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Positive inotropic effects induced by carbachol in rat
atria treated with islet-activating protein (TAP)
association with phosphatidylinositol breakdown
Shoichi Imai & Hideo Ohta

Department of Pharmacology, Niigata University School of Medicine, Niigata 951, Japan

1 To elucidate the functional consequences of phosphatidyl inositol (PI) breakdown produced by
activation of the muscarinic receptor of the atrial muscle, and to clarify the subtypes of the
muscarinic receptor involved, the effects of muscarinic agonists and antagonists on mechanical func-
tion were studied in atria isolated from rats given intravenous islet-activating protein (lAP;
50 yg kg- 1 body weight) 48-72 h before the experiments.
2 The negative chronotropic and inotropic actions of carbachol (CCh) were attenuated and posi-
tive inotropic effects (62.5 + 5.8% above basal level) were observed with 10 5-10- 3M CCh. Oxotre-
morine did not produce positive inotropic effects even in doses as high as 3 x 10i- M. High doses of
carbachol produced positive chronotropic effects, although the effects were weak.
3 Propranolol (10- 7M) did not modify the positive inotropic effect of carbachol observed in IAP-
treated atria, nor was there any change in the tissue cyclic AMP levels after carbachol.
4 High doses (10-_10- 3M) of carbachol produced PI breakdown in the absence and presence of
IAP. Oxotremorine (3 x 10-'M) did not produce PI breakdown. In the presence of oxotremorine,
the positive inotropic effects and PI breakdown by carbachol were abolished.
5 The positive inotropic effect of carbachol was readily antagonized by atropine but pirenzepine
and gallamine exhibited only weak antagonist effects.
6 These results suggest that a muscarinic agonist such as carbachol can produce a positive inotro-
pic effect in IAP-treated atria, in association with PI breakdown, through activation of a muscarinic
receptor which shows some similarity to that previously identified in smooth muscles.

Introduction

In recent years much attention has been directed
towards the breakdown of phosphatidylinositol (PI)
as a transduction mechanism connecting the activa-
tion of receptors with cellular responses (Downes &
Michell, 1982; Berridge & Irvine, 1984). It has been
observed, in atria, ventricles and cardiomyocytes
(Brown & Brown, 1983; 1984; Brown et al., 1985;
Masters et al., 1985; Ransnis et al., 1986; Woodcock
et al., 1987), that the activation of the muscarinic
receptor or ax-adrenoceptor by respective agonists
could cause phosphatidylinositol (PI) breakdown.
However, which cellular responses are connected to
the PI breakdown in the heart remains to be clari-
fied. The aim of the present study was to elucidate
the functional consequences of the PI breakdown
produced by muscarinic agonists in the heart. Iso-
lated atrial preparations of the rat were used, and

the negative inotropic and chronotropic effects of
muscarinic agonists were eliminated by pretreating
the preparations with islet-activating protein (lAP),
an exotoxin produced by Bordetella pertussis (Ui,
1984). lAP is the substance that was shown to lead
to a progressive ADP-ribosylation of a cellular
guanine nucleotide-binding (G) protein, Gi (mediates
inhibition of adenylate cyclase) or Go (unknown
function), and a resultant elimination of the regula-
tory fumction of the protein (Katada & Ui, 1982a,
b). Diminution by IAP-treatment of the negative ino-
tropic and chronotropic effects of carbachol was
demonstrated by Endoh et al. (1985). As positive ino-
tropic effects were observed in association with PI
breakdown, we studied the subtype of muscarinic
receptor coupled to this positive inotropic action by
use of selective antagonists.
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Methods

