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Muscarinic receptor stimulation and cyclic AMP-dependent
effects in guinea-pig ventricular myocardium
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1 The effect of carbachol on force of contraction, contraction duration, intracellular Na* activity and
cyclic AMP content was studied in papillary muscles of the guinea-pig exposed to isoprenaline or the
phosphodiesterase inhibitor 3-isobutyl, 1-methyl xanthine (IBMX). The preparations were obtained from
reserpine-pretreated animals and were electrically driven at a frequency of 0.2 Hz.

2 [Isoprenaline (10nM) and IBMX (100 uM) produced comparable positive inotropic effects of 9.8 and
9.7mN, respectively. Carbachol (3 uM) attenuated the inotropic effects by 82% (isoprenaline) and by 79%
(IBMX). The shortening of contraction duration which accompanied the positive inotropic effect of iso-
prenaline (by 14.9%) and of IBMX (by 22.4%) was not significantly affected by 3 um carbachol.

3 The positive inotropic effect of 10nM isoprenaline and of 100 um IBMX was accompanied by an
increase in cellular cyclic AMP content of 58 and 114%, respectively. Carbachol (3 um) failed to reduce
significantly the elevated cyclic AMP content of muscles exposed to either isoprenaline or IBMX.

4 In the quiescent papillary muscle, isoprenaline (10nmM) and IBMX (100 uM) reduced the intracellular
Na* activity by 28 and 17%, respectively. This decline was not influenced by the additional application of
3 um carbachol.

5 The results demonstrate that muscarinic antagonism in guinea-pig ventricular myocardium exposed to
cyclic AMP-elevating drugs is restricted to force of contraction. The underlying mechanism does not
apparently involve the cytosolic signal molecule cyclic AMP.

Introduction

The parasympathetic and sympathetic divisions of the auto-
nomic nervous system control cardiac function by their
opposing effects (for review see Levy, 1971; Higgins et al.,
1973). The parasympathetic modulation of sympathetic effects
on the heart occurs at both the presynaptic and postsynaptic
level. In the presynaptic interaction, neuronally released
acetylcholine inhibits, via stimulation of muscarinic cholino-
ceptors, noradrenaline release from sympathetic nerve termin-
als. In the postsynaptic interaction, activation of atrial
muscarinic cholinoceptors results in a negative inotropic effect
by a mechanism that induces conductance changes of K* and
Ca?* channels. In ventricular myocardium, acetylcholine has
been demonstrated to have no direct negative inotropic effect
but to attenuate force of contraction elevated by enhanced
sympathetic activity (Levy et al, 1981). In isolated ventricular
tissues, acetylcholine antagonizes not only the positive inotro-
pic effect of B-adrenoceptor agonists, but also that of phos-
phodiesterase inhibitors and of forskolin, indicating that
intracellular adenosine 3':5'-cyclic monophosphate (cyclic
AMP) plays an important role in postsynaptic muscarinic
inhibition (for review see Loffelholz & Pappano, 1985).
However, the biochemical mechanisms by which activation of
muscarinic cholinoceptors interferes with the cyclic AMP-
modulated cell function is still a matter of controversy.
Depending on the relationship between acetylcholine-induced
changes in cellular cyclic AMP content and force of contrac-
tion, inhibition of adenylate cyclase and/or inhibition of some
reaction beyond cyclic AMP accumulation has been proposed
as the underlying mechanism (for review see Loffelholz &
Pappano, 1985). In a recent study, acetylcholine was shown to
reduce catecholamine- and forskolin-induced increase in Ca?*
inward current (Ic,) in guinea-pig isolated ventricular
myocytes, but to be ineffective when the cell was dialysed
directly with cyclic AMP or the catalytic subunit of protein
kinase (Hescheler et al., 1986). Although this observation
strongly indicates that inhibition of adenylate cyclase is the
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underlying mechanism, the inability of acetylcholine to
decrease intracellular cyclic AMP content in guinea-pig heart
is not in line with this conclusion (Watanabe & Besch, 1975).

With the exception of force of contraction and I,, sur-
prisingly little is known of how muscarinic receptor agonists
influence other cell functions altered by an elevated level of
cyclic AMP. It was the aim of the present study to investigate
whether activation of muscarinic receptors by carbachol
antagonizes cyclic AMP-dependent shortening of contraction
duration and Na*-K* pump stimulation in guinea-pig papil-
lary muscle. The latter was of particular interest since the
Na*-K* pump, besides voltage-dependent Ca?* channels,
constitutes another cyclic AMP-modulated transsarcolemmal
ion transfer system (Pecker et al., 1986). In order to com-
plement the functional experiments, a possible effect on adeny-
late cyclase was also directly assessed by measuring the
influence of carbachol on tissue cyclic AMP levels elevated by
phosphodiesterase inhibition and by B-adrenoceptor activa-
tion. Some results of this study have been presented in pre-
liminary form (Schmied & Korth, 1988).

