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Abstract

In order to investigate the mechanisms responsible for the inotropic effects of muscarinic acetylcholine receptor stimulation by high
w 2qxconcentrations of muscarinic receptor agonists, we studied the effects of carbachol at 30–300 mM on the electrically induced Ca i

transient of rat isolated ventricular myocytes. Carbachol at this dose range increased the amplitude and duration of the electrically induced
w 2qxCa transient time and dose dependently. It also increased the resting fluorescence ratio and time to 80% decline of amplitude fromi

w 2qx 2qthe peak. At 100–300 mM the increase in Ca transient was followed by a cluster of Ca oscillations in 50–83% of the cells studied.i

The effects were blocked by atropine, but not pertussis toxin. Depletion of Ca2q from sarcoplasmic reticulum by ryanodine, which itself
w 2qx w 2qxreduced the amplitude of the Ca transient and increased resting fluorescence, abolished the effect of carbachol on the Cai i

w 2qxtransient without affecting its effect on resting fluorescence ratio. The caffeine-induced Ca transient was unaffected by prior additioni

of carbachol in a Ca2q free and low Naq solution. Inhibition of Ca2q influx by the L-type Ca2q channel blocker, verapamil, which itself
w 2qxreduced the amplitude of the Ca transient without affecting the resting fluorescence ratio, attenuated the augmentation of thei

w 2qx 2q 2q q 2qamplitude of the Ca transient elicited by carbachol. Ni , a non-specific Ca channel blocker and an inhibitor of Na -Cai
w 2qx qexchange, abolished the effects of carbachol on both Ca transient and resting fluorescence ratio. Low external Na , which increasedi

the resting fluorescence ratio due to its inhibitory effect on Naq-Ca2q exchange, also abolished the effects of carbachol. The results
indicate that the inotropic effect of muscarinic acetylcholine receptor stimulation by high concentrations of a muscarinic receptor agonist

w 2qxmay be due to an increase in the electrically induced Ca transient in ventricular myocytes via a process which is not pertussis toxini
w 2qx q 2q 2qsensitive. The increase in the electrically induced Ca transient may result from increases in Na -Ca exchange and influx of Cai

via voltage-gated Ca2q channels, and mobilization of Ca2q from the intracellular store. The mobilization of Ca2q from the intracellular
store is a secondary event. The study has provided evidence for the first time that muscarinic acetylcholine receptor stimulation by high
concentrations of carbachol increases Ca2q influx via the Ca2q channel and mobilization of Ca2q from its intracellular store. The study
has also demonstrated for the first time the occurrence of Ca2q oscillations induced by high concentrations of carbachol.

w 2qx q 2qKeywords: Muscarinic receptor; Ca transient; Electrical stimulation; Na -Ca exchange; Carbacholi

1. Introduction

Muscarinic acetylcholine receptor stimulation usually
Žproduces inhibitory effects on the heart see Pappano,

.1991 . The inhibitory effects of muscarinic acetylcholine
receptor stimulation are mediated by muscarinic M recep-2

tors and are sensitive to ADP ribosylation by pertussis
Ž .toxin Endoh et al., 1985; Sorota et al., 1985 . Muscarinic

) Ž . Ž .Corresponding author. Tel.: 852 2819-9202; Fax: 852 2855-9730;
e-mail: wongtakm@hkucc.hku.hk

acetylcholine receptor stimulation by higher concentrations
of muscarinic receptor agonists such as carbachol, how-
ever, produces paradoxically stimulatory effects including
increases in heart rate, contractility and action potential

Žduration Lipsius and Gibbons, 1980; Gilmour and Zips,
.1985; Berlin et al., 1987; Mubagwa et al., 1992 , which

may be mediated by muscarinic M receptor and via a1
Žprocess insensitive to pertussis toxin Tajima et al., 1987;

.Gallo et al., 1993 . The positive inotropic effect was
w 2qxbelieved to be related to an increase in Ca . The maini

evidence was obtained in a quiescent rat ventricular my-
ocyte suspension, in which carbachol at 300 mM increased
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w 2qx 2q ŽCa , which was dependent on extracellular Ca Korthi
. w 2qxet al., 1988 . The increase in Ca may be due to ani

increase in Ca2q influx as carbachol at 100 mM has been
shown to increase a Ca2q current in the guinea-pig ven-

