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Abstract—Interrelationships among transmembrane flux of calcium ions, cyclic nucleotides, and myocardial
contractile force in isolated, perfused rat hearts were studied with verapamil, lanthanum, or zero-calcium
solutions to reduce the influx of calcium ions into myocardial cells. Myocardial concentrations of cyclic
AMP and cyclic GMP were determined, and changes in contractile force were measured. Perfusion with
verapamil, lanthanum, or zero-calcium solutions produced a dose-related decrease in myocardial contractile
force and reduced cyclic AMP to levels significantly lower than in control hearts. The reduction in cyclic
AMP was independent of the amount of drug used to inhibit calcium influx. Verapamil (6 x 107* M) or
lanthanum (4 x 1077 M or 4 x 10° M) had no effect on the concentration of cyclic GMP. Zero-calcium
solution or verapamil (6 x 1077 M) decreased significantly myocardial cyclic GMP. 8-Bromo-cyclic GMP
(in the presence of inorganic phosphate) and dibutyryl cyclic AMP caused a positive inotropic response
which was not inhibited by sotalol. Only dibutyryl cyclic AMP reversed the negative inotropic effect of
verapamil. Dibutyryl cyclic GMP alone produced a negative inotropic effect and further depressed the force
of contraction induced by verapamil. Since two analogs of cyclic GMP had opposite effects on myocardial
contractility, it was concluded that analogs do not necessarily mimic actions ascribed to endogenous parent
nucleotides. Although the transmembrane flux of calcium ions remains an important factor controlling
myocardial contractile force, the direct mechanism by which cyclic nucleotides may modulate calcium flux in
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the heart remains unknown.

The relationship between the flux of calcium ions into
the myocardial cell and the development of contractile
force is well established [ 1, 2]. However, the control of
calcium influx and its mobilization within the cell are
less clearly understood. One hypothesis links the posi-
tive inotropic effect of catecholamines to the increased
generation of cyclic AMP produced by these amines
[3]. Several related theories attempt to explain the
manner by which cyclic AMP modulates myocardial
contractility. For example, it has been suggested that:
cyclic AMP promotes the phosphorylation of a protein
in the sarcoplasmic reticulum, which subsequently
causes an increase in calcium sequestration by the
reticulum [4]; the cyclic nucleotide mediates an in-
crease in transmembrane calcium currents [5] and
enhances calcium stores [6]. Although there is clear
evidence for a correlation between the movement of
calcium ions and tissue concentrations of cyclic AMP
[7], the exact nature of the underlying events which
ultimately result in increased contractile force remains
under investigation.

Several aspects of the relationship between cardiac
cyclic nucleotides and modifications in myocardial
contractility cannot be accounted for by most current
models. For instance, the mechanism by which the
increase in contractile force is elicited in response to the
administration of catecholamines with no elevation in
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the cyclic AMP in the heart [8-11] remains to be
clarified. In addition, the possible role of cyclic GMP as
a modulator of contractile force [ 12-14] has yet to be
fully defined.

In our laboratories, Hess {15] and Shanfield et al.
[16] have investigated the interaction between calcium
and cyclic AMP by changing the transmembrane cal-
cium influx with verapamil, a known caicium antago-
nist [ 17]. Hess { 15] reported that verapamil caused a
dose-dependent diminution in the myocardial contrac-
tile force of the isolated perfused rat heart, and a
decrease in cyclic AMP which was not related to the
concentration of drug in the perfusion fluid. In addition,
when isolated hearts were perfused with verapamil for
prolonged periods of time, contractility returned almost
to normal, but the depression in cardial cyclic AMP
persisted throughout the duration of verapamil admin-
istration [ 16]. On the basis of these observations, it
seemed appropriate to investigate the effect of verapa-
mil on the concentration of cyclic GMP in the heart
since from previous reports [ 14] this nucleotide might
be expected to be linked more directly to the negative
inotropic action of drugs. As a corollary to this study,
we investigated the effects of lanthanum, another cal-
cium antagonist [ 18], and perfusion with zero-calcium
solution on cardiac cyclic nucleotides. In conjunction
with these experiments, hearts were perfused with ana-
logs of cyclic AMP and cyclic GMP to evaluate the role
of these nucleotides in moduiating myocardial contrac-
tility at a time when calcium influx was reduced by
verapamil. We hypothesized that cyclic AMP analogs,
because of their putative inotropic effect, might en-
hance the transmembrane calcium influx and antago-
nize the effect of verapamil, whereas the opposite might
be expected from a cyclic GMP analog.

