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SUMMARY

The effect of extracellular and intracellular application of forskolin
on the voltage-sensitive calcium current, lc., was studied in
myocytes isolated from frog ventricle. Myocytes were isolated
by enzymatic dissociation, and lc. was measured using the
whole-cell configuration of the patch clamp technique modified
to permit intracellular perfusion of various substances. Intracel-
lular perfusion with forskolin (0.1 to 10 um) had a negligible effect
oN lca: lca Was increased 15 + 13% (mean + SE; N = 5). In
contrast, superfusion of the cell with forskolin increased Ica
significantly. The ECs, for the forskolin effect was 0.4 uM. A
maximal 4.5-fold increase in Ic, occurred with 3 um forskolin.
This is somewhat less than the maximal response to isoprenaline

seen in this same series of experiments. The effects of forskolin,
isoprenaline, and intracellular cAMP were not additive. In con-
trast, the effects of isoprenaline or intracellular CAMP and calcium
channel agonists, such as Sandoz (+)202-791, were additive.
This supports the hypothesis that the positive inotropic effects
of forskolin are at least partly mediated by an increase in intra-
cellular cAMP and a stimulation of Ic,. The effects of forskolin
were antagonized by acetyicholine (1 um) or intracellular perfu-
sion with cGMP. Acetyicholine on the average decreased forsko-
lin-stimulated Ica 57 + 11% (N = 17). The relevance of these
results to the suggestion that acetyicholine acts by mechanisms
other than inhibition of adenylate cyclase is discussed.

The voltage-sensitive, trans-sarcolemmal calcium current,
Ica, plays a central role in the regulation of cardiac excitability
and contractility (1-4). Ic, is increased by 8-adrenergic agonists
and decreased by muscarinic cholinergic agonists. It has been
hypothesized that 8-adrenergic agonists increase I, by activat-
ing adenylate cyclase, which in turn stimulates cAMP-depend-
ent phosphorylation of the channel or a channel subunit (2, 4,
5). The evidence in support of this hypothesis is now quite
impressive. 8-agonists increase cCAMP levels in cardiac cells
(6); intracellular injection of cAMP, or the catalytic subunit of
cAMP-dependent protein kinase, mimics the effects of 8-ago-
nists (7-16); and the purified calcium channel can be phospho-
rylated (17-20).

In addition to endogenous hormones and neurotransmitters,
a variety of drugs that have inotropic effects on the heart have
been proposed to act by altering calcium channel function. One
of these drugs is forskolin, a diterpene isolated from the Indian
plant, Coleus forskohlii. Forskolin stimulates adenylate cyclase
in membranes and intact cells (21, 22) and has positive ino-
tropic effects very similar to those of 8-adrenergic agonists (23).
It is reasonable to assume that the positive inotropic effects of
forskolin are mediated by cAMP-dependent phosphorylation
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of the proteins responsible for regulating contraction, notably
the calcium channel. Evidence that forskolin increases Ic,,
however, has been largely indirect. Forskolin increases action
potential duration (23-25) and stimulates calcium dependent
action potentials (26, 27). The effects of forskolin are blocked
by low extracellular calcium or the calcium channel blocker,
verapamil (28). The only published measurements of the effect
of forskolin on I¢, in isolated myocytes have been those of
Hescheler et al. (29), West et al. (30), and Filippov and Poritikov
(25). These studies show that forskolin increases the net inward
current in response to a depolarizing step. Increases in inward
current were relatively modest and ranged from 39% (150 nM
forskolin) (30) to 3-fold (1 uM) (29).

In contrast to these results, there are suggestions that for-
skolin may produce its effects by acting on other sites than the
calcium channel. Forskolin inhibits Na-K ATPase in heart
slices (23, 28) and, thus, might exert its positive inotropic action
by a mechanism similar to that of cardiac glycosides. In addi-
tion, doses of isoprenaline and forskolin required to produce
the same contractile response elevate cAMP to quite different
extents, suggesting that forskolin may affect adenylate cyclase
in a different compartment of the cell than does isoprenaline
(31).

If forskolin increases Ic, by stimulating adenylate cyclase,
one might expect that ACh would not be capable of reducing
forskolin-stimulated I¢, because ACh has been shown to have
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no effect on forskolin-activated adenylate cyclase from heart
under a variety of conditions (32). However, several investiga-
tors have shown that ACh can antagonize the physiological
effects of forskolin in the heart (31-33). ACh has a small
inhibitory effect on forskolin-stimulated Ic, (29), action poten-
tial duration (25), and calcium-dependent action potentials
(27). These observations have been interpreted to suggest that
ACh may have another, second mode of action in addition to
inhibiting adenylate cyclase (33-35). Similar conclusions have
been derived from studies showing that ACh can antagonize
the physiological effects of cholera toxin, the phosphodiesterase
inhibitor isobutyl methyl xanthine, and extracellularly-applied
nonhydrolyzable derivatives of cAMP such as 8-bromo cAMP
(33, 36-38).

In order to characterize the effects of forskolin more thor-
oughly, we have examined the action of forskolin applied both
by superfusion and by intracellular perfusion on calcium cur-
rent in isolated cardiac myocytes using the whole-cell patch
clamp.

