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Summary. The effects of forskolin on action potential config-
uration and on both uptake and efflux of 8*Rb* were stud-
ied in guinea-pig left atria. The action potential was pro-
longed by forskolin in the plateau range but shortened at
the end of repolarization; maximal upstroke velocity and
amplitude of slow response potentials were enhanced. In
partially depolarized preparations, the resting potential was
increased by forskolin; this effect was not prevented by
atropine 1 pmol/l. Forskolin augmented the rate constant
of 8%Rb* efflux in beating and in resting preparations. The
uptake of ¥ Rb* was enhanced by forskolin in resting prepa-
rations. It is concluded that forskolin stimulates the
Na*,K*-pump and activates a background potassium
conductance. Both effects may account for the shortening
effect of the drug on the action potential and the increase in
resting potential seen in partially depolarized preparations.
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Introduction

Forskolin increases the force of contraction of the heart and
lowers the blood pressure in various animals (Lindner et al.
1978). Subsequent studies showed that forskolin directly
activates cardiac adenylate cyclase and increases the activity
of cyclic AMP-dependent protein kinase (Metzger and
Lindner 1981). The activation by forskolin of the adenylate
cyclase in a number of tissues and an increase in cyclic AMP
levels in brain slices was shown by Seamon et al. (1981).
The positive inotropic effect of forskolin in guinea-pig
papillary muscles was described as being associated with
either a shortening of the action potential (Lindner et al.
1978) or a slight prolongation (Spidh 1984), whereas large
increases by forskolin in action potential duration were de-
scribed in single myocytes isolated from guinea-pig
ventricles (Rardon and Pappano 1986). Forskolin increases
the slow inward calcium current (Ic,) in isolated myocytes
(Hescheler et al. 1986), which is in line with the observed
prolongation of the action potential. However, other effects
of forskolin than the increase in I, may determine the
overall effects of the drug on the action potential configura-
tion in heart tissue. It was the aim of the present study to
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characterize the opposing effects of forskolin on the action
potential configuration in guinea-pig atrial heart muscle. To
this end, first, the effects of forskolin on maximal upstroke
velocity, diastolic potential and the duration of the action
potential at 20% and 90% of repolarization were deter-
mined. Second, the changes by forskolin in maximal
upstroke velocity of slow response action potentials were
investigated. Third, the effects of forskolin on the maximal
diastolic potential were determined in preparations partially
depolarized by Ba** 0.2 mmol/l. To find a logical explana-
tion for the abbreviation by forskolin of the action potential,
experiments were carried out with 8*Rb* as a probe for
both the activity of the Na®,K *-pump (uptake measure-
ments) and the potassium conductance (efflux measure-
ments) of the cell membrane. The results of the present
study suggest that forskolin, in addition to its effect on Ic,,
stimulates the Na*,K"-pump and increases a steady state
potassium conductance as well. Both effects may contribute
to the hyperpolarizing effects of forskolin in guinea-pig atrial
heart muscle.

Methods

Preparations. For electrophysiological studies and the mea-
surement of 3°Rb* uptake or 8°Rb™* efflux, guinea-pigs of
weight 250 —400 g were killed by a blow on the head and
bled from the carotid arteries. The hearts were quickly re-
moved and transferred to a dissection chamber containing
oxygenated warm Tyrode’s solution. Whole hearts were
pinned down on Sylgard to cut off the atria. Suitable left
atrial trabeculae, mean dimensions + SD 3.54 1.0 mm
length % 0.4 + 0.1 mm diameter, were selected under 6—10-
fold magnification and isolated by ligating both ends with
a fine silk suture and dissecting them from the atrium. For
flux studies, the whole left atrial appendage was used.