2601



2602

MATERIALS AND METHODS

Perfusion of hearts. Male, albino Wistar rats (200—
300 g). fed ad lib. with Purina lab chow. were decapi-
tated. The hearts were perfused as described previously
[16]. Perfusion solutions were buffered either with
NaHCO, plus KH,PO,. or with HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid from
CalBiochem. La Jolla. CA). HEPES was used in order
to avoid precipitation of lanthanum carbonate or lan-
thanum phosphate. Perfusion fluids (warmed to 37.5°)
were equilibrated with 95% oxygen and 5% carbon
dioxide or with 100% oxygen in those experiments in
which HEPES was the buffer. The solutions were of the
following compositions: (1) Krebs—Ringer—bicarbon-
ate solution (K-R solution): NaCl. 119 mM; KCl,
4.75 mM; CaCl,- 2H,0. 2.54 mM; KH,PO,. 1.19
mM;MgSO, - TH,0. 1.19 mM; NaHCO,. 25 mM; and
glucose, 5.5 mM; (2) HEPES solution: NaCl, 141.16
mM; KCIl. 594 mM; CaCl,-2H,0. 2.54 mM;
MgSO, - TH,0. 1.19 mM; HEPES, 3.0 mM; and glu-
cose 5.5 mM. In some experiments, zero-calcium K-R
solution was used and NaCl was increased to 122.81
mM to maintain osmolarity. Several hearts were per-
fused with a HEPES solution containing phosphate
anions in which the KClI concentration was reduced to
4.75 mM and KH,PO, was added to give a final
concentration of 1.19 mM.

The Langendorff apparatus was equipped with a
three-way stopcock, which allowed the rapid change of
perfusion medium from control to solution containing
appropriate drugs. Calcium influx into myocardial cells
was reduced by perfusing hearts either with solutions
containing verapamil or lanthanum or with zero-cal-
cium medium. Several analogs of endogenous cyclic
nucleotides were perfused in the presence or absence of
verapamil. These analogs were dibutyryl cyclic AMP,
dibutyry! cyclic GMP, and 8-bromo-cyclic GMP. At
the end of the experiment, the hearts were frozen with
aluminum Wollenberger tongs precooled in liquid ni-
trogen and the tissues were stored in liquid nitrogen.
Tissue analysis for the myocardial concentration of
cyclic nucleotides was performed within 2 weeks fol-
lowing the experiment.

Myocardial force of contraction was measured as
described previously [16] and changes were recorded
on a Sanborn oscillograph calibrated so that a one mm
pen deflection resulted from 1 g of developed tension. In
some experiments. heart rate was controlled by stimu-

Table 1. Effects of perfusion with verapamil and zero-calcium
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lating the right ventricle with stainless steel electrodes
at a rate of 5 Hz with a Grass model S44 stimulator,
which generated square wave pulses of 1-msec duration
and 3V amplitude (approximately 1V greater than
threshold).

Myocardial water content and extracellular space
were measured in one series of experiments with manni-
tol [*HJ according to the method of Randle and Smith
[19]. Mannitol {3H], used to determine extracellular
space, was measured in extracts of hearts (digested in
0.1 N HCI) perfused with mannitol [*H ] at a concentra-
tion of 0.005 uCi/ml for the final five minutes of the
experiment.

Cyclic nucleotide assay. The tissue content of cyclic
AMP was measured according to the method of Gilman
[20] with minor modifications suggested by Shanfeld e
al. [16]. Cyclic GMP was assayed according to a
radioimmunoassay technique [21], as modified by
Frandsen and Krishna [22]. Tissue content of the
nucleotides is expressed as pmoles cyclic AMP or
fmoles cyclic GMP/mg of tissue wet weight.

Drugs. Cyclic AMP, cyclic GMP, dibutyryl cyclic
AMP, dibutyryl cyclic GMP and 8-bromo-cyclic GMP
were purchased from the Sigma Chemical Co., St.
Louis, MO. Cyclic AMP[*H] was obtained from
Schwartz-Mann, Orangeburg, NY, and cyclic
GMP([*H] from ICN Pharmaceuticals, Irvine, CA.
Mannitol[*H] was purchased from New England Nu-
clear, Boston, MA. Sotalo! hydrochloride was obtained
from the Regis Chemical Co., Chicago. IL. Cyclic
GMP antiserum and cyclic GMP('*1]| were obtained
from Collaborative Research, Waltham, MA. Verapa-
mil hydrochloride was generously given by Knoll A-G.,
Chemische Fabriken. Ludwigshafen am Rhein.
Germany.