Methods

Preparations

Guinea-pigs of either sex weighing 250-350g were killed by
cervical dislocation. If not stated otherwise, the animals were
pretreated with reserpine (Smgkg~! body weight, injected
intraperitoneally 24h before the experiment) to avoid the
release of endogeneous noradrenaline. Right ventricular papil-
lary muscles (diameter 0.5-0.8 mm) were rapidly excised from
the isolated heart and mounted in a two-chambered organ
bath with internal circulation of the bath solution (volume
50ml) as described by Reiter (1967). The bath solution was
constantly gassed and kept in circulation by 95% O, and 5%
CO,; the temperature was maintained at 35°C, pH 7.5. The
composition of the bath solution was (in mm): NaCl 115, KCl
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4.7, MgSO, 1.2, CaCl, 3.2, NaHCO; 25, KH,PO, 1.2 and
glucose 10.

Isometric contraction recording

The muscles were stimulated at their base through two punc-
tate platinum electrodes with square wave pulses of 1ms in
duration and an intensity slightly above threshold. Force of
contraction was recorded isometrically by means of an induc-
tive force transducer (Q-11, 10p; Hottinger Baldwin
MeBtechnik, Darmstadt, F.R.G.) connected to an oscilloscope
and a pen recorder. The resting force was kept constant at
4mN throughout the experiment. An equilibration period of
at least 1h at a stimulation frequency of 1 Hz preceded each
experiment. Subsequently, the frequency of stimulation was
lowered to 0.2Hz and the drug intervention was started as
soon as force of contraction had reached a steady state. The
following parameters of the isometric contraction were evalu-
ated: peak force of contraction (F,); positive inotropic effect
(AF ), i, increase in force over its basal value; contraction
duration determined at 10% of F,.

Cyclic AMP assay

Catecholamine-depleted papillary muscles were obtained and
mounted as described above. The muscles were exposed to
isoprenaline (10nM) for 5 or 10min and to 3-isobutyl, 1-
methyl xanthine (100 um) for 20 min. In some experiments car-
bachol (3 uM) was added in the presence of the catecholamine
or IBMX for Smin. Thereafter, the muscles were removed
from the organ bath and immediately frozen in liquid nitro-
gen. Cyclic AMP was measured by radioimmunoassay by the
methods of Harper & Brooker (1975), as described by Korth
et al. (1987). Recoveries, run with each experiment, were found
to be 100% and were not altered by the substances under
investigation. All measurable material was destroyed by treat-
ment with phosphodiesterase.

Electrophysiological measurements

In order to measure intracellular Na™* activity (al,), papillary
muscles were mounted horizontally in a perfusion chamber
(volume 2ml) perfused at a constant rate of 10mimin~!. The
voltage recording electrodes had tip resistances of 20 MQ and
small tip potentials when filled with 3 M KCl acidified to a pH
of 2 with HCL. The construction and calibration of the Na*-
sensitive microelectrodes with the neutral ion exchange resin
ETH 227 (Steiner et al, 1979) has been described in detail
elsewhere (Sheu & Fozzard, 1982). The muscles were impaled
with a conventional electrode and a Na™-sensitive microelec-
trode so that the impalements were as close as possible. From
the potentials measured with the two microelectrodes, the ay,
of the cell was calculated by means of the following equation

Eha — En = Eq + S log (ak, + kn, k3K, (0

where EL, is the transmembrane potential measured with the
Na*-sensitive microelectrode with respect to the reference
electrode in the bath, E_ the transmembrane potential mea-
sured with the conventional microelectrode, E, a constant
potential of the Na*-sensitive microelectrode, and S the slope
of the Na™-sensitive microelectrode (ranging from 50 to
61 mV per decade) as determined in NaCl solutions contain-
ing 0.1 mM EGTA. The ky,  is the selectivity coefficient of the
Na*-sensitive microelectrode which ranged from 0.01 to 0.02
for K*:Na* in a mixture of 10mm NaCl/140 mm KCl. The ai
is the intracellular K* activity which was 110 mm, as deter-
mined with K*-sensitive microelectrodes in 3 papillary
muscles. Before and after each experiment the electrodes were
calibrated at 35°C with pure solutions of NaCl and with mix-
tures of NaCl and KCl, with the sum (Na* + K ™) kept con-

stant at 150mM. Any change in calibration meant that the
experiments were discarded. Conventional and Na™-sensitive
microelectrodes were connected to a dual channel high imped-
ance electrometer (model 773, WP Instruments, New Haven,
Conn., U.S.A.). The signals were displayed separately and elec-
tronically subtracted on a pen recorder and on digital panel
meters. The panel meter readings were used for calculating
an,-

Materials

The drugs used were: carbamylcholine chloride (carbachol),
3-isobutyl, 1-methyl xanthine, (+)-propranolol hydrochloride,
reserpine (dissolved in 5% ascorbic acid) from Sigma
(Miinchen, F.R.G); (z)-isoprenaline hydrochloride from
Serva (Heidelberg, F.R.G.); sodium ionophore I (ETH 227),
N,N-dimethyltrimethylsilylamine  from Fluka (Buchs,
Switzerland); cyclic AMP radioimmunoassay (‘2°I) from
Becton Dickinson (Heidelberg, F.R.G.).

Statistics

The data are presented as arithmetic means + s.e.mean. Sig-
nificance tests were performed by Student’s ¢ test for paired or
unpaired observations. Differences between means were
regarded as statistically significant when P < 0.05.