Žtricular myocyte pretreated with pertussis toxin Gallo et
. 2qal., 1993 . The Ca influx may not be mainly via the

2q w 2qxL-type Ca channel as the increase in Ca can not bei
Ž .blocked by nifedipine Korth et al., 1988 . The carbachol-

w 2qxinduced increase in Ca is abolished in the absence ofi

external Naq, which is known to inhibit the Naq-Ca2q

Ž .exchange Korth et al., 1988 . The contribution of mobi-
lization of Ca2q from its intracellular store to the elevation

w 2qxof Ca in response to muscarinic acetylcholine receptori

stimulation by high carbachol is not clear. In the quiescent
ventricular myocyte, the carbachol-induced increase in
w 2qxCa was found to remain the same in the presence ofi

Ž .ryanodine or caffeine Korth et al., 1988 , suggesting that
intracellular Ca2q from the sarcoplasmic reticulum is not

w 2qxrequired for the carbachol-induced increase in Ca i.

However, carbachol also induces inositol 1,4,5-triphos-
Ž . Žphate IP production in myocardial cells Berg et al.,3

. 2q1989; Gallo et al., 1993 , which may induce Ca release
from sarcoplasmic reticulum via the IP -sensitive binding3

site in sarcoplasmic reticulum.
Cardiac muscle contracts upon the arrival of an excita-

tory impulse that depolarizes the sarcolemma and triggers
a cascade of events – Ca2q influx, Ca2q release from the
sarcoplasmic reticulum via a Ca2q-induced Ca2q release

w 2qxmechanism, and elevation of Ca , leading eventually toi
w 2qxmuscle contraction. However, measurement of Ca , ini

the quiescent ventricular myocyte, in which such a cascade
of events does not happen, is not the most suitable parame-
ter for the study of the mechanisms of contraction of
cardiac muscle in response to humoral stimulation. In
support of this statement, it was found that k-receptor
Ž . ŽVentura et al., 1992 and angiotensin-receptor Kem et al.,

. w 2qx1991 stimulation increased Ca in the quiescent ven-i

tricular myocyte, but decreased the cardiac contractility,
w 2qxindicating that changes in the Ca in quiescent my-i

ocytes are not directly linked to changes in the contractility
w 2qxof cardiac muscle. The Ca transient in the ventriculari

myocyte induced by electrical stimulation, which also
elicits contraction, is directly related to changes in contrac-

Žtion Tatsukawa et al., 1993; Janczewski and Lakatta,
.1993 . This is because electrical stimulation elicits muscle

contraction via the cascade of events that occur on the
arrival of an excitatory impulse – Ca2q influx, release of
Ca2q from the intracellular store by a Ca2q-induced Ca2q

Ž . w 2qxrelease Fabiato, 1985 . Therefore, the Ca transient ini

the ventricular myocyte is a more suitable parameter for
the study of mechanisms related to contraction of cardiac
muscle.

The purpose of the present study was therefore 1. to
study the effects of high concentrations of carbachol on

w 2qxelectrically induced Ca transients in the ventriculari

myocyte and 2. to re-investigate the mechanisms of mus-

carinic acetylcholine receptor stimulation by high concen-
trations of carbachol on the positive inotropic effect in this
preparation. The main observations were: muscarinic
acetylcholine receptor stimulation by high concentrations
of carbachol increased the amplitude of the electrically

w 2qxinduced Ca transient, which was blocked by atropine,i

but not pertussis toxin. Interference with Naq-Ca2q ex-
change or Ca2q mobilization from the sarcoplasmic reticu-
lum abolished completely, while reductions in Ca2q influx
by verapamil attenuated, the increase in the amplitude of

w 2qxthe electrically induced Ca transient elicited by carba-i

chol. Carbachol did not act directly on the sarcoplasmic
reticulum, suggesting that mobilization of intracellular
Ca2q is a secondary event. Preliminary results have been

Ž .presented in abstract form Wang et al., 1996 .