Statistical analysis. Data were subjected to either
one-way or two-way analysis of variance [23]. A P
value of less than 0.05 was accepted as the critical level
of significance.

RESULTS

Effect of perfusion with verapamil or zerocalcium
solution on myocardial contractile force, cardiac cyclic
AMP and cyclic GMP. Two concentrations (6 x 107
and 6 x 1077 M) of the calcium antagonist, verapamil.
were administered to perfused rat hearts. At the lower
concentration, verapamil decreased contractile force by
40 percent in 4-5 min. The 10-fold higher dose of
verapamil caused a more rapid and marked depression

solutions on contractile force (CF) and cyclic nucleotides in

perfused rat hearts*

Cyclic GMP  Cyclic AMP

Pretreatment CF Changes in CF Cyclic AMP
(g) ®) (pmoles/mg)  (fmoles/mg) Cyclic GMP
Controls (K-R)t (36) 11.9 + 0.40 -0.21+0.10 0.77 +0.02 21.9+0.90 39.2 = 2.00
Verapamil, 6 x 10 M (11) 12.3 + 0.80 —4.9 + 0.43F 0.68 + 0.02t 215+ 1.7 33.1+24
Verapamil, 6 x 1077 M (@) 127 + 0.6 —10.1 + 0.6%, § 0.59 +0.04F 148+ 1.0f.§ 409 + 3.9
Zero-calcium  (9) 12,7+ 0.7 —12.3+0.7%. 8. 0.63 +0.03t 17.0 + 1.5¢ 38.7 +29

* Data are presented as means + S.E.M. Numerals enclosed in parentheses indicate the number of hearts in each group.

t K-R = Krebs—Ringer—bicarbonate solution.

I Significantly different from controls.

§ Significantly different from verapamil (6 x 1078 M).
|| Significantly different from verapamil (6 x 1077 M).
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of tension development. Within 2—3 min, the contrac-
tile force of these hearts had decreased by 80 percent.
Neither concentration of verapamil produced a signifi-
cant alteration in coronary flow. Perfusion with zero-
calcium K-R solution caused nearly complete loss of
contractile force within 15-30 sec. These results are
presented in Table 1.

When the decrease in contractile force caused by
verapamil or the calcium-free solution reached a maxi-
mum, the hearts were frozen immediately for subse-
quent assay of nucleotides. Verapamil, at either concen-
tration, reduced the cardiac concentration of cyclic
AMP significantly, but not in a dose-related manner
(Table 1). These results are in agreement with those
reported by Hess and Gabel [24]. Using a wide dose
range of verapamil, these investigators found that the
decrease in cardiac cyclic AMP caused by verapamil,
unlike the negative inotropic action of the drug, was
independent of the concentration of verapamil in the
fluid perfusing the heart. Our data are expressed as
pmoles of cyclic AMP/mg of tissue wet weight in order
to facilitate comparison with values reported previously
by other investigators [25] in similar studies and be-
cause we found that verapamil, perfused at a concentra-
tion of 6 x 10® M, did not significantly alter coronary
flow, tissue water content or extracellular space, when
measured with mannitol{*H|.

When verapamil (6 x 1077 M) was used, there was a
slight but insignificant increase in coronary flow from
8.1 + 0.59 ml/min to 9.4 + 0.42 ml/min (N = 7). In
these experiments in which the higher concentration of
verapamil was used, tissue water content and extracel-
lular space (mannitol [*H] space) were not determined.
Therefore, the possibility exists that, with 6 x 1077 M
verapamil in the perfusion fluid, a slight increase in cell
water may have occurred, thereby making a small
contribution to the large reduction in cyclic AMP that
we measured in these hearts. Perfusion with zero-cal-
cium medium also reduced cyclic AMP to approxi-
mately the same degree as verapamil at either
concentration.

Verapamil (6 x 107 M) had no effect on the concen-
tration of cardiac cyclic GMP. A higher dose of verapa-
mil (6 x 1077 M) or perfusion with zero-calcium K~R
solution reduced the cyclic GMP concentration signifi-
cantly (Table 1). Neither perfusion with verapamil
solution nor perfusion with zero-calcium medium had a
significant effect on the ratio of cyclic AMP to cyclic
GMP.

Effect of perfusion with lanthanum on myocardial
contractile force, cardiac cyclic AMP and cyclic GMP.
Control hearts perfused with the HEPES-buffered solu-
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tion had a somewhat lower initial contractile force after
equilibration (Table 2) than those hearts perfused with
K-R solution (Table 1). However, force of contraction
in the former was equally stable during the subsequent
period of perfusion when no drugs were administered.