Results

Inotropic effects

Figure 1a and b shows superimposed isometric contractions
of a catecholamine-depleted papillary muscle and the effect of
isoprenaline (a) or the phosphodiesterase inhibitor 3-isobutyl,
1-methyl xanthine (IBMX; b) in the absence and presence of
3 um carbachol. As expected, 10nm isoprenaline and 100 uM
IBMX produced a positive inotropic effect accompanied by a
reduction in contraction duration. Additional application of
3um carbachol strongly attenuated the positive inotropic
effect but did not affect the shortening of contraction dura-
tion. In contrast to its postsynaptic action, 3 uM carbachol
almost completely abolished the positive inotropic effect and
shortening of contraction duration evoked by noradrenaline,
released neuronally by means of field stimulation (Figure 1c).
Figure 2 summarizes the concentration-dependent effects of
carbachol on the isometric contraction in the presence of
isoprenaline or IBMX. Positive inotropic effects of six
muscles, respectively, were plotted versus contraction dura-
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Figure 1 Superimposed isometric contraction curves of the guinea-
pig papillary muscle showing the effects of isoprenaline (a) and 3-
isobutyl, 1-methyl xanthine (IBMX; b) and field stimulation (c) in the
absence and presence of 3 uM carbachol (CCh). In (a) and (b) the same
noradrenaline-depleted papillary muscle was used. Records were
taken when steady-state effects were achieved. Contraction frequency
0.2Hz in (a) and (b), 1.0Hz in (c).
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Figure 2 The effects of different concentrations of carbachol (open
symbols) on the relationship between contraction duration and posi-
tive inotropic effect in the presence of (a) isoprenaline and (b) the
phosphodiesterase inhibitor 3-isobutyl, 1-methyl xanthine (IBMX).
Values of contraction duration are correlated at identical concentra-
tions with the corresponding values of the positive inotropic effect.
Symbols represent the arithmetic means, with s.e.mean shown as hori-
zontal and vertical bars, of 6 muscles. Cumulative drug application:
isoprenaline (@) 1, (l) 3 and (¢) 10nM; IBMX (@) 3, (l) 20, (@) 60,
(A) 80, and (V) 100 uMm; carbachol (O) 0.1, () 0.3,(<) 1 and (A) 3 um.
Ordinate scales: contraction duration, expressed as % of the control
value (100% = 240.6 + 10.7ms in (a) and 231 + 9.8 ms in (b)). Abscis-
sa scales: positive inotropic effect, expressed as % of the value
observed with 10nM isoprenaline (100% = 9.8 + 0.4mN) or with
100 umM IBMX (100% = 9.7 + 0.4mN). Pre-drug control contraction
force was 34+ 0.7mN and 3.1 + 0.5mN in the isoprenaline and
IBMX group, respectively. Reserpine-pretreated guinea-pigs were used
in all experiments depicted in (a) and (b). Contraction frequency
0.2Hz.

tion. The data are presented before (closed symbols) and after
the cumulative addition of various carbachol concentrations.
In order to allow comparison of data, only those muscles
which developed nearly identical positive inotropic effects at
10nM isoprenaline (AF, 100% = 9.80 + 0.35mN) and 100 um
IBMX (AF, 100% = 9.72 + 0.42mN), were selected for nor-
malization. As can be seen from Figure 2, isoprenaline (a) and
IBMX (b) shortened contraction duration in a concentration-
dependent fashion. However, at a given positive inotropic
effect, there was a stronger effect on contraction duration in
the presence of IBMX. For example, contraction was short-
ened with 20 um IBMX by nearly 15% while force of contrac-
tion had barely increased. In contrast, with the same
percentage of shortening, isoprenaline produced a positive
inotropic effect which was 10 times stronger than that induced
by 20um IBMX. As further shown in Figure 2, carbachol
(3um) did not significantly affect shortening of contraction
duration, although, at the same time, it attenuated the positive
inotropic effect of 10nM isoprenaline by 82 + 3.5% (n = 6)
and that of 100 um IBMX by 79 + 10.2% (n = 6).

The effect of carbachol on cellular cyclic AMP content

In order to determine whether a decrease in cellular cyclic
AMP content may be involved in the negative inotropic
action of carbachol, the effect of 3 uM carbachol on force of
contraction and cyclic AMP level was investigated in the pre-
sence of 10nM isoprenaline and 100 uM IBMX. Cyclic AMP
content and force of contraction were always determined in
the same muscle at the same time. From Table 1 it is evident
that the positive inotropic effect of isoprenaline (10nm) 5 and
10min after drug addition was accompanied by a significant
increase in cyclic AMP content (by 58 +4 and 55 1 5%,
respectively; n = 7). Additional application of carbachol (3 um)
for 5min, reduced the positive inotropic effect of isoprenaline
by 85.4 + 6% (catecholamine present for 10min). However,
the cyclic AMP content remained elevated, ie., the cyclic
AMP content in the presence of carbachol did not differ sig-
nificantly from the corresponding values obtained with iso-
prenaline alone. Control experiments revealed that carbachol
(3 uM) alone produced a small positive inotropic effect (see also
Korth & Kiihlkamp, 1985) which was not accompanied by a
change in cyclic AMP content. Results similar to those
observed with isoprenaline were also obtained with carbachol
in the presence of 100 um IBMX. Carbachol (3 um) reduced the