2. Materials and methods

2.1. Isolation of Ca2 q-tolerant Õentricular myocytes

Ventricular myocytes of adult Sprague Dawley rats
Ž .200–250 g were isolated using a collagenase perfusion

Ž .method described previously Dong et al., 1993 . Immedi-
ately after decapitation of the rat, the heart was rapidly
removed and perfused in a retrograde manner at a constant
flow of 10 mlrmin with oxygenated Joklik modified Ea-
gle’s medium supplemented with 1.25 mM CaCl and 102

mM Hepes, pH 7.4, at 378C for 5 min. followed by another
5 min. with the same solution without Ca2q. Type I
collagenase was added to the medium to a concentration of
125 Urml with 0.1% bovine serum albumin. After 35–45
min. of perfusion with the collagenase containing medium,
both atria were discarded. The ventricular tissues were cut
into small pieces with a pair of scissors and stirred with a
glass rod in the same oxygenated collagenase solution for
5 min at 378C. The residue was filtered through 250 mm
mesh screens with 2% bovine serum albumin. More than
70% of the cells were rod-shaped and not trypan-blue
permeable. The Ca2q concentration of the Joklik solution
was increased gradually to 1.25 mM over 30 min.

2.2. Cell culture

A minimum essential medium supplemented with final
concentrations of 100 I.U.rml penicillin, 0.1 mgrml
streptomycin and 10% fetal calf serum was used. The
isolated cells were seeded into 25-cm2 tissue culture flasks
containing 10 ml of the supplemented solution and main-
tained at 378C in 5% CO -humidified air. Pertussis toxin at2

1 mgrml was added for 20–24 h.

2.3. Loading of cells with fura-2rAM

Ventricular myocytes were incubated with fura-2rAM
at a concentration of 4 mM in Joklik solution supple-
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mented with 1.25 mM CaCl for 25 min. The unincorpo-2

rated dye was removed by washing the cells twice with
fresh incubation solution. The loaded cells were main-

Ž .tained at room temperature 24–268C for 60 min before
w 2qxmeasurement of Ca in order to allow the fura-2rAMi

in the cytosol to de-esterify.

[ 2 q]2.4. Measurement of cytosolic free Ca i

The apparatus and fura-2 fluorescent technique have
Ž .been described previously Hohl and Li, 1991 . The ven-

tricular myocytes loaded with fura-2rAM were transferred
Ž .to the stage of an inverted microscope Nikon in a super-

fusion chamber at room temperature. The inverted micro-
scope was coupled with a dual excitation spectrofluori-

Ž .meter PTI . The ventricular myocytes were superfused
Ž . Žwith a Krebs bicarbonate buffer KB buffer containing in

.mM 115 NaCl, 5 KCl, 1.2 MgSO , 1.2 KH PO , 1.254 2 4

CaCl , 25 NaHCO , and 11 glucose with 1% dialyzed2 3

bovine serum albumin and gassed with 95% O -5% CO .2 2

Low Naq solution was prepared by substituting 2r3 of
NaCl with an equimolar concentration of choline chloride.
For the experiment on the effect of caffeine, all NaCl was
replaced by an equimolar concentration of choline chloride
and CaCl was not added. A small amount of Naq was2

still present due to the use of NaOH for adjustment of pH.
The single cardiac myocytes were placed on a glass cover-
slip to which they naturally became adherent in approxi-
mately 20 min. They were paced at 0.1 Hz by electrical
field stimulation with pulses from a stimulator at 60 V for
15 ms duration. The emitted light was filtered at 510 nm.

Ž .Fluorescent signals obtained at 340 nm F340 and 380 nm
Ž .F380 were recorded in a personal computer for subse-
quent data processing and analysis. The ratio of F340 and

w 2qxF380 was used to represent Ca in the myocyte be-i

cause it was considered that changes in the fluorescence
ratio do accurately reflect fluctuations in cytosolic concen-
tration occurring during a contraction-relaxation cycle
Ž .Hohl and Li, 1991 . The following parameters of the
w 2qxCa transient were determined: peak fluorescence ratio,i

Žresting fluorescence ratio, amplitude peak fluorescence
.ratioy resting fluorescence ratio and time to 80% decline

of amplitude from the peak. There was no leakage of fura
2 during the whole experimental period of 20 min, as
indicated by the fact that the fluorescence at 340 and 380
nm remained constant for 20 min.