Preparation ofthe rat atrial muscles

Male rats of the Wistar strain (250-350g) were given
IAP (50pgkg-1 body weight, unless otherwise
stated), dissolved in 0.2ml of 0.9% w/v NaCl solu-
tion, intravenously (IAP-treatment). The same
amount of 0.9% w/v NaCl solution alone was given
intravenously to control rats. Between 48 and 72h
after the injection of IAP or saline, hearts were
excised, and atria were divided carefully into the
right and left halves. The right atrium, which
retained spontaneous rhythm, was used to assess the
chronotopic action of the drugs. The initial resting
tension was set at 0.2-0.3 g, and the rate of the spon-
taneous contraction of this preparation was recorded
on an ink-writing oscillograph by means of a
linearly-recording tachograph. The left atrium was
further dissected into two parts, the central half of
which was cut off and the remaining outer half was
used to evaluate inotropic effects. This preparation
was stimulated electrically by a square-wave pulse
stimulator at a frequency of 1 Hz with voltages
approximately 30% above the threshold
(duration = 1ms). The tension of the preparation
was kept at 0.2-0.3g throughout the course of the
experiment. The preparations were mounted in a
10ml organ bath and their contractile tension was
recorded on an ink-writing oscillograph with the aid
of a strain-gauge transducer and a carrier-amplifier.
The bathing solution used was a Krebs-Henseleit
solution of the following composition (mmollP):
NaCl 118, KCI 4.7, CaCl2 2.5, NaHCO3 24.9,
MgSO4 1.6, KH2PO4 1.2 and glucose 12. The tem-
perature of the solution was maintained at 320C. The
solution was aerated with a mixture of 95% 02 and
5% CO2. After dissection all preparations were
allowed to equilibrate for one hour before the addi-
tion of any drugs.

Determination of myo-inositol 1-phosphate
(myo-lns JP)

Breakdown of phosphatidylinositol was assessed
according to the procedure of Brown & Brown
(1983) and Ransnas et al. (1986). Atria were trans-
ferred to vessels containing the continuously oxygen-
ated buffer solution, and were equilibrated for about
1 h at 32°C in a shaking water bath. Then the incu-
bation medium was replaced by fresh medium con-

taining 4.pCi ml-1 myo[2-3H]-inositol, 17.1 Ci
mmol-P. After 120min of incubation with myo[2-
3H]-inositol, drugs or control solutions were added.
In experiments where myo-Ins IP accumulation was

measured, LiCl (10mM) was added just before the
addition of the drugs or the control solution. The

preparation was incubated for 30min in the medium
bubbled with 95% 2 and 5% CO2 at 320C. Incu-
bation was terminated by rinsing the preparation in
ice-cold saline and tissues were quickly blotted. Pairs
of atria (one left and one right) were frozen in liquid
nitrogen and extracted later (Brown & Brown, 1983).

Samples were homogenized in 3 ml of
CHC13/CH3OH/H20 (5:10:4, v/v). A two-phase
system was obtained with the addition of CHC13 and
H20 to make the solution of CHC13/CH3OH/H20
(10: 10: 5, v/v). Samples were centrifuged at 1600g for
10min and 2.0 ml of the upper (aqueous) phase was
transferred to a column containing approximately
175mg of an anion exchange resin (Bio-Rad AG
1-X8, 100-200 mesh, formate form). Columns were
washed with a total of 10 ml of H20. Labelled
myo-lns 1P was eluted with 8ml of 200mM ammon-
ium formate/100mM formic acid. The radioactivity
was counted in Aquasol (NEN) using a scintillation
spectrometer.

Cyclic AMP assay

After incubation for 120s at 32°C in the Krebs-
Henseleit solution, muscles were removed from the
organ bath and frozen immediately in liquid nitro-
gen. The muscles were homogenized in 1.5 ml of 0.1 N
HCI. The homogenates were heated at 100°C for
3min and centrifuged at 4°C. Adenosine 3':5'-cyclic
monophosphate (cyclic AMP) content of the super-
natants was determined by the radioimmunoassay
method described by Honma et al. (1977). After dis-
solving the tissue in 0.5 N NaOH, protein was deter-
mined using the Lowry method.

Data analysis

From the dose-response curves obtained, pA2 values
were calculated for each compound using the follow-
ing equation:

pA2 =-log A'
- - 1

A

where A is the molar concentration of carbachol
needed to produce a half maximum response without
antagonists and A', the concentration needed to
produce the same response in the presence of the
antagonist, and B is the molar concentration of the
antagonist.