Table 1 Effects of carbachol on isoprenaline- and 3-isobutyl, 1-methyl xanthine (IBMX)-induced increase in cyclic AMP content and

force of contraction
Cyclic AMP Positive inotropic effect
(pmolmg ! wet weight) (mN)

Control 0.62 £+ 0.03 (23) —

Carbachol (3 um) 0.61 + 0.04 (6) 0.53 + 0.1 (6)

Isoprenaline (10 nM) 0.98 + 0.03 (7) 103+ 0.8 (7)
Smin

Isoprenaline (10 nm) 0.96 + 0.05 (7) 9.6 + 0.6 (7)
10 min

Isoprenaline (10 nM) + carbachol (3 uM) 0.95 + 0.04 (8)™S 1.8 + 0.2 (8)*
10 min® )

Isoprenaline (10 nm) + carbachol (3 um) 0.93 + 0.04 (6)™S 1.5+ 0.3 (6)*
5 min

IBMX (100 M) 1.33 £ 0.06 (7) 112+ 09 (7
20 min

IBMX (100 um) + carbachol (3 uM) 1.31 £ 0.05 (6)° 1.7 £ 0.3 (6)*

20 min*

Results are expressed as means + s.e.mean. Numbers in parentheses denote numbers of experiments.
* Carbachol present during the last 5 min.

® Simultaneous addition of carbachol and isoprenaline.
* P < 0.01 vs isoprenaline or IBMX alone.

NS Not significant vs isoprenaline or IBMX alone.
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Figure 3 (a) Isoprenaline-induced decrease in intracellular Na™*
activity (ak,) and its reversal by washing with drug-free solution. (b)
Transient increase in al, upon superfusion of a muscle with 10nm
isoprenaline. Note that this effect was only occasionally seen. (c) Abo-
lition of the isoprenaline-induced decrease in aj, in the presence of
3uMm (t)-propranolol. Propranolol was added 60min before the
superfusion with the catecholamine. Resting papillary muscles from
reserpine-pretreated guinea-pigs were used in the experiments
depicted in (a), (b) and (c).

positive inotropic effect of the phosphodiesterase inhibitor by
84.8 + 8% (n = 7) but failed to decrease significantly the ele-
vated cyclic AMP content. Interestingly, IBMX evoked a posi-
tive inotropic effect within 20 min which was comparable to
that of 10nM isoprenaline, but at the same time induced an
elevation of the cyclic AMP level which exceeded that of the
catecholamine by 36%. The possibility that the sequence of
drug addition might have influenced the effects was con-
sidered. Isoprenaline was therefore added simultaneously with
carbachol instead of consecutively. As can be seen from Table
1, force of contraction rose within Smin to 15% of the effect
obtained with 10 nM isoprenaline alone, while the cyclic AMP
level was increased to about the same amount as with the
catecholamine alone. Thus, the results obtained with the
simultaneous application of isoprenaline and carbachol were
similar to those obtained after the sequential addition of the
drugs.
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Figure 4 Effect of the cyclic AMP-elevating drugs isoprenaline and
3-isobutyl, 1-methyl xanthine (IBMX) on intracellular Na* activity
(al,) and resting membrane potential (E,,) in the absence and presence
of carbachol. (a) Decrease in ak, and hyperpolarization of E, upon
superfusion of 10 nM isoprenaline. Failure of 3 uM carbachol to attenu-
ate both isoprenaline effects. Note that hyperpolarization of E,, was
very pronounced in this particular experiment. (b) Decrease in al,
during superfusion with 100 umM IBMX. This effect remains unchanged
in the presence of 3 uM carbachol. Resting papillary muscles from
reserpine-pretreated guinea-pigs were used in the experiments
depicted in (a) and (b).

The effect of carbachol on Na* activity

The effect of 10nM isoprenaline on al;, and resting membrane
potential in a quiescent papillary muscle is shown in Figure 3.
Application of isoprenaline to the superfusing solution caused
a, to decline from 6.5mM to 5.0mM within 12 min. After ak,
was constant for 15 min, the muscle was again superfused with
catecholamine-free solution, and al,, returned to its pre-drug
control level within 6 min. In a total of 10 papillary muscles,
exposure to isoprenaline (10nM) caused a decrease in al,
(Table 2) with an average change of 1.9 + 0.2 mMm (equivalent
to a decrease of 30%). In the experiment presented in Figure
3a, membrane resting potential remained stable at —82mV.
This, however, was not a regular finding, in 7 out of 10 experi-
ments, isoprenaline evoked a 1 to 3mV hyperpolarization
which paralleled the decrease in al,, (see Figure 4a and Table
2). As can be seen from Figure 3c, the decline in ai, induced
by isoprenaline was due to stimulation of f-adrenoceptors, for
it was completely antagonized by 3 uM (+)-propranolol. In 3
out of 10 experiments, isoprenaline (10 nM) caused a transient