2.5. Drugs and chemicals

Carbachol, fura-2rAM, verapamil, type I collagenase,
nickel chloride, pertussis toxin, ryanodine and caffeine
were purchased from Sigma Chemical Co. All chemicals
were dissolved in distilled water except fura-2rAM, which

Ž .was dissolved in dimethyl sulphoxide DMSO . The con-
centrations of drugs used were based on previous studies-

Ž .verapamil, ryanodine and caffeine Korth et al., 1988 , and
2q Ž .Ni Levi et al., 1993 .

2.6. Statistical analysis

Ž .One-way analysis of variance ANOVA was used to
determine the difference among multiple groups. Paired
Student’s t-test was used to determine the effects of the
drugs at different time points. For the effects of caffeine on

w 2qxthe Ca transient, unpaired Student’s t-test was used.i

Probability values less than 0.05 were considered statisti-
cally significant.

3. Results

3.1. The effects of carbachol on the electrically induced
Ca2 q transient

Carbachol at 30–300 mM increased significantly the
amplitude of the electrically induced Ca2q transient dose

Ž .dependently Fig. 1A,B . Carbachol at 100–300 mM also
increased the resting fluorescence ratio and time to 80%

Ž .decline of amplitude from the peak Fig. 1A,B . In addi-
w 2qxtion, it triggered Ca oscillations in 3 and 5 out of 6i

Ž .cells studied at 100 and 300 mM, respectively Fig. 1A .
The time course of the effect of carbachol 100 mM is
shown in Fig. 2. The effect of carbachol on amplitude was

Ž .obvious at 10 min after addition of the drug Fig. 2 . The
peak response was reached at 15 min when a plateau

Ž .appeared Fig. 2 . At 15 min both the resting fluorescence
ratio and time to 80% decline of amplitude from peak

Ž .Fig. 1. Effects of carbachol 10–300 mM on the electrically induced
w 2q xCa transient in an isolated single ventricular myocyte – dose-depen-i

Ž .dent response at 15 min after drug administration. A Representative
Ž .tracings; B effects on amplitude, resting fluorescence ratio and time to

Ž . Ž .80% decline in amplitude from peak T80 L . For B , values are
means"S.E.M; ns6. a P -0.05, b P -0.01 vs. control.
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Ž . w 2q xFig. 2. Effects of carbachol 100 mM on the electrically induced Ca i

transient in isolated single ventricular myocytes – time-course changes.
Ž . Ž .A Representative tracings; B effects on amplitude, resting fluores-

Ž .cence ratio and time to 80% decline in amplitude from peak T80 L . For
Ž . a bB , values are means"S.E.M; ns6. P -0.05, P -0.01 vs. control.

Ž . w 2qxincreased significantly Fig. 2 and Ca oscillationsi
Ž .occurred Fig. 2A .

[ 2 q]3.2. The effect of carbachol on the Ca transient ini

Õentricular myocytes pretreated with atropine and pertus-
sis toxin

The effects of carbachol on the electrically induced
Ca2q transient were abolished after the addition of at-

Žropine at 1 mM for 10 min, which itself had no effect Fig.
.3A . Incubation of the ventricular myocytes with pertussis

toxin at 1 mgrml for 20–24 h failed to alter the effect of
Ž .carbachol at 100 mM at all Fig. 3B . The treatment indeed

abolished the function of pertussis toxin-sensitive G-pro-
teins in the present experimental conditions, as indicated
by the fact that it completely abolished the inhibitory
effects of adenosine 100 mM on the augmentation of the
electrically induced Ca2q transient by isoproterenol at 100

Ž .nM data not shown , an event known to be mediated via
ŽG , which is sensitive to pertussis toxin Brown et al.,i

.1990; Ma and Green, 1992 .