Materials

Drugs used were carbachol chloride, atropine sul-
phate (Wako Pure Chem., Japan), gallamine tri-
ethiodide (Sigma), oxotremorine (Aldrich Chem.
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Figure 1 A typical record showing the effects of car-
bachol (CCh) on the rat atria. (a and b) Changes in
tension (g) recorded in the left atria. (c and d) Fre-
quency of contraction (beats min-') recorded in the
right atria. (a and c) Control atria, (b and d) IAP-
treated atria.

Co.), (-)-isoprenaline hydrochloride (Nikken
Kagaku, Japan), (± )-propranolol hydrochloride
(Sumitomo Chem. Co., Japan), myo[2-3H]-inositol
(17.1 Ci mmol-') (New England Nuclear), IAP
(Kaken Pharmaceutical Co., Japan) and pirenzepine
(Boehringer Mannheim).

Results

Figure 1 is a representative record showing the
effects of carbachol on the rat isolated atria. In the
control atria low concentrations of carbachol (10-8_
10-M) produced negative inotropic and chrono-
tropic effects. In IAP-treated atria the negative
inotropic and chronotropic effects were abolished,
and the positive inotropic action was observed at
higher concentrations (10-5-10- 3M). However, only
minimal positive chronotropic action was observed.

Figure 2 shows the concentration-response curves
for the inotropic and chronotropic action of car-
bachol and the effects of IAP treatment. IAP was
injected intravenously in doses of 0.550-pgkg-l
body weight to each animal 48-72 h before isolation
of the heart. In the control left atria, carbachol pro-
duced negative inotropic effects in concentrations up
to 10-6M. The depression of contraction amounted
to 32 + 5% (n = 6) of the initial tension. At concen-
trations higher than 10-6M, a dose-dependent
increase in tension was observed. The frequency of
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Figure 2 Dose-effect relationship for the effects of
islet-activating protein (IAP) treatment on the chrono-
tropic and inotropic effects of carbachol in rat atria.
The concentrations of IAP were 0 (O), 0.5(A), 5(v),
15(0) and 50(@)pgkg- . Intropic and chronotropic
effects were assessed in left (A) and right (B) atria,
respectively. The data are means from six experiments.
(a) Two out of six atria ceased to beat. (b) One out of
six atria ceased to beat.

contraction of the spontaneously beating right atria
was likewise decreased and the atria ceased to beat
in the presence of 10-6M carbachol. In atria treated
with TAP, a dose-dependent attenuation of the nega-
tive inotropic and chronotropic effects of carbachol
was observed, and the positive inotropic effects
became manifest in a dose-related manner in prep-
arations from animals treated with TAP (0.5-
5 pgkg-1). With 50 pgkg-1 TAP, only the positive
inotropic effect was observed. The contractile tension
attained was 160.9 + 4.9% (n = 6) of the control
tension. There was no change in the time to peak
tension, nor was there any change in the time course
of relaxation. The decrease in frequency of contrac-
tion was likewise attenuated, and a slight positive
chronotropic effect was observed after 50pgkg-1
TAP. However, the increase in the frequency amount-
ed to only 13 ± 6% (n = 6) over the control even
with 10-3M carbachol. In the presence of physo-
stigmine the positive inotropic effect was also pro-
duced by acetylcholine in IAP-treated atria (data not
shown).
As shown in Figure 3 the positive inotropic action

of carbachol (10-10-3M) was not influenced by
10-7M propranolol. Nor was there any increase in
the level of cyclic AMP after administration of car-
bachol (10-6M, 10-3M) in either the control or the
TAP-treated left (Figure 4) and right atria (data not
shown), whereas isoprenaline (10-7M) induced an
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Figure 3 Effects of propranolol and atropine on the
positive inotropic action of carbachol in islet-activating
protein (IAP)-treated left atria. IAP-treated left atria
were incubated with 1O-7M propranolol (0), 10-7M
atropine (A) or vehicle (0) for 30min before adminis-
tration of carbachol. Incubation with 1O-7M propra-
nolol or 10 -IM atropine caused no changes in the basal
level of tension. The data are mean from six experi-
ments; vertical lines indicate s.e.