Solutions. Tyrode’s solution was prepared from stock
solutions in distilled deionized water and had the following
composition in mmol/l: NaCl, 136.9; KCl, 5.4; MgCl,, 1.05;
NaH,PO,, 0.42; NaHCO3;, 11.9; CaCl,, 1.8; glucose, 5.6.
The Tyrode’s solution was equilibrated with 5% CO, in O,
at 37°C (pH 7.4). High potassium depolarizing modified
Tyrode’s solution contained 21.6 mmol/l potassium by re-
placing the NaCl with equimolar amounts of KCl (other
ions the same). BaCl, 0.2 mmol/l was added to the solution
containing 21.6 mmol/l potassium.

Measurement of transmembrane potentials of heart muscle
preparations. The atrial trabeculae were mounted
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horizontally in a 2 ml organ bath, which was built into a
perspex block that also contained a main reservoir of 100 ml
Tyrode’s solution. Communication between both compart-
ments was provided by connecting pores through which the
fluids were driven by gas (95% O, and 5% CO,). The
preparations were electrically stimulated at 1 Hz by rect-
angular pulses of 0.1 —1 ms duration at 10% above thresh-
old intensity and allowed to stabilize for at least 30 min. The
effects of forskolin were investigated by exposure to either
single or to cumulatively increasing concentrations, achieved
by adding drugs to the main Tyrode’s reservoir, and in-
creasing the concentration after the establishment of a stable
response. Slow response action potentials were recorded by
increasing the extracellular potassium concentration from
5.4 mmol/l to 21.6 mmol/l. Under these conditions (resting
potential of about —52 mV), the sodium conductance re-
sponsible for the fast upstroke of the action potential is
virtually completely inactivated and calcium-dependent
slow response action potentials can be recorded (originally
described by Reuter and Scholz 1968). BaCl, 0.2 mmol/l
was added to guarantee the homogenous propagation of
slow responses (Ehara and Inazawa 1980). For the evalu-
ation of hyperpolarizing drug effects, preparations were
partially depolarized by BaCl, 0.2 mmol/l in normal
Tyrode’s solution. In these experiments, the driving
frequency was set to 2 Hz to overdrive spontaneous activity
which was generally induced by forskolin at the lower resting
potential. The transmembrane potential was detected in-
tracellularly by the use of 10 —20 MQ glass microelectrodes
filled with KCl 3 mol/l. The signals were led off by means
of a voltage follower with input capacity compensation. The
transmembrane potential was displayed on a cathode ray
oscilloscope (Tektronix 5103N) and recorded on magnetic
tape (Lyrec FM tape recorder, bandwidth 0—10 kHz). For
the determination of the maximal upstroke velocity, the
first time derivative of the action potential was obtained by
analogue differentiation and recorded on tape. During the
course of an experiment, all parameters could be observed
on a digital scope (Nicolet Explorer I). For quantitative
evaluation, all data were stored, amplified and edited by
means of a transient recorder (Physical Data, 512A) and
written out to an XY-pen recorder (MFE 815).

Measurement of ** Rb™ efflux. 8°Rb™ was used in the present
study to show the effect of forskolin on the potassium
conductance. **Rb™ has a longer half life than **K*, is
therefore easier to handle and can be used, within certain
limitations, as a tracer substance substituting for potassium.
Rb* ions presumably pass the potassium channels of atrial
heart muscle to a significantly smaller extent than potassium
ions. In resting guinea-pig atria, the time constants of the
efflux of “*’K* amounted to about 50 min (Nawrath et al.
1980) and that of ®**Rb ™ to about 100 min (this paper). The
difference points to a reduced permeability of potassium
channels for Rb* ions and is in line with results obtained in
nerve cell membranes (Plant 1986). Further evidence for the
assumption that Rb™ passes through potassium channels in
guinea-pig atrial heart muscle is given by the fact that the
efflux of *Rb™ is inhibited by BaCl, (unpublished work).
Whole guinea-pig left atria were first exposed to about
10 MBq ®*°Rb™ (specific activity about 80 GBq/g) for 90 min
in Tyrode’s solution and then transferred to the test baths.
The preparations were either kept at rest or stimulated at
1 Hz. The release of 8°Rb* into nonradioactive Tyrode’s