[ 2 q]3.3. The effect of carbachol on the Ca transient ini

Õentricular myocytes pretreated with ryanodine

In order to test whether the increase in the electrically
w 2qxinduced Ca transient was related to mobilization ofi

intracellular Ca2q, the effects of carbachol were studied
with pretreatment with ryanodine, which is known to

2q Ž .deplete Ca from its intracellular pool Wier et al., 1985 .
As shown in Fig. 4A, ryanodine at 500 nM itself markedly

w 2qxdecreased the amplitude of the electrically induced Ca i

transient, but increased significantly the resting fluores-
cence ratio, presumably due to depletion of Ca2q from its

Ž .intracellular pool Wier et al., 1985 . Carbachol added
after ryanodine was unable to increase the amplitude of the

w 2qxelectrically induced Ca transient, but the resting fluo-i
Ž .rescence was further elevated Fig. 4 . Neither did carba-

w 2qxchol trigger Ca oscillation.i

3.4. The effect of carbachol on the caffeine-induced
[ 2 q]Ca transienti

In order to further test whether carbachol acted directly
on the sarcoplasmic reticulum leading to mobilization of
Ca2q or not, we studied the effects of pretreatment with
carbachol on the Ca2q transient induced by caffeine, known
to mobilize Ca2q from the sarcoplasmic reticulum
Ž .Sitsapesan and Williams, 1990 , in quiescent ventricular
myocytes superfused with a Ca2q-free and low Naq solu-
tion, thus removing the influence of both Ca2q influx and
Naq-Ca2q exchange. After superfusion of the cell with
carbachol at 100 mM for 15 min, the caffeine-induced

2q Ž . 2qCa transient remained the same Fig. 5 . In a Ca -free
w 2qxsolution carbachol 100 mM itself had no effect on Ca i

Ž .in a quiescent ventricular myocyte either data not shown .

Ž . w 2q xFig. 3. Effects of carbachol 100 mM on the electrically induced Ca i

transient in isolated single ventricular myocytes in the presence of
Ž . Ž .atropine A or pertussis toxin B – representative tracings of 5 experi-

Ž .ments. Atropine 1 mM was added 15 min before carbachol and pertussis
Ž .toxin 1 mgrml was incubated with the myocytes for 20–24 h before

experiment.
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Ž . w 2q xFig. 4. Effects of carbachol 100 mM on the electrically induced Ca i

transient in isolated single ventricular myocytes after pretreatment with
Ž . Ž . Ž .ryanodine 500 nM . A A representative tracing; B effects of carba-

Ž .chol on the amplitude and resting fluorescence ratio RR of the electri-
w 2q xcally induced Ca transient in isolated single ventricular myocytesi

after pretreatment with ryanodine. Values are means"S.E.M; ns5.
a P -0.05, b P -0.01 vs. control, c P -0.05 vs. ryanodine only.

w 2q x Ž .Fig. 5. Induction of Ca transients by caffeine 10 mM in singlei

isolated quiescent ventricular myocytes following pretreatment with car-
Ž . 2q w q xbachol 100 mM and superfused with a Ca -free and low Na o

Ž . Ž .solution for 20 min. A A representative tracing; B amplitude of
w 2q xcaffeine-induced Ca transients following pretreatment with carba-i

2q w q xchol and superfused with a Ca -free and low Na solution for 20o

min. Values are means"S.E.M; ns6.

Ž . w 2q xFig. 6. Effects of carbachol 100 mM on the electrically induced Ca i

transient in isolated single ventricular myocytes after pretreatment with
Ž . Ž . Ž .verapamil 10 mM . A A representative tracing; B effects of carbachol

Ž .on the amplitude and resting fluorescence ratio RR of the electrically
w 2q xinduced Ca transient in isolated single ventricular myocytes afteri

pretreatment with verapamil. Values are means"S.E.M; ns7. a P -

0.05, b P -0.01 vs. control, c P -0.01 vs. verapamil only.

[ 2 q]3.5. The effect of carbachol on the Ca transient ini

Õentricular myocytes pretreated with Õerapamil

To determine the importance of Ca2q influx via the
voltage-gated Ca2q channel on the augmentation of the
electrically induced Ca2q transient, the effects of carba-
chol following pretreatment with verapamil, a Ca2q chan-
nel antagonist, were studied. Within 5 min after the addi-
tion of verapamil at 10 mM, the amplitude of the electri-
cally induced Ca2q transient was reduced significantly,
while the resting fluorescence ratio remained unchanged.
Although carbachol at 100 mM increased significantly
both the amplitude of the electrically induced Ca2q tran-
sient and resting fluorescence ratio in the presence or
absence of verapamil, the increases in amplitude were
significantly attenuated in the presence of the Ca2q chan-

Ž . w 2qxnel antagonist Fig. 6 . No Ca oscillation was ob-i

served.