Lanthanum ions, at a concentration of 4 x 10”7 M,
decreased the contractile force of the heart by 66
percent in 2.5 to 3.5 min (Table 2). A 10-fold incre-
ment in the concentration of lanthanum (4 x 107 M)
caused the developed tension of the heart to fall to less
than 1 g (greater than 90 percent loss of force) in 30—45
sec.

Lanthanum, like verapamil and zero-calcium K-R
solution, caused a reduction of myocardial cyclic
AMP, and, like verapamil, lanthanum-induced depres-
sion in the nucleotide was not dose-dependent (Table
2). Unlike verapamil, perfusion with either 4 x 107 M
or 4 x 10°® M lanthanum, although causing a severe
reduction in the force of contraction, had no effect on
myocardial cyclic GMP (Table 2). Neither concentra-
tion of lanthanum changed significantly the ratio of
cyclic AMP to cyclic GMP (Table 2).

Effect of prolonged perfusion with verapamil in the
absence or presence of cyclic nucleotide analogs. The
positive inotropic effect of dibutyryl cyclic AMP [ 26]
has been ascribed to its ability to enhance transmem-
brane calcium flux [27, 28]. If endogenous cyclic nu-
cleotides modulate calcium mobilization in cells [7],
then a model for the role played by these nucleotides
might be found in studying the effects of synthetic
nucleotide analogs on cardiac contractile force [29].
The observation that dibutyryl cyclic GMP caused de-
creased myocardial contractility [30-33] has interest-
ing implications not only for the role of this nucleotide
in modulating calcium flux, but also in terms of the Yin-
Yang hypothesis [ 14]. We perfused hearts simultane-
ously with verapamil and one of several cyclic nucleo-
tide analogs, expecting to observe antagonisms of the
depressant effects of verapamil on force of contraction
with cyclic AMP analogs, and augumentation of the
verapamil-induced negative inotropic effect with cyclic
GMP analogs. Hearts were perfused with the HEPES-
buffered solution of cyclic nucleotide analogs for at
least 15 min to allow sufficient time for the develop-
ment of inotropic changes. In addition, heart rate was
controlled as described in Materials and Methods. This
variation in procedure resulted in a more constant
depression of contractile force with verapamil (Fig. 1),
rather than the transient reduction of force previously
reported [ 16].

Dibutyryl cyclic AMP (5 x 10* M) alone produced
a significant increase in the development of tension in

Table 2. Effects of perfusion with lanthanum on contractile force (CF) and cyclic nucleotides in perfused rat hearts*

Pretreatment CF Changes in CF Cyclic AMP Cyclic GMP Cyclic AMP

®) ®) (pmoles/mg) (fmoles/mg) Cyclic GMP
Controls (HEPES) (11) 9.5 +0.72 —-0.93 + 0.23 0.73 + 0.03 23.7+ 1.2 31.6 + 2.1
Lanthanum, 4 x 100'M  (12) 8.9 + 0.78 -59 +0.60% 0.63 + 0.03t 21.7+ 19 313+ 2.6
Lanthanum, 4 x 10°M (13) 10.0 + 0.66 —-9.2 +0.641,% 0.64 + 0.03* 21.0+ 1.5 32.8+3.0

* Data are presented as means + S.E.M. Numerals enclosed in parentheses indicate the number of hearts in each group.
+ Significantly different from controls.
t Significantly different from Lanthanum (4 x 107" M).
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Fig. 1. Effects of perfusion with verapamil. dibutyryl cyclic
AMP. or the combination of both drugs in HEPES-buffered
solution on contractile force in paced. isolated rat hearts.
Key: (@ —@) controls in HEPES (n—=9); (A — - - A)
dibutyryl cyclic AMP (5 x 107 M) in HEPES (n - 8);
(® - - — @) verapamil (6 x 10 * M) in HEPES (n — 6); and
(A — — — A) Verapamil (6 x 10°* M) plus dibutyryl cyclic
AMP (5 x 10 * M) in HEPES (n = 9). The number of ani-
mals per experimental group is indicated by n. Vertical bars
indicate the S.E.M. All drugs were given beginning at time 0.
The asterisk (*) indicates significantly different from corre-
sponding control. The single dagger (*) indicates significantly
different from verapamil.

the heart (Fig. 1). When hearts were perfused with both
verapamil and dibutyryl cyclic AMP, the nucleotide
analog did not alter the initial negative inotropic effect
of the calcium antagonist. However, in the presence of
dibutyryl cyclic AMP, there was a rapid reversal of the
depression in contractile force caused by verapamil
(Fig. 1). By the end of the 15-min perfusion period with
both agents. contractile force had recovered to control.

