated by the same receptor:
(1) Gai inhibition of Gas-stimulated AC5 and/or AC6 and
(2) Gby facilitation of Gas-stimulated AC4 and possibly
AC7. Although it has not been demonstrated directly that
AC7 can be stimulated by Gby, this isoform of AC is
structurally similar to AC2 and AC4.

The fact that the muscarinic stimulatory responses can be
observed as rebound stimulation upon removal of the
agonist indicates that the inhibitory effect turns on and
off rapidly, while the stimulatory effect turns on and off
much more slowly. We have demonstrated previously
that the stimulatory effect of 1 µM ACh observed in the
presence of 1 nM Iso turns on with a time constant of 34 s
(Zakharov & Harvey, 1997). The exact reason for the
difference in the kinetics of the two processes is not clear.
However, it might be explained, at least in part, by the
ability of the Ga-binding regions of AC to act as
regulators of G protein signalling. They possess the
properties of both guanine nucleotide exchange factors
and GTPase activating proteins (Scholich et al. 1999;
Wittpoth et al. 2000). This would be expected to speed
both the onset and the offset of Gai-mediated inhibitory
effects, but not Gby-mediated stimulatory effects.
Speeding the inactivation of Gai by facilitating the
hydrolysis of bound GTP might then be expected to
terminate Gby-mediated responses with a similar time
course due to reassociation of the heterotrimeric G
protein. The fact that Gby-mediated stimulatory
responses do not deactivate as quickly as the inhibitory
effects would suggest that individual G proteins do not
elicit both inhibitory and stimulatory actions. In fact, it is
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regulated ion-channel activity (Zakharov & Harvey,
1997). This would be consistent with the slowly
developing stimulatory response helping to overcome the
inhibitory response. It suggests that the stimulatory
response contributes to the net steady-state effect
observed during exposure to muscarinic agonists. More
direct evidence favouring this idea was also found in the
present study, in experiments where cells were dialysed
with QEHA. Not only did this Gby-binding peptide
antagonize the stimulatory response to muscarinic
receptor stimulation, it also resulted in an increase in the
magnitude of the inhibitory effect that ACh had on the
b-adrenergically stimulated L-type Ca2+ current.

BELEVYCH, A. E. & HARVEY, R. D. (2000). Muscarinic inhibitory and
stimulatory regulation of the L-type Ca2+ current is not altered in
cardiac ventricular myocytes from mice lacking endothelial nitric
oxide synthase. Journal of Physiology 528, 279–289.

BELEVYCH, A. E., SIMS, C. & HARVEY, R. D. (2001). Acetylcholine-
induced rebound stimulation of the cardiac L-type Ca2+ current
mediated by direct activation of adenylate cyclase. Biophysical
Journal 80, 635a–636a.

BURKE, G. H. & CALARESU, F. R. (1972). An experimental analysis
of the tachycardia that follows vagal stimulation. Journal of
Physiology 226, 491–510.

CHEN, J., DEVIVO, M., DINGUS, J., HARRY, A., LI, J., SUI, J., CARTY,
D. J., BLANK, J. L., EXTON, J. H., STOFFEL, R. H., INGLESE, J.,
LEFKOWITZ, R. J., LOGOTHETIS, D. E., HILDEBRANDT, J. D. &
IYENGAR, R. (1995). A region of adenylyl cyclase 2 critical for
regulation by G protein by subunits. Science 268, 1166–1169.

CHEN, J. & IYENGAR, R. (1993). Inhibition of cloned adenylyl
cyclases by mutant-activated Gi-alpha and specific suppression of
type 2 adenylyl cyclase inhibition by phorbol ester treatment.
Journal of Biological Chemistry 268, 12253–12256.

CLAPHAM, D. E. & NEER, E. J. (1997). G protein by subunits. Annual
Review of Pharmacology and Toxicology 37, 167–203.

DEFER, N., BEST-BELPOMME, M. & HANOUNE, J. (2000). Tissue
specificity and physiological relevance of various isoforms of
adenylyl cyclase. American Journal of Physiology – Renal
Physiology 279, F400–416.

ESPINASSE, I., IOURGENKO, V., RICHER, C., HEIMBURGER, M., DEFER,
N., BOURIN, M. C., SAMSON, F., PUSSARD, E., GIUDICELLI, J. F.,
MICHEL, J. B., HANOUNE, J. & MERCADIER, J. J. (1999). Decreased
type VI adenylyl cyclase mRNA concentration and Mg2+-
dependent adenylyl cyclase activities and unchanged type V
adenylyl cyclase mRNA concentration and Mn2+-dependent
adenylyl cyclase activities in the left ventricle of rats with
myocardial infarction and longstanding heart failure.
Cardiovascular Research 42, 87–98.

FEDERMAN, A. D., CONKLIN, B. R., SCHRADER, K. A., REED, R. R. &
BOURNE, H. R. (1992). Hormonal stimulation of adenylyl cyclase
through Gi-protein by subunits. Nature 356, 159–161.