Materials and Methods

The methods have been discussed in detail previously (16, 39-43).
Briefly, single, isolated frog ventricular myocytes were voltage-clamped
using the whole cell configuration of the patch-clamp technique. The
trans-sarcolemmal calcium current, Ic,, was routinely elicited by volt-
age-clamp pulses from —80 mV to 0. In previous experiments, we have
shown that recording of Ic, in the presence of contamwinating K*
currents can yield misleading results (39). Thus, in the present exper-
iments, all K* currents were blocked with intracellular and extracellular
Cs* (16) so that the effects of forskolin on I, could be studied directly.
The fast sodium current was blocked with tetrodotoxin. Under these
conditions, the current elicited was composed of the calcium current
that was blocked completely with Cd (100 yM) and a small, time-
independent leak current. Current-voltage relationships, inactivation
curves, and recovery from inactivation curves were obtained with
voltage clamp protocols previously described (16).

Solutions were applied to the exterior of the cell by placing the cell
at the opening of 250-um inner diameter capillary tubing flowing at a
rate of 10 ul/min. Solutions were applied to the interior of the cell by
a system that permitted perfusion of the patch electrode with different
solutions (41).

The standard intracellular solution contained, in mm: 120 CsCl, 5
Kethylene glycol bis(8-aminoethyl ether)-N,N,N’,N’-tetraacetic acid,
4 MgCl,, 5 phosphocreatine disodium, 3 Na,ATP, 0.4 Na,GTP, 10 4(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.15 (with KOH).

Standard extracellular solution contained, in mM: 88 NaCl, 20 CsCl,
0.6 NaH,PO,, 24 NaHCO;, 1.8 MgCl;, 1.8 CaCl,, 5 Na pyruvate, 5
glucose, 0.003 tetrodotoxin.

Forskolin (Calbiochem, San Diego, CA) was prepared as a stock
solution of 10 mM in anhydrous ethanol or 210 mM in anhydrous
DMSO. No systematic differences were noted between experiments
using the two stock solutions. The forskolin derivative 7-deacetyl-7-(4-
methylpiperazino)-butyryloxy forskolin dihydrochloride (Calbiochem)
was prepared as a stock solution of 5 mg/ml in distilled water. Sandoz
(4+)202-791 was a gift of Sandoz Research Institute, East Hanover, NJ.
It was prepared as a stock solution of 2 mg/ml in anhydrous DMSO.
Control solutions contained the same concentration of ethanol or
DMSO as the forskolin solutions.

Site of action of forskolin. Our initial experiments were
designed to determine which side of the membrane forskolin
acts upon. To test this question, we compared the effects of
forskolin applied by extracellular superfusion and by intracel-

lular perfusion. Somewhat surprisingly, intracellular perfusion
of forskolin was quite ineffective in increasing Ic,. Fig. 1 shows
that intracellular perfusion with 10 uM forskolin had no effect
on Ic,, whereas extracellular application of 0.3 uM forskolin
reversibly increased Ic. to twice that of control. To show that
the intracellular perfusion system was working, the cell was
subsequently perfused with 5 uM cAMP and Ic, increased to 6
times control. In five cells, intracellular perfusion with 1 to 10
uM forskolin increased I, only 15 + 13% (mean + SE), whereas,
as described below, the same concentrations of forskolin applied
outside the cell increased Ic, severalfold.

Because forskolin is very lipophilic, it, presumably, can cross
lipid membranes quite readily. Thus, the intracellular concen-
tration of forskolin could be less than its concentration in the
pipet because of more rapid diffusion of forskolin out of the
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Fig. 1. Effect of intracellular and extracellular forskolin on lc,. lca Was
measured by 400-msec voltage clamp pulses to 0 mV from a holding
potential of —80 mV. Cs?*-containing solutions were used both intracel-
lularty and extraceliularly to block K* currents, and the fast Na current
was blocked with tetrodotoxin. Each circle represents the net calcium
current (the difference between maximal inward current and lio). A. The
cell was perfused in with 10 um forskolin for the period
indicated forskolin in by methods previously described (41). This concen-
tration of forskolin had no apparent effect on Ic,. The cell was then
superfused with 0.3 um forskolin (forskolin out) and lc, increased 1-fold.
When the cell was subsequently superfused with control Ringer, the
increase produced by extraceliular forskolin was reversed. To show that
the intraceliular perfusion system was working properly, the cell was
finally perfused with 5 um CAMP, which rapidly increased Ic, about 5-
fold. B. 7-deacetyl-7{4-methyl piperazino| xy forskolin hydrochio-
ride. Extracellular superfusion (F-out) with a 10 um concentration of the
modified forskolin increased lc, 7-fold, whereas the same concentration
applied by intraceliular perfusion (F-inside) had a negligible effect. CAMP,
5 um, was subsequently added to show that the perfusion was working.
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cell than diffusion into the cell from the pipette. To address
this question, we used a water-soluble derivative of forskolin,
7-deacetyl-7-(4-methyl piperazino)-butyroloxy forskolin. In the
experiment diagrammed in Fig. 1B, the cell was first superfused
with 10 uM 7-deacetyl-7-(4-methyl piperazino)-butyryloxy for-
skolin and I, increased 7-fold from 200 pamp to 1350 pamp in
less than 5 min. During 20 min of intracellular perfusion with
the same concentration, however, Ic, increased less than 200
pamp. This latter increase was probably unrelated to forskolin
because Ic, was gradually increasing in this cell in the absence
of forskolin (compare the slope of the points between 0 and 4
min and between 20 and 40 min). These results support the
suggestion that forskolin acts at an extracellular site.