In a second series of experiments, the hearts were
perfused with two analogs of cyclic GMP in a manner
similar to that described above. A preliminary group of
experiments using 8-bromo-cyclic GMP in K-R solu-
tion revealed that at concentrations between 1 x 107
Mand 1 x 10°* M, this analog had no effect on myocar-
dial contractile force in the isolated, perfused rat heart.
At a concentration of 1 x 10°* M in K—R solution,
however, a positive inotropic effect was observed that
was not reduced by simultaneous infusion of
sotalol (1 x 107" M, data not shown).

In hearts perfused with 8-bromo-cyclic GMP in
HEPES solution. this increase in contractile force
could not be demonstrated (even with five times the
concentration). When 8-bromo-cyclic GMP was per-
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fused with HEPES fluid to which phosphate ions had
been added to give the same final concentration as
contained in the K—R medium, the positive inotropic
effect of the nucleotide was again demonstrable and
approximated that observed with dibutyryl cyclic
AMP. Unlike the latter analog, however. 8-bromo-
cyclic GMP did not reverse the depression of myocar-
dial contractile force caused by verapamil (Fig. 2) or, to
express it another way, the positive inotropic effect of 8-
bromo-cyclic GMP was not elicited in the presence of
verapamil. A further difference between 8-bromo-
cyclic GMP and dibutyryl cyclic AMP was that the
latter analog did not require phosphate anions in the
HEPES solution in order for the positive inotropic
effect caused by the nucleotide to occur.

A second analog of cyclic GMP (dibutyryl cyclic
GMP) was used in additional experiments. This form of
cyclic GMP did not affect contractile force when per-
fused at concentrations between 1 x 10 M and
5 x 10 M in phosphate-containing HEPES solution
(data not shown). However, at a dose of 1 x 10°* M,
dibutyryl cyclic GMP. unlike the 8-bromo-cyclic GMP
derivative, caused a significant decrease in myocardial
contractile force (Fig. 3). In combination with verapa-
mil (6 x 10"*M), dibutyryl cyclic GMP augmented the
decline in contractile force caused by verapamil (Fig.
3).
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Fig. 2. Effects of perfusion with verapamil, 8-bromo-cyclic
GMP, or the combination of both drugs on contractile force
in HEPES-phosphate (HR-P) in paced. isolated rat hearts.
Key: (@———@) controls in HR-P (n~ 7); (X — - — X)
8-bromo-cyclic GMP (1 x 10* M) in HR-P (n = 6);
(® - — — @) verapamil (6 x 10® M) in HR-P (n = 5); and
(X — — = X) verapamil (6 x 10"® M) plus 8-bromo-cyclic
GMP (1 x 107 M)in HR-P (n = 5). The number of animals
per experimental group is indicated by n. Vertical bars repre-
sent the S.E.M. All drugs were given beginning at time 0. The
asterisk (*) indicates significanly different from correspond-
ing control.
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Fig. 3. Effects of perfusion with verapamil, dibuty?yl cyclic
GMP, or the combination of both drugs in HEPES-phosphate
(HR-P) on contractile force in paced, isolated rat hearts.
Key: (@—@®) controls in HR-P (n=6); (@ — — - @)
verapamil (6 x 10°® M) in HR-P (n = 4); (CO——) dibu-
tyryl cyclic GMP (1 x 10¢ M) in HR-P (n=4); and
(¢ } verapaniil (6 x 107 M) plus dibutyryl cyclic
GMP (1 x 107* M) in HR-P (n = 3). The number of animals
per experimental group is indicated by n. Vertical bars indi-
cate the S.E.M. All drugs were given beginning at time 0. The
asterisk (*) indicates significantly different from correspond-
ing control. The single dagger (1) indicates significantly
different from dibutyryl cyclic GMP. The double dagger (1)

indicates significantly different from verapamil.