FISCHMEISTER, R. & HARTZELL, H. C. (1991). Cyclic AMP
phosphodiesterases and Ca2+ current regulation in cardiac cells.
Life Sciences 48, 2365–2376.

GAO, B. N. & GILMAN, A. G. (1991). Cloning and expression of a
widely distributed (type IV) adenylyl cyclase. Proceedings of the
National Academy of Sciences of the USA 88, 10178–10182.

GILMAN, A. G. (1987). G proteins: transducers of receptor-generated
signals. Annual Review of Biochemistry 56, 615–649.

GILMOUR, R. F. & ZIPES, D. P. (1985). Positive inotropic effect of
acetylcholine in canine cardiac Purkinje fibers. American Journal
of Physiology 249, H735–H740.

HAMILL, O. P., MARTY, A., NEHER, E., SAKMANN, B., & SIGWORTH,
F. J. (1981). Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
Pflügers Archiv 391, 85–100.

HARRISON, S. A., CHANG, M. L., & BEAVO, J. A. (1986). Differential
inhibition of cardiac cyclic nucleotide phosphodiesterase isozymes
by cardiotonic drugs. Circulation 73, III109–III116.

HARTZELL, H. C. (1988). Regulation of cardiac ion channels by
catecholamines, acetylcholine and second messenger systems.
Progress in Biophysics and Molecular Biology 52, 165–247.

HESCHELER, J., KAMEYAMA, M. & TRAUTWEIN, W. (1986). On the
mechanism of muscarinic inhibition of the cardiac Ca current.
Pflügers Archiv 407, 182–189.

HESCHELER, J., TANG, M., JASTORFF, B. & TRAUTWEIN, W. (1987). On
the mechanism of histamine induced enhancement of the cardiac
Ca2+ current. Pflügers Archiv 410, 23–29.

HOLLENBERG, M., CARRIERE, S. & BARGER, A. B. (1965). Biphasic
action of acetylcholine on ventricular myocardium. Circulation
Research 16, 527–536.

HOOL, L. C. & HARVEY, R. D. (1997). Role of b1- and b2-adrenergic
receptors in regulation of Cl_ and Ca2+ channels in guinea-pig
ventricular myocytes. American Journal of Physiology 273,
H1669–1676.

HURLEY, J. H. (1999). Structure, mechanism, and regulation of
mammalian adenylyl cyclase. Journal of Biological Chemistry 274,
7599–7602.

ISHIKAWA, Y. & HOMCY, C. J. (1997). The adenylyl cyclases as
integrators of transmembrane signal transduction. Circulation
Research 80, 297–304.

KURACHI, Y., ASANO, Y., TAKIKAWA, R. & SUGIMOTO, T. (1989).
Cardiac Ca current does not run down and is very sensitive to
isoprenaline in the nystatin-method of whole cell recording.
Naunyn Schmiedebergs Archives of Pharmacology 340, 219–222.

LEVY, M. N. (1971). Sympathetic-parasympathetic interactions in
the heart. Circulation Research 437–445.

LINDEN, J. (1987). Enhanced cAMP accumulation after termination
of cholinergic action in the heart. FASEB Journal 1, 119–124.

LIU, C. Y., JAMALEDDIN, A. J., ZHANG, H. & CHRISTOFI, F. L. (1999).
FlCRhR/cyclic AMP signaling in myenteric ganglia and
calbindin-D28 intrinsic primary afferent neurons involves
adenylyl cyclases I, III and IV. Brain Research 826, 253–269.

MIDDLETON, L. M. & HARVEY, R. D. (1998). PKC regulation of
cardiac CFTR Cl_ channel function in guinea pig ventricular
myocytes. American Journal of Physiology 275, C293–C302.

MURTHY, K. S. & MAKHLOUF, G. M. (1997). Differential coupling of
muscarinic m2 and m3 receptors to adenylyl cyclases V/VI in
smooth muscle. Concurrent m2-mediated inhibition via Gai3 and
m3-mediated stimulation via Gbyq. Journal of Biological
Chemistry 272, 21317–21324.

OKADA, T., SAKUMA, L., FUKUI, Y., HAZEKI, O. & UI, M. (1994).
Blockage of chemotactic peptide-induced stimulation of
neutrophils by wortmannin as a result of selective inhibition of
phosphatidylinositol 3-kinase. Journal of Biological Chemistry
269, 3563–3567.

ONO, K. & NOMA, A. (1994). Autonomic regulation of cardiac
chloride current. Japanese Journal of Physiology 44, S193–S198.

ACh-induced stimulatory responses in ventricular myocytesJ. Physiol. 536.3 691



ONO, K. & TRAUTWEIN, W. (1991). Potentiation by cyclic GMP of
b-adrenergic effect on Ca2+ current in guinea-pig ventricular cells.
Journal of Physiology 443, 387–404.

RAE, J., COOPER, K., GATES, P. & WATSKY, M. (1991). Low access
resistance perforated patch recordings using amphotericin B.
Journal of Neuroscience Methods 37, 14–26.