Table 2 Effects of isoprenaline on intracellular Na* activity (ak,) and resting membrane potential (E,)) before and after the addition of

carbachol or in the presence of ( +)-propranolol

Ell
Condition (mV)
Control —828 + 04
Isoprenaline —845+0.5
(10nm)
Isoprenaline —844 1+ 04
(10 nM) + carbachol (3 um)
After wash-out —-825+10
(%)-Propranolol —838+06
(3 umM)
(x)-Propranolol
(3 uM) + isoprenaline (10 nm) —83.7+06

—1.7 £ 0.5%*

AE,,
(mV)

Aay,
(mMm) n

T
(mm)

6.8 +0.2 10
49 +0.2 —1.9 + 0.2%**

49+02
6.6 + 0.9
69+ 03 4

69+ 0.3

Results are expressed as means + s.e.mean. Preparations obtained from reserpine-pretreated guinea-pigs (Smgkg~' body weight

reserpine injected i.p. 24 h before the experiment).
n = number of muscles.
**P < 0.01, ***P < 0.001; Student’s paired ¢ test.
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Table 3 Influence of carbachol on 3-isobutyl, 1-methyl xanthine (IBMX)-induced decrease in intracellular Na*-activity (al,)

Resting potential al, Adl,,
Condition (mV) (mM) (mMm) n
Control —827+04 71+03 3
IBMX (100 um) -831+11 60+ 03 —1.1403*
IBMX (100 M) + carbachol (3 um) —832+10 6.0+ 0.3

Results are expressed as means + s.e.mean. Preparations obtained from reserpine-pretreated guinea-pigs (Smgkg~! body weight

reserpine injected i.p. 24 h before the experiment).
n = number of muscles.
*P < 0.05; Student’s paired t test.

increase in al, which was then followed by a sustained
decrease. Figure 3b shows such an experiment in which ajy,
rose within 2min from 6.7mM to 8.2mm and then declined
over the following Smin to a steady-state level of 4.9 mm.
Since a temperature effect upon switching to the
catecholamine-containing solution could be ruled out, the
reason for the transient increase in a, is not apparent. Figure
4a shows a typical experiment in which the effect of carbachol
(3uM) on isoprenaline-induced decrease in al, was investi-
gated. Isoprenaline (10 nM) caused al,, to decline from 6.8 mm
to 4.1 mM and membrane resting potential to hyperpolarize
from —83.0 to —85.5mV. Superfusion of the preparation with
isoprenaline plus carbachol for 10min was without further
effect on al,, and membrane resting potential. On switching to
drug-free solution, both al, and resting potential returned
towards control levels. Table 2 summarizes the effects of iso-
prenaline, isoprenaline plus carbachol and of washout on al,,
and resting membrane potential, determined in 10
catecholamine-depleted papillary muscles. Figure 4b shows
that IBMX (100 um) resembled the catecholamine by causing
al, to decrease from 6.8mM to 5.3mMm within 20min. This
effect was not influenced by additional application of 3 um car-
bachol. As summarized in Table 3, exposure of 2 other prep-
arations to 100 um IBMX in the absence and in the presence
of carbachol produced changes in ak, which were identical to
those shown in Figure 4b.

Discussion

The present study shows that force of contraction when
enhanced by isoprenaline or the phosphodiesterase inhibitor
IBMX, was strongly reduced by carbachol in a concentration-
dependent manner. Such an antagonism has been previously
described in ventricular preparations exposed to drugs that
either stimulate adenylate cyclase or inhibit phosphodiesterase
activity (Meester & Hardman, 1967; Endoh, 1980; Inui et al.,
1982). Muscarinic receptor agonists have been demonstrated
to decrease the transsarcolemmal Ca?* current, I, in
guinea-pig ventricular myocytes exposed to catecholamines or
phosphodiesterase inhibitors (Hescheler et al., 1986) and con-
sequently to reduce the myoplasmic Ca?* transient recorded
in aequorin-injected contracting papillary muscles (McIvor et
al., 1988). Thus, reduction of cyclic AMP-enhanced I, seems
to be directly responsible for the negative inotropic effect of
muscarinic receptor agonists.

Because most if not all cardiac effects of elevated cyclic
AMP are mediated by the cyclic AMP-dependent protein
kinase (Robinson-Steiner & Corbin, 1986; Kameyama et al.,
1986; Solaro, 1986), it has been postulated that muscarinic
receptor agonists interfere at some point in this system. The
discovery that cardiac muscarinic receptors are coupled to
adenylate cyclase via an inhibitory transducer protein (G),
which couples the inhibitory signals from the receptors to the
catalytic subunit of the cyclase (Gilman, 1984; Rodbell, 1980),
led to the notion that the mechanism of muscarinic inhibition
is due to reductions in cyclic AMP levels as a result of inhibi-
tion of adenylate cyclase. Indeed, muscarinic inhibition of
catecholamine-induced elevation of cyclic AMP levels has

been demonstrated in cardiac tissues. This has led some inves-
tigators to suggest that this is the major mechanism of action
of muscarinic receptor agonists on ventricular tissues
(Gardner & Allen, 1976; Keely et al., 1978; Endoh, 1980; Inui
et al., 1982; Linden et al., 1985). The present results, however,
demonstrate that the negative inotropic effect of carbachol
was not accompanied by a reduction in isoprenaline- or
IBMX-enhanced cyclic AMP content. From this it must be
concluded that inhibition of adenylate cyclase cannot be the
mechanism for the decrease in I, and hence for the negative
inotropic action of carbachol in guinea-pig papillary muscle.
A similar conclusion was reached by Watanabe & Besch
(1975) who showed, in the whole heart preparation of the
guinea-pig, that acetylcholine did not influence the cyclic
AMP content elevated by isoprenaline. However, in a more
recent study Lindemann & Watanabe (1985b) found a small
but significant inhibition of cyclic AMP accumulation when
acetylcholine was given simultaneously with isoprenaline or
IBMX to guinea-pig hearts perfused by the Langendorff tech-
nique. In the present study, neither the simultaneous nor the
sequential addition of carbachol had any influence on the
increase in cyclic AMP induced by 10nM isoprenaline or
100 um IBMX.