Comparison of effects of forskolin and isoprenaline.
Superfusion with forskolin increased the amplitude of I¢, in a
manner similar to that produced by superfusion with isopren-
aline (Fig. 2). In the experiment shown, 3 X 10”7 M isoprenaline
increased Ic, to 13 times that of control, and 3 uM forskolin
increased Ic, to 12 times that of control. The time course of the
increase in Ic, was faster with greater forskolin concentrations.
However, even with the maximal forskolin concentrations used,
the time course of the change in Ic, was about 2-fold slower
than the time course of the response to isoprenaline.

Forskolin had no obvious effect on the kinetics of Ic, (Fig.
3A), although this was not analyzed quantitatively. Neither did
forskolin significantly affect the shape of the Ic, current-voltage
relationship (Fig. 3B), although in some cells the current-
voltage relationship was shifted to the left in response to
forskolin, probably as a result of a poor voltage clamp, as we
have previously described (16).

Forskolin had effects on inactivation and recovery from
inactivation that were similar to those of isoprenaline. Recovery
from inactivation was determined by measuring I, elicited by
a 200-msec test pulse to 0 mV that followed a 200-msec prepulse
to 0 mV by various intervals (Fig. 3D). In the experiment
shown, in the absence of forskolin the amplitude of the test Ic,
was decreased by pulses that preceded the test pulse by less
than 125 msec. However, prepulses given between 125 and 1000
msec before the test pulse had a potentiating effect on the test
Ica. We have previously found that this “overshoot” occurs in
cells having small Ic, current densities (44). Application of
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Fig. 2. Effect of extracetiular forskolin, isoprenaline, and acetyicholine on
lca- The cell was superfused with the following solutions as indicated:
0.3 um isoprenaline, 2 um forskolin, 1 um acetyicholine (in the presence
of isoprenaline or forskolin as shown).
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forskolin abolishes this overshoot. Forskolin also apparently
slows recovery from inactivation (Fig. 3D, circles), although
this apparent slowing may be caused by abolition of the over-
shoot. This slowing of recovery from inactivation is similar to
the effect that we have reported for isoprenaline and cAMP
(16).

Inactivation was determined by examining the effect of 200-
msec prepulses to various potentials on the response to a
subsequent test pulse to 0 mV (Fig. 3C). The control inactiva-
tion curve was complex in shape (Fig. 3C, squares). Prepulses
to potentials between —70 mV and —40 mV potentiated the
test Ic,. Prepulses between —40 mV and 0 mV progressively
decreased test Ic,. With prepulses above 0 mV, test I, progres-
sively increased so that test Ic, was only about 30% inactivated
by prepulses to +100 mV. The shape of the inactivation curve
was similar to that which we have previously described (16).
Forskolin had two effects on the shape of the inactivation curve
(Fig. 3C, circles). It decreased the overshoot between —70 mV
and —40 mV and increased the amount of inactivation at +100
mV. This also was similar to the effect we have reported for
isoprenaline and cAMP (16, 44).

Dose-response relationship. The response to forskolin
was dose-dependent (Fig. 4A). Although there was considerable
scatter in the data, the concentration of forskolin that produced
a half-maximal effect was calculated to be 0.4 uM by fitting the
data of Fig. 4 to the Michaelis equation. Often, it appeared that
higher concentrations of forskolin were toxic to the cell. Upon
switching from 3 uM to 10 uM forskolin, the holding current
often increased as if the cell had become leaky. This toxic effect
was not caused by the solvent for forskolin because it was not
seen in control solutions containing only solvent and the max-
imal concentrations of ethanol and DMSO were only 0.1% and
0.005%, respectively. Maximal concentrations of forskolin in-
creased Ic, to 4.5 times that of control (Fig. 4). This increase
was about 30% less than we reported previously for the effect
of isoprenaline on I¢, (16), and it is also less than the effect of
isoprenaline that we found in this same series of experiments
(Fig. 5). Furthermore, in each of five cells in which isoprenaline
and forskolin were both tested, the response to forskolin was
an average of 29% smaller than the response to isoprenaline.

Despite the apparently smaller maximal effect of forskolin
compared with isoprenaline, addition of isoprenaline to 10 uM
forskolin only very slightly augmented the current over that in
the presence of forskolin alone (Fig. 4A, circle, and B). Simi-
larly, the effects of forskolin and intracellular perfusion with 5
uM cAMP were not additive (not shown). Thus, the smaller
effect of forskolin compared with isoprenaline might be related
to the toxic effect of forskolin that we have noted.

The fact that the effects of maximal concentrations of iso-
prenaline or cAMP and forskolin were not additive suggests
that these compounds work through the same mechanism. An
additional piece of evidence to support this suggestion is that
the effect of forskolin is additive with drugs that increase Ic,
through cAMP-independent mechanisms, suggesting that for-
skolin does not act directly on the calcium channel. Fig. 6 shows
that calcium channel agonists, such as Sandoz (+)202-791,
which increase Ic, through a cAMP-independent mechanism
(5, 45), were additive with the effects of maximal concentrations
of isoprenaline or cAMP. In this experiment, the increase in
Ic. produced by (+)202-791 was virtually identical in the pres-
ence and absence of intracellular perfusion with 20 uM cAMP.
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Fig. 3. Effect of forskolin on lc,. A. Kinetics: digitized traces of currents elicited by 400-msec pulses from —80 mV to 0 mV in the absence (control)
and presence (forskolin) of 3 um forskolin added to the superfusion solution. In B, C, and D, circles represent control currents and squares represent
currents in the presence of 3 um forskolin. B. Current-voitage relationships (current = pA). Solid symbols: lc, (maximal inward current minus lso).
Open symbols: steady-state current (lioo). C. Inactivation of lc.. D. Recovery of lc, from inactivation. Inactivation and recovery from inactivation were
measured by double pulse protocols shown in the insets and described previously (16).