DISCUSSION

The results of our experiments clearly revealed that
in the rat heart no simple relationship exists between the
negative inotropic effect caused by the inhibition of
transmembrane calcium influx and the changes in the
concentrations or ratios of cardiac cyclic nucleotides.
For example, perfusing rat hearts with zero-calcium
solution completely inhibited the development of con-
tractile force within 30 sec. However, the depression of
myocardial cyclic AMP, albeit significant, was no
greater than the decrease in the nucleotide caused by the
various doses of calcium antagonists which reduced
myocardial tension development in proportion to the
dose perfused. Although no attempt was made to meas-
ure shifts in the intracellular locations of the cyclic
nucleotides, in no instance did the perfusion of hearts
with calcium antagonists raise the concentration of
cyclic GMP when cyclic AMP was decreased. There-
fore, we find no support for the applicability of the Yin-
Yang hypothesis to the control of myocardial contrac-
tile force under conditions where calcium influx is
reduced.

The results obtained when we perfused hearts with
zero-calcium solution differ from those described by
several other investigators [34—37]. In previously re-
ported studies, perfusion with zero-calcium was associ-
ated with increased myocardial concentrations of cyclic
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AMP. These elevations in cardiac cyclic AMP were
observed in hearts which had been perfused with zero-
calcium medium for periods of 30 min [34-37[. In
contrast, the hearts used in our experiments were ex-
posed to zero-calcium solution for less than 30 sec.

In a different study with D600, a more potent analog
of verapamil [ 171, an enhancement of the isoproterenol-
induced increase in cyclic AMP was measured after the
administration of D600 to noncontracting hearts depo-
larized with 22 mM external potassium [38]. In the
same study (381, D600 administered alone to hearts
depolarized by perfusion with high potassium solution
did not increase myocardial cyclic AMP. Results from
our experiments showed a reduction in heart cyclic
AMP with perfusion of calcium antagonists (verapamil
or lanthanum) or with zero-calcium medium.

Since there was a difference in the species from
which we obtained the hearts, as well as variations in
tissue preparation, it is difficult to attribute the diver-
gence of our results from those of other investigators to
a single factor. It should be emphasized that the concen-
trations of the calcium antagonist agents we used were
considerably lower than those employed in other labo-
ratories. Because we used such small amounts of vera-
pamil and lanthanum and because the hearts were
exposed to these drugs for very short periods, we
believe that our results are due to direct effects of
reduced availability of calcium to the contractile appa-
ratus and the cyclic nucleotide systems rather than to
secondary effects resulting from altered membrane
potential, cellular pH or cell damage. This hypothesis is
supported by the observation that the effects of calcium
antagonists can be rapidly and completely reversed by
increasing the concentration of calcium in the perfusion
?uid [17,24] or by administering a catecholamine

16, 17},

Robison et al. [29] originally suggested several crite-
ria which would establish the role of cyclic nucleotides
in cellular processes. One of these was the proposal that
synthetic analogs of the cyclic nucleotides could serve
as models for the postulated action of the endogenous
nucleotide. Since previous investigators [4—6] provided
data which supported the concept that increases in
cyclic AMP are associated with the positive inotropic
effect of drugs, while elevations in cyclic GMP are
more likely to be observed with decreases in force of
contraction [12, 14], our results with the dibutyryl
analogs of these nucleotides are not unexpected. Ad-
ministered alone, dibutyryl cyclic AMP increased, and
dibutyryl cyclic GMP decreased, myocardial contrac-
tility. When perfused with verapamil, dibutyryl cyclic
GMP acted synergistically to depress further myocar-
dial contractile force, whereas the effect of verapamil on
force contraction was reversed by dubutyryl cyclic
AMP.

However, 8-bromo-cyclic GMP appears to possess
unique characteristics. Although a cyclic GMP analog,
it produced an unanticipated positive inotropic effect.
This observation does not support the proposal that
analogs usually produce results similar to those of the
parent endogenous nucleotide. The unusual nature of 8-
bromo-cyclic GMP to increase force of contraction is
further demonstrated by the necessity for phosphate
anions in the perfusion fluid in order for the develop-
ment of this response. Since phosphate ions are known
to play a role in calcium sequestration by sarcoplasmic
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reticulum [39] and mitochondria [40], it is possible
that 8-bromo-cyclic GMP may act in combination with
phosphate ions to increase calcium stores in one of both
of these organelles, thereby enhancing myocardial
contractility.

In summary, we believe that our experiments shed
new light on the underlying complexity of the develop-
ment of myocardial contractility and its modification
by pharmacological agents. Clearly, the calcium ion is
of primary importance to the development of tension.
Recent experiments [ 5, 6] have shown that cyclic AMP
probably modulates calcium availability by altering the
transmembrane flux of this ion. However, the import-
ance of cyclic GMP, if any, in regulating myocardial
contractile force remains unclear.
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