[ 2 q]3.6. The effect of carbachol on the Ca transient ini

myocardial cells pretreated with Ni2 q

Ni2q, a non-selective Ca2q channel blocker, which also
q 2q Žinhibits Na -Ca exchange Kimura et al., 1987; Beuck-

.elmann and Wier, 1989 was used. After the addition of
Ni2q at 5 mM, which itself reduced greatly the amplitude
of the electrically induced Ca2q transient without any
effect on the resting fluorescence ratio, the muscarinic
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Ž . w 2q xFig. 7. Effects of carbachol 100 mM on the electrically induced Ca i

transient in isolated single ventricular myocytes after prior superfusion
2q Ž . Ž . Ž .with Ni 5 mM for 5 min. A A representative tracing; B effects of

Ž .carbachol on the amplitude and resting fluorescence ratio RR of the
w 2q xelectrically induced Ca transient in isolated single ventricular my-i

ocytes after superfusion with Ni2q. Values are means"S.E.M; ns5.
b P -0.01 vs. control.

Ž . w 2q xFig. 8. Effects of carbachol 100 mM on the electrically induced Ca i
w q xtransient in isolated single ventricular myocytes in a low Na solution.o

Ž . Ž .A A representative tracing; B Effects of carbachol on the amplitude
Ž . w 2q xand resting fluorescence ratio RR of the electrically induced Ca i

w q xtransient in isolated single ventricular myocytes in a low Na solution.i

Values are means"S.E.M; ns5. a P -0.05 vs. control.

receptor agonist was unable to increase the electrically
2q Ž .induced Ca transient any further Fig. 7 , an effect

Ž . 2qdifferent from that of verapamil Fig. 6 . Nor did the Ca
Ž .oscillation occur Fig. 7 .

[ 2 q]3.7. The effect of carbachol on the Ca transient ini
[ q]myocardial cells pretreated with low Na o

Replacement of 2r3 of the sodium chloride with choline
chloride, which increased the resting fluorescence ratio in
agreement with its well known inhibitory action on Naq-

2q ŽCa exchange Barry et al., 1985; Bers, 1987; Tatsukawa
.et al., 1993 , abolished the effects of carbachol on the

2q w 2qxelectrically induced Ca transient and Ca oscillationsi
Ž .Fig. 8 . The resting fluorescence ratio remained high.

4. Discussion

In the present study we observed that high concentra-
tions of carbachol increased not only the amplitude and

w 2qxduration of the electrically induced Ca transient, buti

also the resting level of cytoplasmic Ca2q, indicating
increases in intracellular Ca2q in the ventricular myocyte
in both stimulated and non-stimulated states. The observa-
tion was in agreement with the previous finding that in the
quiescent cardiomyocyte, carbachol at the same dose-range

w 2qx Ž .increased Ca Korth et al., 1988 . That carbacholi

prolonged time to 80% decline of amplitude from the peak
suggests that either sequestration of Ca2q back to the
sarcoplasmic reticulum or the extrusion of Ca2q out of the
cell across the sarcolemma, or both, may be attenuated.
This warrants further investigation.

The effects of carbachol at high concentrations on the
w 2qxelectrically induced Ca transient were blocked byi

atropine, but not pertussis toxin, which is in agreement
Žwith the previous observation in chick atria Tajima et al.,

.1987 . The findings of both studies indicate that the action
of carbachol at this dose range is receptor-mediated via a
process which does not involve pertussis toxin-sensitive
G-proteins.