These findings are consistent with the idea that the positive
inotropic effect of forskolin can be explained by its ability to
stimulate adenylate cyclase, although the efficacy of forskolin
might be slightly less than that of isoprenaline. Another argu-
ment that forskolin and isoprenaline act by stimulating aden-
ylate cyclase was that low concentrations of forskolin markedly
potentiated the effects of submaximal doses of isoprenaline
(not shown).

Effects of ACh on forskolin-stimulated Ic,. ACh de-
creased I, stimulated by forskolin (Fig. 2; Fig. 5): in 17 cells, 2
to 10 uM ACh decreased the forskolin effect on Ic. an average
of 57 + 11%. The percentage of inhibition did not appear to
depend upon the forskolin concentration, but on the average,
ACh did not decrease Ic, to as low a level when high forskolin
concentrations were used. The average effect of ACh on forsko-
lin-stimulated Ic, was less than the ACh effect on isoprenaline-
stimulated I, (Fig. 5). However, in some cells, ACh had quan-
titatively identical effects on isoprenaline- and forskolin-stim-
ulated Ic, (Fig. 2).

Effects of cGMP on Forskolin-stimulated ICa. We have
previously shown that intracellular perfusion with cyclic GMP
decreased both isoprenaline- and cAMP-stimulated Ic,, appar-
ently by stimulating phosphodiesterase II (the cGMP-stimu-

lated cyclic nucleotide phosphodiesterase (46)). Intracellular
perfusion with 20 uM cGMP was also capable of decreasing
forskolin-stimulated Ic, (Fig. 7).

Discussion

These studies provide several new insights concerning the
mechanism of forskolin action.

1. Our results suggest that forskolin acts at the extracellular
surface of the cell. Intracellular perfusion with forskolin was at
least 100-fold less effective than extracellular application.
Adenylate cyclase from the heart and brain have recently been
purified (47, 48). The catalytic subunit has a molecular weight
of ~150 kDa and exists as a complex with the a-subunit of the
G,-regulatory protein. The catalytic subunit is presumably a
glycoprotein because it adheres to wheat germ agglutinin Seph-
arose. These findings suggest that adenylate cyclase: may be a
transmembrane protein, and they raise the possibility that the
extracellular domain of the cyclase may be accessible to regu-
latory agents such as forskolin and, perhaps, endogenous
agents. In a preliminary communication, Schorderet-Slatkine
and Baulieu (49) stated that intracellular injection of forskolin
into Xenopus oocytes had no effect at concentrations that had
potent extracellular effects.
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Fig. 4. Effect of different forskolin concentrations on lc,. A. Dose-
response relationship. Cells were superfused with different forskolin
concentrations. In some cells, several forskolin concentrations were
tested sequentially, but most cells received only one concentration.
Numbers beside the points indicate number of cells. Error bars are
standard error. The Solid line is the nonlinear least squares regression
to the mass action equation. O, the effect of 10 um forskolin plus 2 um
isoprenaline. B. Example of response of one cell to forskolin and iso-
prenaline. This cell was with several concentrations of for-
skolin (0.1 um, 3 um, and 10 um) as indicated, and then 2 um isoprenaline
was added to the 10 um forskolin solution.
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Fig. 5. Effect of ACh on isoprenaline- and forskolin-stimulated lc,. Treat-
ments: con, control ringer; F in, intracellular perfusion with forskolin; /SO,
2 um isoprenaline; F1, superfusion with 1 um forskolin; F2, 2 um forskolin;
F3, 3 um forskolin. Open bars indicate treatment in the absence of ACh;
hatched bars indicate treatment plus 1 um ACh. Numbers indicate number
of cells. Error bars are standard errors.

Another explanation for these results that must be considered
is that forskolin applied inside the cell rapidly diffuses out of
the cell into the extracellular solution faster than it diffuses
into the cell from the pipette. Forskolin is a rather hydrophobic
molecule that would be expected to partition into the lipid
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Fig. 6. Additive effects of CAMP and Sandoz +202-791. Superfusion of
the cell with 2 ug/ml Sandoz +202-791 increased the basal I, from 270
pamp to 1470 pamp (increase = 1200 pamp). Intraceliular perfusion with
20 um cAMP increased Ic, from 270 pamp to 2250 pamp. Subsequent
addition of +202-791 increased lc, to 3250 pamp increase = 1000
pamp). Similar results were obtained in all cells tested.
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Fig. 7. Effect of intracellular perfusion with cGMP on forskolin-elevated
Ica- The cell was superfused with 3 um forskolin and intemally perfused
with 20 um cGMP for the periods indicated.

membrane quite readily and then diffuse into the infinite bath
volume. This possibility has been tested experimentally using
new, less hydrophobic derivatives of forskolin (7-deacetyl-7-(4-
methylpiperazine) butyryloxyl forskolin). This derivative was
at least 25-fold less potent in increasing Ic. when applied inside
than when applied outside the cell. Furthermore, lipophilic
derivatives of cAMP, such as dibutyryl cAMP, produce large
increases in Ic, when applied intracellularly at micromolar
concentrations but are quite ineffective outside the cell at
millimolar concentrations, suggesting that these compounds do
not readily cross the membrane despite their lipophilicity.