increase in cyclic AMP. Thus, the release of nor-
adrenaline or histamine was excluded as a mecha-
nism of the positive inotropic effects of carbachol.
However, atropine (10- 7M) blocked the positive ino-
tropic action of carbachol (Figure 3).
To examine the breakdown of PI, the atria were

pre-labelled with myo[3H]-inositol and the incorpo-
ration of 3H to myo-Ins IP was measured in the
presence of 10mM LiCI. Addition of the higher con-
centrations of carbachol (10- -1-o3M) to the incu-
bation media resulted in an accumulation of myo-Ins
1P (Figure 5) both in the right and the left atria irre-
spective of whether the preparation was treated with
IAP or not. Carbachol 1O-3M produced an increase
of about 150% over the basal value. The concentra-
tions of carbachol causing myo-Ins 1P accumulation
corresponded to those causing a positive inotropic
action in TAP-treated atria (Figure 2). The negative
inotropic and chronotropic effects of another

muscarinic agent, oxotremorine (10-14-iM) were
also abolished by IAP-treatment. However, a signifi-
cant positive inotropic effect was not observed with
oxotremorine; even with 3 x 10- M oxotremorine
the tension developed was only 106.1 + 1.7% of the
initial tension (Figure 6). Consistent with this obser-
vation, we found no accumulation of myo-Ins IP
(Table 1). Furthermore, the positive inotropic effect
of carbachol (10-3M) was depressed in the presence
of oxotremorine (3 x 10-'M), in association with the
reduction of the accumulation of myo-Ins 1P.
To characterize the muscarinic receptor involved

in the positive inotropic effect of carbachol, three
muscarinic receptor antagonists, atropine, pirenze-
pine and gallamine, were tested for their effectiveness
in antagonizing the positive inotropic and the nega-
tive inotropic action of carbachol. These compounds
produced parallel rightward shifts in the carbachol
dose-response curve. The affinities of the antagonists
towards the receptor subserving the negative and the
positive inotropic effects, expressed as pA2 values, in
IAP-treated atria are shown in Table 2. The antago-
nistic effects of pirenzepine and gallamine on the
muscarinic receptors coupled to the positive inotro-
pic effect of IAP-treated atria were weaker than the
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Figue 4 Effect of carbachol (CCh) and isoprenaline
(Iso) on the cyclic AMP level in the rat left atria. Open
columns: control; stippled columns: islet-activating
protein (IAP)-treated atria. For details see Methods
section. The data are mean from five experiments; verti-
cal lines indicate s.e.
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Table 1 Effects of oxotremorine on the carbachol-induced positive inotropic action and accumulation of
myo[3H]-inositol 1-phosphate ([3H]-Ins IP) in islet-activating protein-treated left atria

Contraction [3H]-Ins IP
(% of control) (c.p.m. mg 1 wet wt)

Control
Carbachol (10-3M)
Oxotremorine (3 x 10-'M)
Carbachol (103Im) + oxotremorine (3 x 10-IM)

100
160.9±4.9
106.1 ± 1.7
106.2 ± 5.8**

3.51 ± 0.21
8.60 ± 0.84
3.80 ± 0.47
4.10 ± 0.29**

The data are mean + s.e. from 5-6 experiments.
** Significantly different from the responses induced by carbachol 10- I M (P < 0.01).

antagonism of the muscarinic receptors coupled to
the negative inotropic effect.