Besides their positive inotropic- and cyclic AMP-elevating
effects, isoprenaline as well as IBMX shortened contraction
duration of the guinea-pig papillary muscle. At low and mod-
erately effective concentrations, this effect was due to a short-
ening of time to peak force, while at high concentrations
shortening of relaxation time became the prevailing effect (see
also Korth & Schmied, 1988). In accordance with the cyclic
AMP measurements, carbachol did not abolish the shortening
of contraction duration induced by either the catecholamine
or the phosphodiesterase inhibitor. It appears, therefore, as if
contraction duration is a more reliable parameter for estimat-
ing changes in cellular cyclic AMP content than force of con-
traction or I,. In this context, it is interesting to note that
isoprenaline and IBMX differed with respect to the relation-
ship between positive inotropic effect and shortening of con-
traction duration (see Figure 2). This difference was no longer
apparent when contraction duration was correlated with the
respective cyclic AMP levels, as determined in an earlier study
under otherwise identical cohditions (Korth et al., 1987). The
present results are in accord with the recent finding that
acetylcholine, despite its strong negative inotropic effect, failed
to alter the isoprenaline-induced shortening of relaxation time
in ferret papillary muscle (Mclvor et al., 1988). In the same
study, it was shown that acetylcholine, by a cyclic AMP-
independent mechanism, reversed the isoprenaline-induced
decrease of the affinity of troponin for Ca%*. Both observa-
tions combined seem to exclude the possibility that the myo-
cardial relaxation is modulated by changes in myofibrillar
Ca?* sensitivity. The finding that cyclic AMP-dependent
phosphorylation of phospholamban is associated with
increases in the rate of Ca?* accumulation by sarcoplasmic
reticulum (Tada et al., 1975; Hicks et al., 1979) and shortening
of relaxation time (Lindemann et al., 1983; Lindemann &
Watanabe, 1985a) is consistent with the hypothesis that the
rate of Ca?2* pumping out of the myoplasm determines the
relaxation time of ventricular myocardium. The present find-
ings, as well as those of Mclvor et al. (1988), are in contrast to
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studies on guinea-pig hearts perfused by the Langendorff tech-
nique (Lindemann et al, 1983; Lindemann & Watanabe,
1985b). By use of cyclic AMP-elevating drugs such as iso-
prenaline, IBMX and forskolin, which activates directly the
catalytic subunit of adenylate cyclase (Daly, 1984), these
authors found that additional stimulation of muscarinic recep-
tors attenuated phospholamban phosphorylation, Ca uptake
into the sarcoplasmic reticulum and shortening of relaxation
time. Since the present study and the experiments of Linde-
mann et al. (1983) and of Lindemann & Watanabe (1985b)
were carried out on guinea-pig ventricular myocardium,
species differences can hardly account for the discrepancy in
results. Moreover, the failure of carbachol to antagonize cyclic
AMP-dependent shortening of contraction duration was also
apparent when the muscle was exposed to isoprenaline or
IBMX initially, carbachol initially, or to both drugs simulta-
neously. This indicates that the experimental protocol can
hardly account for the disparity in findings.

In cardiac muscle cells, catecholamines increase Na* efflux
and K* influx, and, under certain conditions, hyperpolarize
resting membrane potential (Glitsch et al., 1965; Vasalle &
Barnabei, 1971; Hougen et al., 1981). More recently, direct
measurements of the effects of catecholamines on intracellular
Na* activity were made on multicellular heart preparations
(Wasserstrom et al., 1982; Lee & Vasalle, 1983) and on iso-
lated cardiac myocytes (Désilets & Baumgarten, 1986). In all
three studies, catecholamines were found to decrease al,, by
directly stimulating Na*-K* pump activity in heart muscle.
Since cyclic AMP derivatives (Pecker et al., 1986) and for-
skolin (Zalups & Sheu, 1987) mimicked the catecholamine
effect on al,, it can be concluded that stimulation of the

References

DALY, J.W. (1984). Forskolin, adenylate cyclase, and cell physiology:
an overview. Adv. Cyclic Nucleotide Protein Phosphorylation Res.,
17, 81-89.

DESILETS, M. & BAUMGARTEN, C.M. (1986). Isoproterenol directly
stimulates the Na*—K* pump in isolated cardiac myocytes. Am. J.
Physiol., 251, H218-H225.

ENDOH, M. (1980). The time course of changes in cyclic nucleotide
levels during cholinergic inhibition of positive inotropic actions of
isoprenaline and theophylline in the isolated canine ventricular
myocardium. Naunyn-Schmiedebergs Arch. Pharmacol., 312, 175-
182.