2. Effects of forskolin on I¢,. Our results add support to the
hypothesis that forskolin produces its positive inotropic effects
by increasing cAMP levels and I¢, (50). Previous studies have
shown clearly that forskolin increases adenylate cyclase (for
review, see Ref. 50) and that the levels of cAMP correlate with
the force of contraction (51). It has been less clear, however,
whether forskolin acts only by cAMP-dependent mechanisms.
Isoprenaline stimulates phosphorylation of a variety of proteins
in cardiac tissue, including troponin-I (52), C-protein (53, 54),
phospholamban (55), and, probably, the calcium channel (17-
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20). Lindemann and Watanabe (34) have shown that forskolin
stimulates phospholamban phosphorylation, but until very re-
cently, the evidence that forskolin increases Ic, has been indi-
rect, and there has been little evidence that forskolin increases
Ic. through a cAMP-dependent mechanism. Our finding that
the effects of maximal concentrations of isoprenaline or cAMP
and forskolin produce similar increases in Ic, and that these
effects are not additive, whereas the effects of calcium channel
agonists and isoprenaline or cAMP are additive, provides ad-
ditional support for a cAMP-dependent mechanism of action
of forskolin on I¢,. Furthermore, the similarity of the effects of
forskolin, isoprenaline, and cAMP on the current-voltage re-
lationship, inactivation, and recovery from inactivation of Ic,
argues for a similar mechanism of action of these agents.
Because Ic, plays a central role in determining the force of
contraction of the heart, the potent effects of forskolin on Ic,,
which are similar in magnitude to the effects of isoprenaline,
can largely explain the positive inotropic effects of forskolin.

3. Mechanism of forskolin and ACh action. Although it is
clear that forskolin is capable of stimulating the catalytic
subunit of adenylate cyclase directly (see Ref. 50), a G, protein
may play an important role in forskolin activation of the cyclase
in intact cells (56). In several systems, kinetic analysis of the
effects of forskolin suggest a high affinity forskolin site with a
K. of ~0.5 uM and a low affinity site with a K, of > 10 uM (57-
59). It appears that the high affinity site is associated with a
G, protein-dependent forskolin activation of the cyclase, be-
cause the high affinity site is absent in cyc™ S49 lymphoma
cells that are deficient in G, (57). Because we estimate an EC;,
for forskolin of 0.4 uM, the increase in Ic, we have observed
may be caused partly by an activation of cyclase that is G,
dependent.

It has previously been reported by several investigators that
ACh can antagonize the physiological effects of forskolin. ACh
can antagonize the stimulatory effect of forskolin on contrac-
tion (31, 34), on action potential duration (24, 25), on Ca-
dependent action potentials (26, 27), and on phospholamban
phosphorylation (34). Furthermore, adenosine can antagonize
the effects of forskolin on the calcium current in mammalian
heart cells (30). OQur results confirm those of Hescheler et al.
(29) in guinea pig ventricular cells showing that ACh can
antagonize the effects of forskolin on the inward current.

The question that remains is whether the inhibitory effect of
ACh on forskolin is evidence that ACh acts by a pathway other
than inhibition of adenylate cyclase (33, 35). The argument is
often made that ACh acting through a G; protein should not be
capable of inhibiting forskolin-activated adenylate cyclase, be-
cause forskolin activates the catalytic subunit of the cyclase
directly. However, this conclusion does not seem to be justified
on the basis of the available evidence. It is well documented
that various hormones that act via G; proteins can inhibit
forskolin-stimulated adenylate cyclase (60-65). This inhibition
can occur in the absence of a functional G, protein (61). The
inhibition of forskolin-stimulated adenylate cyclase in mem-
brane fractions, however, is usually much smaller than the
inhibition of hormone-stimulated cyclase activity. In our ex-
periments, ACh had a smaller effect on forskolin-stimulated
Ic. on the average than on isoprenaline-stimulated Ic,. How-
ever, in some cells the effect of ACh on the forskolin-stimulated
current was quite robust. These large effects of ACh on forsko-
lin-stimulated I¢, tempt one to conclude that there is an addi-

tional mechanism of ACh action. However, forskolin stimula-
tion of the cyclase may also involve G, proteins in intact cells
(as noted above), and some of the inhibition that is produced
by ACh may be on this G,-sensitive component of the stimu-
lation. Thus, more direct evidence is required to conclude that
ACh acts via a mechanism in addition to cyclase inhibition.

In support of the idea that ACh has other mechanisms of
action than inhibition of adenylate cyclase, Lindemann and
Watanabe (34) showed that ACh can antagonize the effects of
forskolin on phospholamban phosphorylation without decreas-
ing CAMP levels. Furthermore, Fleming et al. (32) concluded
that ACh can only inhibit adenylate cyclase through 8y inhi-
bition of G,(«) and cannot directly inhibit forskolin-stimulated
cyclase activity. In apparent contrast to these results, however,
West et al. (30) reported that adenosine, acting on a cell surface
receptor, inhibits the increase in cAMP levels produced by
forskolin in isolated guinea pig myocytes but not in multicel-
lular preparations, even though the physiological effects of
forskolin were inhibited in both preparations. They suggest
that non-muscle cells in multicellular preparations mask
changes in myocyte cAMP. Thus, it seems difficult to determine
whether ACh has actions in addition to inhibition of adenylate
cyclase based on these kinds of studies.