Discussion

In IAP-treated rat left atria carbachol produced a
dose-dependent positive inotropic effect and a dose-
dependent breakdown of phosphatidylinositol, as
evidenced by an accumulation of myo-inositol 1-
phosphate. The concentrations of carbachol produc-
ing these two effects were similar (Figure 2, Figure 5).
Furthermore, another muscarinic agonist oxotremo-
rine, which did not produce an accumulation of
myo-Ins IP, did not produce a significant positive
inotropic action in TAP-treated atria. Also the posi-
tive inotropic effects of carbachol were suppressed in
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Figue 5 Accumulation of myo[3H]-inositol 1-
phosphate by carbachol in the rat atria. Control (0) or
islet-activating protein-treated (0) rat left (a) and right
(b) atria were incubated with each concentration of car-
bachol for 30 min in the medium with 10mM LiCl at
320C as described in Methods. The data are mean from
five experiments; vertical lines indicate s.e.

the presence of oxotremorine in association with the
depression of the accumulation of myo-Ins IP (Table
1). The muscarinic receptor antagonists used, galla-
mine, pirenzepine (Table 2) and atropine (Table 2
and Figure 3), antagonized the positive inotropic
effects, while propranolol (10- 7M) was without effect.
Thus, it is clear that the receptor involved is a
muscarinic receptor. This is the first clear-cut
demonstration that the positive inotropic effects are
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Figure 6 Inotropic effect of oxotremorine in the rat
isolated left atria. Control (0) or islet-activating
protein-treated (0) left atria were incubated with oxo-
tremorine as described in Methods. The data are mean
from five experiments; vertical lines indicate s.e.
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Table 2 Potencies of atropine, pirenzepine and gallamine as antagonists at receptors coupled to the negative
inotropic action in control rat atria and the positive inotropic action in islet-activating protein (IAP)-treated rat
atria

pA2 values
Negative inotropic effect Positive inotropic effect

in control atria in IAP-treated atria

Atropine
Pirenzepine
Gallamine

9.52 + 0.07
6.86 + 0.09
6.80 + 0.12

7.84 + 0.10**
5.92 ± 0.11**
5.71 + 0.17**

Left atria were incubated with pirenzepine (3 x 106M) or gallamine (10-iM) for 30min before administration of
carbachol. Incubation with atropine, pirenzepine or gallamine alone caused no changes in the basal level of tension.
Difference in the affinities of antagonist were analysed as described in Methods. The data are means + s.e. from five
experiments.
** Significantly different from the pA2 values of pirenzepine or gallamine for the negative inotropic action in the
control atria (P < 0.01).

induced through activation of muscarinic cholino-
ceptors and that they are closely related to changes
in PI breakdown. Although it has been shown that
ax-adrenoceptor and muscarinic cholinoceptor acti-
vation cause PI breakdown in atria, ventricle and
cardiomyocytes (Brown & Brown, 1983; 1984;
Brown et al., 1985; Masters et al., 1985; Ransnas et
al., 1986; Woodcock et al., 1987), the functional con-
sequences of the PI breakdown have never been clar-
ified. It is possible that inositol 1,4,5-trisphosphate
induced, through the PI breakdown process, the
release of calcium from intracellular storage sites
which then produces the positive inotropic effects.
Hirata et al. (1984) and Nosek et al. (1986) found
that inositol 1,4,5-trisphosphate could mobilize Ca2 +
from the cardiac sarcoplasmic reticulum. Through
the breakdown of PI, diacylglycerol can also be pro-
duced which can indirectly modify Ca2 '-transport
process through activation of protein kinase C
(Nishizuka, 1984). Stimulation of Ca2 + sequestration
by cardiac sarcoplasmic reticulum by way of phos-
phorylation of phospholamban by protein kinase C
has been demonstrated (Movsesian et al., 1984). PI
breakdown was also produced by high concentra-
tions of carbachol even in the control atria, but the
positive inotropic effect was observed only in the
IAP-treated atria due probably to the overwhelm-
ingly stronger negative inotropic effect.