SCHOLICH, K., MULLENIX, J. B., WITTPOTH, C., POPPLETON, H. M.,
PIERRE, S. C., LINDORFER, M. A., GARRISON, J. C. & PATEL, T. B.
(1999). Facilitation of signal onset and termination by adenylyl
cyclase. Science 283, 1328–1331.

SCHULZE, W. & BUCHWALOW, I. B. (1998). Adenylyl cyclase in the
heart: an enzymocytochemical and immunocytochemical
approach. Microscopy Research and Technique 40, 473–478.

SONG, Y., SHRYOCK, J. C. & BELARDINELLI, L. (1998). Potentiating
effect of acetylcholine on stimulation by isoproterenol of L-type
Ca2+ current and arrhythmogenic triggered activity in guinea pig
ventricular myocytes. Journal of Cardiovascular Electrophysiology
9, 718–726.

TANG, W. J. & GILMAN, A. G. (1991). Type-specific regulation of
adenylyl cyclase by G protein by subunits. Science 254,
1500–1503.

TAUSSIG, R. & GILMAN, A. G. (1995). Mammalian membrane-bound
adenylyl cyclases. Journal of Biological Chemistry 270, 1–4.

TAUSSIG, R., TANG, W. J., HEPLER, J. R. & GILMAN, A. G. (1994).
Distinct patterns of bidirectional regulation of mammalian
adenylyl cyclases. Journal of Biological Chemistry 269,
6093–6100.

TOULLEC, D., PIANETTI, P., COSTE, H., BELLEVERGUE, P., GRAND-
PERRET, T., AJAKANE, M., BAUDET, V., BOISSIN, P., BOURSIER, E.,
LORIOLLE, F., DUHAMEL, L., CHARON, D. & KIRILOVSKY, J. (1991).
The bisindolylmaleimide GF 109203X is a potent and selective
inhibitor of protein kinase C. Journal of Biological Chemistry 266,
15771–15781.

UI, M., OKADA, T., HAZEKI, K. & HAZEKI, O. (1995). Wortmannin as
a unique probe for an intracellular signalling protein,
phosphoinositide 3-kinase. Trends in Biochemical Sciences 20,
303–307.

VIARD, P., EXNER, T., MAIER, U., MIRONNEAU, J., NURNBERG, B. &
MACREZ, N. (1999). Gby dimers stimulate vascular L-type Ca2+

channels via phosphoinositide 3-kinase. FASEB Journal 13,
685–694.

WANG, Y. G., HUSER, J., BLATTER, L. A. & LIPSIUS, S. L. (1997).
Withdrawal of acetylcholine elicits Ca2+-induced delayed
afterdepolarizations in cat atrial myocytes. Circulation 96,
1275–1281.

WANG, Y. G. & LIPSIUS, S. L. (1995). Acetylcholine elicits a rebound
stimulation of Ca2+ current mediated by pertussis toxin-sensitive
G protein and cAMP- dependent protein kinase A in atrial
myocytes. Circulation Research 76, 634–644.

WANG, Y. G. & LIPSIUS, S. L. (1996). A cellular mechanism
contributing to postvagal tachycardia studied in isolated
pacemaker cells from cat right atrium. Circulation Research 79,
109–114.

WANG, Y. G., RECHENMACHER, C. E. & LIPSIUS, S. L. (1998). Nitric
oxide signaling mediates stimulation of L-type Ca2+ current
elicited by withdrawal of acetylcholine in cat atrial myocytes.
Journal of General Physiology 111, 113–125.

WANG, Y. X., DHULIPALA, P. D., LI, L., BENOVIC, J. L. & KOTLIKOFF,
M. I. (1999). Coupling of M2 muscarinic receptors to membrane ion
channels via phosphoinositide 3-kinase gamma and atypical
protein kinase C. Journal of Biological Chemistry 274,
13859–13864.

WITTPOTH, C., SCHOLICH, K., BILYEU, J. D. & PATEL, T. B. (2000).
Adenylyl cyclase regulates signal onset via the inhibitory GTP-
binding protein, Gi. Journal of Biological Chemistry 275,
25915–25919.

ZAKHAROV, S. I. & HARVEY, R. D. (1995). Altered b-adrenergic and
muscarinic response of CFTR Cl_ current in dialyzed cardiac
myocytes. American Journal of Physiology 268, H1795–1802.

ZAKHAROV, S. I. & HARVEY, R. D. (1997). Rebound stimulation of
the cAMP-regulated Cl_ current by acetylcholine in guinea-pig
ventricular myocytes. Journal of Physiology 499, 105–120.

Acknowledgements

The authors thank Dr Ravi Iyengar for providing QEHA and SKEE,
and Montelle Sanders for excellent technical assistance. This work
was supported by grants from the American Heart Association and
National Institutes of Health (AG16658 and HL68170).

Corresponding author

R. D. Harvey: Department of Physiology and Biophysics, Case
Western Reserve University, 2109 Adelbert Road, Cleveland,
OH 44106-4970, USA.

Email: rdh3@po.cwru.edu

A. E. Belevych, C. Sims and R. D. Harvey692 J. Physiol. 536.3