Finally, we observed that intracellular perfusion with cGMP
reduced forskolin-stimulated Ic,. We have previously suggested
that intracellular perfusion with cGMP stimulates a cGMP-
activated phosphodiesterase (PDE-II) that hydrolyzes cAMP
(41). This experiment suggests that phosphodiesterase activity
in the cell is sufficient to hydrolyze the cAMP synthesized by
the forskolin-stimulated enzyme. Because it is known that ACh
can increase cGMP levels in cardiac cells, the possibility exists
that ACh might decrease forskolin-stimulated Ic, in part by
activation of a cGMP-stimulated phosphodiesterase.

Acknowledgments

We thank Mr. Frank Sullivan for his excellent technical assistance in prepar-
ing isolated myocytes and Mr. William Goolsby for his superb computer and
electronics support. Without their help, this work could not have been completed.
We also thank Dr. Mark Simmons for helpful suggestions and for participating
in some of these experiments. We thank Dr. Eden of the Sandoz Research
Institute for the gift of (+)202-791.

References

1. Tsien, R. W. Calcium channels in excitable cell membranes. Annu. Rev.
Physiol. 45:341-358 (1983).

2. Reuter, H. Calcium channel modulation by neurotransmitters, enzymes and
drugs. Nature (Lond.) 301:569-574 (1983).

3. Reuter, H. Ion channels in cardiac cell membranes. Annu Rev. Physiol.
46:473-484 (1984).

4. Trautwein, W., and D. Pelzer. Voltage dependent gating of single calcium
channels in the cardiac cell membrane and its modulation by drugs, In
Calcium and Cell Physiology, (D. Marme, ed.). Springer, New York, 53-93
(1985).

5. Tsien, R. W., B. P. Bean, P. Hess, J. B. Lansman, B. Nilius, and M. C.
Nowycky. Mechanisms of calcium channel modulation by 8-adrenergic agents
and dihydropyridine calcium agonists. J. Mol Cell. Cardiol 18:691-710
(1986).

6. Tsien, R. W. Cyclic AMP and contractile activity in the heart. Adv. Cyclic
Nucleotide Res. 8:363-420 (1977).

7. Tsien, R. W. Adrenaline-like effects of intracellular iontophoresis of cyclic
AMP in cardiac Purkinje fibres. Nature New Biol. 245:120-122 (1973).

8. Tsien, R. W, and R. Weingart. Iontropic effect of cyclic AMP in calf
ventricular muscle studied by a cut end method. J. Physiol. (Lond.) 260:117-
141 (1976).

9. Vogel, S., and N. Sperelakis. Induction of slow action potentials by microion-
tophoresis of cyclic AMP into heart cells. J. Mol. Cell. Cardiol. 17:517-521
(1981).

10. Trautwein, W., J. Taniguchi, and A. Noma. The effect of intracellular cyclic
nucleotides and calcium on the action potential and acetylcholine response
of isolated cardiac cells. Pfugers Arch. Eur. J. Physiol. 392:307-314 (1982).

11. Osterrieder, W., G. Brum, J. Hescheler, W. Trautwein, V. Flockerzi, and F.
Hofmann. Injection of subunits of cyclic AMP-dependent protein kinase into

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

12

13.

14.

15.

16.

17.

cardiac myocytes modulates Ca®™ current. Nature (Lond.) 298:576-578
(1982).

Brum, G., W. Osterreider, and W. Trautwein. 8-adrenergic increase in the
calcium conductance of cardiac myocytes studied with the patch clamp.
Pflugers Arch. Eur. J. Physiol. 401:111-118 (1984).

Brum, G., V. Flockerzi, F. Hofmann, W. Osterrieder, and W. Trautwein.
Injection of catalytic subunit of cAMP-dependent protein kinase into isolated
cardiac myocytes. Pflugers Arch. Eur. J. Physiol. 398:147-154 (1983).
Irisawa, H., and S. Kokubun. Modulation by intracellular ATP and cyclic
AMPoftheslowinwudcumntinisohﬁedsingleventr’wulareeﬂsoftbe
guinea-pig. J. Physiol. (Lond.) 338:321-337 (1983).

Kamayama, M., F. Hofmann, and W. Trautwein. On the mechanism of 8-
adrenergic regulation of the Ca channel in the guinea pig heart. Pflugers
Arch. Eur. J. Physiol. 405:285-293 (1985).

Fischmeister, R., and H. C. Hartzell. Mechanism of action of acetylcholine
on calcium current in single cells from frog ventricle. J. Physiol. (Lond.)
876:183-202 (1986).

Hosey, M. M., M. Borsotto, and M. Lazdunski. Phosphorylation and dephos-
phorylation of dihydropyridine-sensitive voltage-dependent Ca** channel in
skeletal muscle membranes by cAMP- and Ca**-dependent processes. Proc.
Natl Acad. Sci. USA 83:3733-3737 (1986).

18. Curtis, B. M., and W. A. Catterall. Phoephorylation of the calcium antagonist

19.

20.

21.

31
32

36.

317.

38.

39.

receptor of the voltage-sensitive calcium channel by cAMP-dependent protein
kinase. Proc. Natl. Acad. Sci. USA 82:2528-2532 (1985).