GADSBY, D.C. (1984). The Na/K pump of cardiac cells. Ann. Rev.
Biophys. Bioeng., 13, 373-398.

GARDNER, R.M. & ALLEN, D.O. (1976). Regulation of cyclic nucleotide
levels and glycogen phosphorylase activity by acetylcholine and
epinephrine in perfused rat hearts. J. Pharmacol. Exp. Ther., 198,
412-419.

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

GLITSCH, HG., HAAS, H.G. & TRAUTWEIN, W..(1965). The effect. of
adrenaline on the K and Na fluxes in the frog’s atrium. Naunyn-
Schmiedebergs Arch. Exp. Path. Pharmak., 250, 59-71.

HARPER, JF. & BROOKER, G. (1975). Femtomole sensitive radioim-
munoassay for 3':5' cyclic nucleotide monophosphates after 2'0
acetylation by acetic anhydride in aqueous solution. J. Cycl. Nucl.
Res., 1, 207-218.

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

HICKS, M.J,, SHIGEKAWA, M. & KATZ, AM. (1979). Mechanism by
which cyclic adenosine 3':5-monophosphate-dependent protein
kinase stimulates calcium transport in cardic sarcoplasmic reti-
culum. Circ. Res., 44, 384-391.

HIGGINS, C.B, VATNER, SF. & BRAUNWALD, E. (1973). Parasym-
pathetic control of the heart. Pharmacol. Rev., 25, 119-155.

HOUGEN, T.J,, SPICER, N. & SMITH, T.W. (1981). Stimulation of mono-
valent cation active transport by low concentrations of cardiac
glycosides. Role of catecholamines. J. Clin. Invest., 68, 1207-1214.

INUIL, J., BRODDE, O.-E. & SCHUMANN, H.J. (1982). Influence of acetyl-
choline” on the positive inotropic effect evoked by a- or B-
adrenoceptor stimulation in the rabbit heart. Naunyn-
Schmiedebergs Arch. Pharmacol., 320, 152-159.

KAMEYAMA, M., HESCHELER, J, HOFMANN, F. & TRAUTWEIN, W.

Na*-K* pump is a cyclic AMP-dependent effect. However,
the nature, and role of proteins that are presumedly phos-
phorylated as part of the molecular mechanism causing
Na*-K* pump stimulation are presently unknown. The
present results are in agreement with the aforementioned
studies, demonstrating a persistent decrease in al, (by 30%)
when the papillary muscle was superfused with 10nM iso-
prenaline. Hyperpolarization of membrane resting potential,
which accompanied the decline in al, in most of the prep-
arations, was probably due to the electrogenicity of the stimu-
lated Na*-K™* pump (Gadsby, 1984). As with shortening of
contraction duration and elevated cyclic AMP level, addi-
tional application of carbachol failed to attenuate the decline
in ay, and the hyperpolarization of membrane resting poten-
tial. The phosphodiesterase inhibitor IBMX mimicked the
catecholamine effect by producing a decline in al, which was
also resistant to stimulation of muscarinic receptors.

In conclusion, the present results demonstrate that the
antagonism of cardiac muscarinic receptor stimulation in the
presence of cyclic AMP-elevating drugs is restricted to a nega-
tive inotropic effect, which presumedly depends on inhibition
of I, . Elevated cyclic AMP levels, shortening of contraction
duration and Na*-K* pump stimulation remains unaffected
by muscarinic receptor agonists. The results are compatible
with the hypothesis that stimulation of muscarinic receptors
leads to inhibition of voltage-dependent Ca2* channels by a
mechanism that does not involve directly the cytosolic signal
molecule cyclic AMP.

The authors wish to thank Mrs Gudrun Lentner for excellent techni-
cal assistance.

(1986). Modulation of Ca current during the phosphorylation
cycle in guinea pig heart. Pfligers Arch., 407, 123-128.

KEELY, S.L., LINCOLN, T.M. & CORBIN, J.D. (1978). Interaction of
acetylcholine and epinephrine on heart cyclic AMP-dependent
protein kinase. Am. J. Physiol., 234, H432-H438.

KORTH, M. & KUHLKAMP, V. (1985). Muscarinic receptor-mediated
increase of intracellular Na*-ion activity and force of contraction.
Pfliigers Arch., 403, 266-272.

KORTH, M., ENGELS, J. & SCHAFER-KORTING, M. (1987). Influence of
phosphodiesterase inhibition and of carbachol on inotropic effects
of 8-substituted cyclic AMP analogues. Naunyn-Schmiedebergs
Arch. Pharmacol., 335, 166-175.

KORTH, M. & SCHMIED, R. (1988). Differential effects of (—)-nore-
pinephrine and of (+)-isoproterenol on cardiac contraction, an
uptake phenomenon. J. Pharmacol. Exp. Ther., 247, 1164-1171.

LEE, C.O. & VASSALLE, M. (1983). Modulation of intracellular Na™*
activity and cardiac force by norepinephrine and CaZ*. Am. J.
Physiol., 244, C110-C114.