In the present study, the ventricular myocyte was depo-
larized by electrical field stimulation, which is known to
lead to muscle contraction via a cascade of events that
occur when an impulse generated from the S-A node
arrives in the cell. It has been shown that increases in

w 2qxelectrically induced Ca transients are directly corre-i
Žlated to increases in contractility Janczewski and Lakatta,

.1993 . Therefore, the stimulatory effects of carbachol on
w 2qxthe electrically induced Ca transient offer a reasonablei

explanation of the inotropic effect of the muscarinic recep-
tor agonist. Unfortunately, in the present study, changes in
contractility of the ventricular myocyte following treat-
ment with carbachol were not measured and correlated
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w 2qxwith changes in electrically induced Ca transients.i

Further study is needed.
In order to further investigate the mechanism of aug-

w 2qxmentation of the electrically induced Ca transient byi

muscarinic acetylcholine receptor stimulation, we studied
the effects of muscarinic acetylcholine receptor stimulation

w 2qx 2qon the electrically induced Ca transient when Ca ini

the intracellular pool, Ca2q influx via the L-type Ca2q

channels, and Naq-Ca2q exchange were interfered with. In
the present study, we found that ryanodine, known to

2q Žaccelerate Ca loss from the sarcoplasmic reticulum Wier
.et al., 1985 , as indicated by an increase in resting fluores-

cence ratio, when added before carbachol abolished the
enhancing effect of the agonist on the electrically induced
w 2qxCa transient. The observation indicates the importancei

of Ca2q from the intracellular store in the carbachol-in-
w 2qxduced augmentation of the Ca transient. In contrast, ini

quiescent ventricular myocytes, the carbachol-induced in-
w 2qxcrease in Ca was unaffected in the presence of eitheri

ryanodine or caffeine, suggesting that Ca2q release from
the sarcoplasmic reticulum was not required for the in-

w 2qxcrease in Ca following muscarinic acetylcholine re-i
Ž .ceptor stimulation Korth et al., 1988 . The discrepancy

between the two studies is due to the different preparations
used. Upon electrical stimulation, which depolarizes the
sarcolemma, Ca2q influx occurs via voltage-gated Ca2q

channels, leading to release of Ca2q from the sarcoplasmic
reticulum via a Ca2q-induced Ca2q release mechanism and

Ževentually to contraction Fabiato, 1985; Cleemann and
. 2qMorad, 1991 . Such events, and in particular the Ca -in-

duced Ca2q release from the sarcoplasmic reticulum, do
not happen in quiescent myocytes. The contribution of
Ca2q release from the sarcoplasmic reticulum was sec-

w 2qxondary as carbachol did not increase the Ca level ini

quiescent ventricular myocytes nor did it affect the caf-
w 2qxfeine-induced Ca transient in the absence of externali

2q w qxCa and in the presence of low Na , which removedo

the influence of both Ca2q influx and Naq-Ca2q ex-
change. The observations indicate no direct action of car-
bachol on the ryanodine-sensitive site in the sarcoplasmic
reticulum in the ventricular myocyte. Ca2q influx via
voltage-gated Ca2q channels has been well established to
trigger Ca2q release from the sarcoplasmic reticulum
Ž .Fabiato, 1985 . There is also evidence suggesting that the
release of Ca2q from its intracellular pool may be sec-

q 2q Žondary to activation of Na -Ca exchange Ganitkevich
.and Isenberg, 1993; Levi et al., 1993 . Further studies are

needed to determine the roles of these mechanisms in
triggering the mobilization of intracellular Ca2q upon
muscarinic acetylcholine receptor stimulation in electri-
cally stimulated myocytes.

In the present study it was found that when Ca2q influx
via the L-type Ca2q channel was inhibited with a Ca2q

channel antagonist, verapamil, the effects of carbachol
were greatly attenuated, although it was still able to in-
crease the resting fluorescence ratio, suggesting Ca2q in-

flux via the L-type Ca2q channel was also involved. The
observation is not in agreement with the finding that the

w 2qxcarbachol-induced increase in Ca is not affected byi
Žnifedipine in quiescent ventricular myocytes Korth et al.,

.1988 . The discrepancy may be also related to the different
preparations used in the previous and the present studies,
as discussed above.