Leung, A. T., T. Imagawa, A. Sharp, and K. P. Campbell. Phosphorylation
of cardiac sarcolemma vesicles enriched in the dihydropyridine receptor of
the Ca®* channel. Biophys. J. 49:592a (1986).

Flockerzi, V., H.-J. Oeken, F. Hofmann, D. Pelzer, A. Cavalie, and W.
Trautwein. Purified dihydropyridine binding site from skeletal muscle t-
tubules is a functional calcium channel. Nature (Lond.) 323:66-68 (1986).
Metzger, H., and E. Lindner. Forskolin-a novel adenylate cyclase activator.
I R. C. S. Med. Sci. Biochem. 9:99 (1981).

. Seamon, K. B., W. Padgett, and J. W. Daly. Forskolin-unique diterpene

activator of adenylate cyclase in membranes and in intact cells. Proc. Natl
Acad. Sci. U. S. A. 78:3363-3367 (1981).

. Lindner, E., A. N. Dohadwalla, and B. K. Bhattacharya. Positive inotropic

and blood pressure lowering activity of a diterpene derivative isolated from
Coleus forskohl: forskolin. Arzneim. Forsch. 28:284-289 (1978).

. Rardon, D. P., and A. J. Pappano. Carbachol inhibits electrophysiological

effects of cyclic AMP in ventricular myocytes. Am. J. Physiol. 251:H601-
H611.

. Filippov, A. K., and V. L. Poritikov. Effect of forskolin on action potential,

slow inward current, and tension of frog atrial fibers. J. Physiol. (Paris)
80:163-167 (1985).

. Spah, F. Forskolin, a new positive inotropic agent, and its influence on

myocardial electrogenic cation movements. J. Cardiovasc. Pharmacol. 6:99-
106 (1984).

. Wahler, G. M., and N. Sperelakis. Cholinergic attenuation of the electro-

physiological effects of forskolin. J. Cyclic Nucleotide Protein Phosphorylation
Res. 11:1-10 (1986).

. Lindner, E., and H. Metzger. The action of forskolin on muscle cells is

modified by hormones, calcium ions, and calcium antagonists. Arzneim.
Forsch. 33:1436-1441 (1983).

. Hescheler, J.,, M. Kameyama, and W. Trautwein. On the mechanism of

muscarinic inhibition of the cardiac Ca current. Pfugers Arch. Eur. J. Physiol.
407:182-189 (1986).

. West, G. A., G. Isenberg, and L. Belardinelli. Antagonism of forskolin effects

by adenosine in isolated hearts and ventricular myocytes. Am. J. Physiol.
250:H769-H777 (1986).

MacLeod, K. M. The interaction of carbachol and forskolin in rabbit papillary
muscles. Eur. J. Pharmacol. 107:95-99 (1985).

Fleming, J. W., R. A. Strawbridge, and A. M. Watanabe. M

regulation of eurdmc adenylate cyclase activity. J. Mol. Cell Cardwl. 19:: 47—
61 (1987).

. Watanabe, A. M., J. P. Lindemann, and J. W. Fleming. Mechanisms of

muscarinic modulation of protein phosphorylation in intact ventricles. Fed.
Proc. 43:2618-2623 (1984).

. Lindemann, J. P., and A. M. Watanabe. Muscarinic cholinergic inhibition of

B-adrenergic stimulation of phospholamban phosphorylation and Ca®* trans-
port in guinea pig ventricles. J. Biol Chem. 260:13122-13129 (1985).

. Loffelholz, K., and A. J. Pappano. The parasympathetic neuroeffector junc-

tion of the heart. Pharmacol Rev. 37:1-24 (1985).

Hartzell, H. C., and L. Titus. Effects of cholinergic and adrenergic agonists
on phosphorylation of a 165,000 dalton myofibrillar protein in intact cardiac
muscle. J. Biol. Chem. 257:2111-2120 (1982).

Pappano, A. J., P. M. Hartigan, and M. D. Coutu. Acetylcholine inhibits
positive inotropic effect of cholera toxin in ventricular muscle. Am. J. Physiol.
243:H434-H441 (1982).

Biegon, R. L., P. M. Epstein, and A. J. Pappano. Muscarinic antagonism of
the effects of a phosphodiesterase inhibitor (methylisobutylxanthine) in
embryonic chick ventricle. J. Pharmacol Exp. Ther. 215:348-356 (1980).
Hartzell, H. C., and M. A. Simmons. Comparison of effects of acetylcholine
on calcium and potassium currents in frog atrium and ventricle. J. Physiol
(Lond.) 389:411-422 (1987).

Effect of Forskolin and Acetyicholine on Calcium Current 645

40. Simmons, M. A., T. Creazzo, and H. C. Hartzell. A time-dependent and
voltage-sensitive K* current in single cells from frog atrium. J. Gen. Physiol.
88:739-755 (1986).

41. Hartzell, H. C., and R. Fischmeister. Opposite effects of cyclic GMP and
cyclic AMP on Ca** current in single heart cells. Nature (Lond.) 328:273-
275 (1986).

42. Fischmeister, R., and H. C. Hartzell. Cyclic guanosine 3',5’-monophosphate
regulates the calcium current in single cells from frog ventricle. J. Physiol.
(Lond.) 387:453-472 (1987).

43. Simmons, M. A, and H. C. Hartzell. A quantitative analysis of the acetyl-
choline-activated potassium current in single cells from frog atrium. Pflugers
Arch. Eur. J. Physiol. 409:454-461 (1987).