In this study, the negative inotropic action of car-
bachol was abolished by IAP-treatment, while PI
breakdown remained unchanged (Figures 2 and 5).
This is in agreement with the results obtained by
Masters et al. (1985) in cultured chick heart cells.
According to them, IAP-treatment inhibited the
muscarinic receptor-mediated attenuation of cyclic
AMP accumulation by isoprenaline, but did not
inhibit the muscarinic receptor-mediated PI break-
down. Thus, G protein may or may not be involved
in the PI breakdown induced by muscarinic receptor

activation in the atria, but it is not sensitive to TAP.
Although it has been shown, in guinea-pig neutro-
phils (Ohta et al., 1985) and rat mast cells
(Nakamura & Ui, 1985), that the receptor-linked
activation of phospholipase C was mediated by TAP-
sensitive G protein, Hepler & Harden (1986) provid-
ed direct evidence for the involvement of
TAP-insensitive G protein in the carbachol-
stimulated PI breakdown in 1321N1 human astrocy-
toma cells.

Available evidence suggests the existence of 3
types of muscarinic receptor (Birdsall & Hulme,
1983). The first receptor type is found in sympathetic
ganglia and in the CNS (so-called neuronal
receptors). It has a high affinity for pirenzepine and
is strongly antagonized by pirenzepine (Brown et al.,
1980). The second type is found in the myocardium
with low affinities for pirenzepine, and is selectively
affected by gallamine (Clark & Mitchelson, 1976).
This receptor is regulated by guanine nucleotides
and connected to the opening of K+ channels
(Pfaffinger et al., 1985) or the inhibition of adenylate
cyclase (Hazeki & Ui, 1981; Masters et al., 1985).
Stimulation of this receptor subtype causes a nega-
tive inotropic effect in cardiac muscle. The third type
of receptor is found in smooth muscle with low affin-
ity for pirenzepine and is not strongly affected by
gallamine. Stimulation of the third type of receptor
results in increases in cytosolic Ca2 .

Although the transduction mechanism of the third
type of receptor is not yet clear, it has recently been
suggested that PI breakdown may be part of a recep-
tor transduction process controlling receptor-
operated increases in cytosolic Ca2 in smooth
muscles (Baron et al., 1984; Sekar & Roufogalis,
1984; Best et al., 1985; Grandordy et al., 1986). The
receptor coupled to the positive inotropic effect
found in the present study is different from the
second type, as the antagonism by gallamine was sig-
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nificantly less when compared with the receptor
coupled to the negative effect in the heart (Table 2).
As the antagonism by pirenzepine at this receptor
was weak compared with that at the 'neuronal'
receptor, it cannot be equated with the first type,
either (Table 2). Furthermore, it is shown in this
study that the effector system of the receptor sub-
serving the positive inotropic effect is connected with
PI breakdown. Thus, the receptor-effector system
subserving the positive inotropic effect resembles the
system found in smooth muscle, i.e. the system with
the third type of receptor, although the affinity of
the receptor, of the present experiment, for atropine
was found to be rather low (Table 2).

In IAP-treated right atria, carbachol did not
produce changes in the spontaneous frequency of
contraction (Figure 2) in spite of the myo-Ins IP
accumulation (Figure 5). In this respect the positive
inotropic effect of muscarinic cholinoceptor stimu-
lation resembles the positive inotropic effect of
at,-adrenoceptor stimulation. Both are not associated
with an increase in the frequency of contraction and

are linked with PI breakdown (Brown & Brown,
1983; Brown et al., 1985). ax-Adrenoceptor stimu-
lation is responsible for part of the positive inotropic
action caused by noradrenaline (Wenzel & Su, 1966;
Govier, 1967) However, the physiological roles of the
positive inotropic effect induced by high concentra-
tions of carbachol in TAP-treated rat atria in associ-
ation with PI breakdown is not clear. It may
represent a feedback system that competes with the
excessive negative action induced by stimulation of
the muscarinic receptor.

In conclusion, the studies presented here demon-
strate that the muscarinic agonist, carbachol, could
produce positive inotropic effects in atria through
activation of the muscarinic receptor linked to PI
breakdown and that the cholinoceptor involved,
resembles that previously identified in smooth
muscle, although atropine seems to possess a rela-
tively low affinity.

The authors wish to express their thanks for Miss S.
Tsuchida for help in preparing the manuscript.
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