Ni2q, a non-specific Ca2q channel antagonist that also
q 2q Žinhibits Na -Ca exchange Kimura et al., 1987; Beuck-

.elmann and Wier, 1989 , significantly reduced the ampli-
w 2qxtude of the electrically induced Ca transient in ai

similar way as verapamil, presumably due to its inhibitory
effects on Ca2q influx. Unlike verapamil, Ni2q added
before carbachol abolished completely the augmentation of

w 2qxthe electrically induced Ca transient by carbachol,i

suggesting that the Naq-Ca2q exchange may be essential
for the process. In support of the suggestion, in the pres-
ence of low external Naq, which itself increased the
resting fluorescence ratio presumably due to inhibition of

q 2q Žthe Na -Ca exchange Barry et al., 1985; Bers, 1987;
.Tatsukawa et al., 1993 , but did not affect the electrically

w 2qxinduced Ca transient, carbachol could no longer in-i
w 2qxcrease the amplitude of Ca transient. Since influx ofi

Ca2q only contributed partly to the augmentation of the
w 2qxcarbachol-induced increase in Ca transient and mobi-i

lization of Ca2q from the intracellular store was a sec-
ondary event, Naq-Ca2q exchange may be important in
initiating the augmentation of the electrically induced
w 2qxCa transient elicited by carbachol.i

It was found that carbachol further increased the resting
fluorescence ratio despite the presence of ryanodine or
verapamil, but not after inhibition of Naq-Ca2q exchange.

w 2qxThe increase in the resting Ca elicited by carbacholi

after depletion of intracellular Ca2q or blockade of Ca2q

influx via the Ca2q channel was most likely due to an
q 2q Ž .increase in Na -Ca exchange because Korth et al. 1988

showed that in quiescent ventricular myocytes the carba-
w 2qxchol-induced elevation in Ca is abolished in the ab-i

sence of external Naq, which inhibit Naq-Ca2q exchange.
In the present study, we observed for the first time that

carbachol induced a Ca2q oscillation in cardiac cells which
occurred after a delay. It has been reported that Ca2q

oscillation occurs in Ca2q-overloaded ventricular myocytes
Ž .Orchard et al., 1983; Wier et al., 1983 . The occurrence of
Ca2q oscillations after a delay may be due to the fact that
time is required for a sufficient amount of Ca2q to accu-
mulate to trigger the Ca2q oscillations. That the
carbachol-induced Ca2q oscillation was abolished by pre-
treatment with ryanodine, verapamil or Ni2q suggests that
the Ca2q oscillation results from Ca2q-overload in cardiac
cells. Changes in membrane potential may also contribute
to the Ca2q oscillation as high concentrations of carbachol
have been shown to induce depolarization, prolong the
action potential duration and increase the automaticity of

Žthe ventricular myocyte Tajima et al., 1987; Mubagwa et
.al., 1992 . Further studies are needed to delineate the
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mechanism of the Ca2q oscillation evoked by muscarinic
acetylcholine receptor stimulation by high carbachol.

It is worth noting that a muscarinic receptor agonist at
low and high concentrations produces inhibitory and exci-
tatory effects via two receptor subtypes and two different
pathways, respectively. The excitatory effects of high con-
centrations of muscarinic receptor agonist are believed to
prevent the heart from excessive inhibition when the
parasympathetic nervous system is overactivated
Ž .Mubagwa et al., 1992 . Further studies on the pathophysi-
ological significance are warranted.

In conclusion, the present study has provided evidence
for the first time that carbachol at high concentrations

w 2qxaugments electrically induced Ca transients via a re-i

ceptor-mediated process which is not sensitive to pertussis
toxin. This explains the positive inotropic action of carba-
chol. The present study has also demonstrated for the first
time that unlike quiescent cardiomyocytes, in which the

w 2qx 2qincrease in Ca does not require Ca from the intra-i

cellular pool, in active cardiomyocytes the augmentation of
w 2qxthe electrically induced Ca transient by carbacholi

requires mobilization of intracellular Ca2q from its store,
which is a secondary event. Influx of Ca2q via the L-type
Ca2q channel has also been demonstrated to contribute to

w 2qxthe augmentation of the Ca transient elicited by carba-i

chol. The Naq-Ca2q exchange may be important in initiat-
w 2qxing the augmentation of the electrically induced Ca i

transient by carbachol. We have also observed for the first
time Ca2q oscillation induced by carbachol. Further stud-
ies are needed to delineate 1. the relationship between
Naq-Ca2q exchange and influx of Ca2q via voltage-gated
Ca2q channels, and mobilization of intracellular Ca2q and
2. the mechanisms of generation of Ca2q oscillation upon
muscarinic acetylcholine receptor stimulation in ventricu-
lar myocytes subjected to electrical stimulation.
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