44. Fischmeister, R., J. A. Argibay, and H. C. Hartzell. Modifications of cardiac
calcium current in cells with inherent differences in current density. Biophys.
J. 51:29a (1987).

45. Kongsamut, S., T. J. Kamp, R. J. Miller, and M. C. Sanguinetti. Calcium
channel agonist and antagonist effects of the stereoisomers of the dihydro-
pyridine 202-791. Biochem. Biophys. Res. Comm. 130:141-148 (1985).

46. Martins, T. J., M. C. Mumby, and J. A. Beavo. Purification and character-
ization of a cyclic GMP-stimulated cyclic nucleotide phosphodiesterase from
bovine tissues. J. Biol. Chem. 257:1973-1979 (1982).

47. Yeager, R. E., W. Heideman, G. B. Rosenberg, and D. R. Storm. Purification
of the Calmodulin-sensitive adenylate cyclase from bovine cerebral cortex.
Biochemistry 24:3776-3783 (1985).

48. Pfeuffer, E., R.-M. Dreher, H. Metzger, and T. Pfeuffer. Catalytic unit of
adenylate cyclase purification and identification by affinity crosslinking.
Proc. Natl Acad. Sci. USA 82:3086-3090 (1985).

49. Schorderet-Slatkine, S., and E.-E. Baulieu. Forskolin increases cAMP and
inhibits progesterone induced meiosis reinitiation in Xenopus laevis oocytes.
Endocrinology 111:1385-1387 (1982).

50. Seamon, K. B., and J. W. Daly. Forskolin: its biological and chemical
properties. Adv. Cyclic Nucleotide Protein Phosphorylation Res. 20:1-150
(1986).

51. Rodger, I. W., and M. Shahid. Forskolin, cyclic nucleotides and positive
inotropism in isolated papillary muscles of the rabbit. Br. J. Pharmacol.
81:151-159 (1984).

52. England, P. J. Studies on the phosphorylatnon of the inhibitory subunit of
troponin during modification of contraction in perfused rat heart. Biochem.
J. 160:295-304 (1976).

53. Hartzell, H. C. Phosphorylation of C-protein in intact amphibian cardiac
muscle. J. Gen. Physiol 83:563-588 (1984).

54. Hartzell, H. C. Effects of phosphorylated and unphosphorylated C-protein
on cardiac actomyosin ATPase. J. Mol. Biol. 186:185-195 (1985).

55. Katz, A. M. Role of the contractile proteins and sarcoplasmic reticulum in
the response of the heart to catecholamines: an historical review. Adv. Cyclic
Nucleotide Res. 11:303-343 (1979).

56. Darfler, F. J., L. C. Mahan, A. M. Koachman, and P. A. Insel. Stimulation
by forskolin of intact S49 lymphoma cells involves the nucleotide regulatory
protein of adenylate cyclase. J. Biol. Chem. 257:11901-11907 (1982).

57. Clark, R. B,, T. J. Goka, D. A. Green, R. Barber, and R. W. Butcher.
Differences in the forskolin activation of adenylate cyclases in wild type and
variant lymphoma cells. Mol Pharmacol. 22:609-613 (1982).

58. Green, D. A,, and R. B. Clark. Direct evidence of the role of the coupling
proteins in forskolin activation of adenylate cyclase. J. Cyclic Nucleotide Res.
8:337-346 (1982).

59. Zahler, W. L. Evidence for multiple interconvertible forms of adenylate
cyclase detected by forskolin activation. J. Cyclic Nucleotide Protein Phos-
phorylation Res. 9:221-230 (1983).

60. Insel, P. A., D. Stengel, N. Ferry, and J. Hanoune. Regulation of adenylate
cyclase of human platelet membranes by forskolin. J. Biol. Chem. 257:7485-
7490 (1982).

61. Jakobe, K. H., K. Aktories, and G. Schultz. A nucleotide regulatory site for
somatostatin inhibition of adenylate cyclase in S49 lymphoma cells. Nature
(Lond.) 303:177-178 (1983).

62. Aktories, K., G. Schultz, and K. H. Jakobe. Adenylate cyclase inhibition and
GTPase stimulation by somatostatin in S49 lymphoma cyc™ variants are
prevented by islet-activating protein. FEBS Lett. 1568:169-173 (1983).

63. McMahon, K. K., and R. J. Schimmel. Inhibition of forskolin activated
adenylate cyclase in hamster adipocyte membranes with prostaglandin E,
and clonidine. J. Cyclic Nucleotide Res. 8:39-47 (1982).

64. Fain, J. N., J. A. Garcia-Sainz, 1. Mills, and C. J. O'Donnell. Activation of
lipolysis and cyclic AMP accumulation in rabbit adipocytes by isoproterenol
in the presence of forskolin or pertussis toxin. Biochim. Biophys. Acta
798:382-389 (1984).

65. Jakobs, K. H., U. Gehring, B. Gaugler, T. Pfeuffer, and G. Schultz. Occurrence
of an inhibitory guanine nucleotide-binding regulatory component of the
adenylate cyclase system in cyc™ variants of S49 lymphoma cells. Eur. J.
Biochem. 130:605-611 (1983).

Send reprint requests to: Dr. H. Criss Hartzell, The Department of Anatomy
and Cell Biology, Emory University School of Medicine, Atlanta, GA 30322.

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/