LEVY, M.N. (1971). Sympathetic-parasympathetic interactions in the
heart. Circ. Res., 29, 437-445. .

' LEVY, MN, MARTIN, P.J. & STUESSE, S.L. (1981). Neural regulation of

the heart beat. Ann. Rev. Physiol., 43, 443-453.

LINDEMANN, J.P, JONES, LR, HATHAWAY, D.R, HENRY, BG. &
WATANABE, AM. (1983). B-Adrenergic stimulation of phos-
pholamban phosphorylation and Ca2?*-ATPase activity in guinea
pig ventricles. J. Biol. Chem., 258, 464-471.

LINDEMANN, J.P. & WATANABE, AM. (1985a). Phosphorylation of
phospholamban in intact myocardium. Role of Ca?*-calmodulin-
dependent mechanisms. J. Biol. Chem., 260, 4516-4525.

LINDEMANN, J.P. & WATANABE, A.M. (1985b). Muscarinic choliner-
gic inhibition of f-adrenergic stimulation of phospholamban phos-
phorylation and Ca?* transport in guinea pig ventricles. J. Biol.
Chem., 260, 13122-13129.

LINDEN, J., HOLLEN, CE. & PATEL, A. (1985). The mechanism by
which adenosine and cholinergic agents reduce contractility in rat
myocardium. Circ. Res., 56, 728-735.

LOFFELHOLZ, K. & PAPPANO, AJ. (1985). The parasympathetic
neuroeffector junction of the heart. Pharmacol. Rev., 37, 1-24.

MCcIVOR, M.E, ORCHARD, C.H. & LAKATTA, E.G. (1988). Dissociation
of changes in apparent myofibrillar Ca2* sensitivity and twitch
relaxation induced by adrenergic and cholinergic stimulation in
isolated ferret cardiac muscle. J. Gen. Physiol., 92, 509-529.

MEESTER, W.D. & HARDMAN, HF. (1967). Blockade of the positive



CARBACHOL AND MYOCARDIAL CYCLIC AMP EFFECTS 407

inotropic actions of epinephrine and theophylline by acetylcholine.
J. Pharmacol. Exp. Ther., 158, 241-247.

PECKER, M.S,, IM, W.-B,, SONN, JK. & LEE, C.O. (1986). Effect of nor-
epinephrine and cyclic AMP on intracellular sodium ion activity
and contractile force in canine cardiac Purkinje fibers. Circ. Res.,
59, 390-397.

REITER, M. (1967). Die Wertbestimmung inotrop wirkender Arznei-
mittel am isolierten Papillarmuskel. Arzneimittelforsch., 17, 1249
1253.

ROBINSON-STEINER, AM. & CORBIN, J.D. (1986). Protein Phos-
phorylation in the heart. In The Heart and Cardiovascular System,
ed. Fozzard, H.A.,, Jennings, R.B., Haber, E, Katz, AM. &
Morgan, H.E. pp. 887-910. New York: Raven Press.

RODBELL, M. (1980). The role of hormone receptors and GTP-
regulatory proteins in membrane transduction. Nature, 284, 17-22.

SCHMIED, R. & KORTH, M. (1988). Muscarinic receptor-mediated
antagonism of cyclic AMP-dependent effects in guinea-pig myo-
cardium. Naunyn-Schmiedebergs Arch. Pharmacol., 337, (Abstr.) R
62.

SHEU, S.-S. & FOZZARD, H.A. (1982). Transmembrane Na* and Ca?*
electrochemical gradients in cardiac muscle and their relationship
to force development. J. Gen. Physiol., 80, 325-351.

SOLARO, RJ. (1986). Protein phosphorylation and the cardiac myo-
filaments. In Protein Phosphorylation in Heart Muscle. ed. Solaro,
R.J. pp. 129-156. Boca Raton: CRC Press.

STEINER, R.A, OEHME, M, AMMANN, D. & SIMON, W. (1979).
Neutral carrier sodium ion-selective microelectrode for intracellu-
lar studies. Analyt. Chem., 51, 351-353.

TADA, M, KIRCHBERGER, MA. & KATZ, AM. (1975). Phos-
phorylation of a 22,000-dalton component of the cardiac sarco-
plasmic reticulum by adenosine 3':5-monophosphate-dependent
protein kinase. J. Biol. Chem., 250, 2640-2647.

VASSALLE, M. & BARNABEI, O. (1971). Norepinephrine and potassium
fluxes in cardiac Purkinje fibers. Pfliigers Arch., 322, 287-303.

WASSERSTROM, J.A, SCHWARTZ, D.J. & FOZZARD, H.A. (1982). Cate-
cholamine effects on intracellular sodium activity and tension in
dog heart. Am. J. Physiol., 243, H670-H675.

WATANABE, A M. & BESCH, H.R. (1975). Interaction between cyclic
adenosine monophosphate and cyclic guanosine monophosphate
in guinea pig ventricular myocardium. Circ. Res., 37, 309-317.

ZALUPS, RK. & SHELU, S.-S. (1987). Effects of forskolin on intracellular
sodium activity in resting and stimulated cardiac Purkinje fibers
from sheep. J. Mol. Cell. Cardiol., 19, 887-896.

(Received July 25, 1989
Revised October 10, 1989
Accepted October 11, 1989)