solution was then followed a) for 90 min under control
conditions both at rest (45 min)} and during stimulation
(45 min) and b) for 90 min in the presence of forskolin
1 pmol/l, also at rest and during activity (same time pro-
tocol). The bath solution was changed every 15 min and
collected in scintillation vials for later determination of
radioactivity. At the end of the experiment, tissues were
weighed and solubilized by the addition of 1ml TS-1
(Zinsser, Frankfurt, FRG) and keeping them at 65°C for
3 h. Six milliliters of Minisolve (Zinsser) were added to each
sample into the counting vials. Radioactivity was deter-
mined by liquid scintillation in a Tricarb 3380 counter
(Packard Instruments, Frankfurt, FRG).

Measurement of °Rb™ uptake. Tt is known that Rb* and
K™ are transported similarly by the Na*,K *-exchange pump
in the myocardium (Hougen et al. 1979; Akera et al. 1981).
The uptake of 8Rb* is therefore an indirect measure of the
activity of the Na* K *-pump. For the determination of the
pump activity, whole guinea-pig left atria were exposed to
about 1 MBq 35Rb* for 1, 3, 10, 30 or 100 min, without or
in the presence of forskolin 1 umol/l. The preparations were
kept at rest and allowed to stabilize in control or test
solutions for 30 min. At the end of the incubation period,
the muscles were treated for isotope analysis and radioactiv-
ity was determined as described above.

Chemicals. The following drugs were used (sources in
parentheses): forskolin (Hoechst AG, Frankfurt, FRG);
barium chloride (E. Merck, Darmstadt, FRG); atropine
hydrochloride (Serva, Heidelberg, FRG); dimethyl
sulfoxide, DMSO (Merck); 3°Rb chloride (New England
Corp., Boston, MA, USA). All other chemicals (Merck) or
as indicated. The stock solution of forskolin was dissolved
in DMSO. The DMSO content of test solutions did not
exceed 0.1% which by itself did not change action potential
parameters.

Evaluation of results and statistical analyses. Results are
either demonstrated as original figures or expressed as means
+ standard error of the means (SEM). Action potential
recordings were analyzed for maximal upstroke velocity
(dV/dtn.,), amplitude (APA), resting potential (RP), and
duration (APD) at 20% and 90% of repolarization, APD,,
and APDy,, respectively. Changes of the RP in the
hyperpolarizing direction are described as an increase and
in the depolarizing direction as a decrease in the RP. A
single rate constant A of 8Rb™* efflux could be determined
according to A = (Indg — InA)/t derived from A = Ag e ™.
When appropriate, statistically significant differences were
assessed by Student’s t-test or by analysis of variance
(Wallenstein et al. 1980) followed by modified ¢-statistics
according to Dunnett (1964). Significant differences are
marked by one (p < 0.05) or two asterisks (p < 0.01).

Results

Figure 1 shows typical recordings of action potential and
dV/dt in normal Tyrode’s solution (A) and at 21.6 mmol/l
K Cl1(B) both under control conditions and after the addition
of forskolin. Under normal conditions, APD,, was in-
creased by forskolin 1 pmol/l from 10 to 14 ms and APDy,
was decreased from 82 to 60ms; dV/dt,,, remained
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Fig. 1. Influence of forskolin on fast response A and slow response
B action potentials in guinea-pig left atria. Original records of action
potential and dV/dt under control conditions and 15 min after the
addition of the drug
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Fig. 2. Influence of forskolin on APD,4 and APDy, in guinea-pig
left atria. Concentration-response relationships obtained by
cumulative addition (every 10 — 20 min) of the drug. Means + SEM
of six preparations

unchanged. At 21.6 mmol/l KCl, APA and duration of the
slow response action potential were enlarged by forskolin;
dV[dtma, was increased from 4.5 to 11 V/s. Figures 2 and 3
summarize all action potential measurements in guinea-pig
left atrial preparations in response to cumulatively in-
creasing concentrations of forskolin. Significant changes of
the action potential parameters were generally obtained at
1 pmol/l forskolin. This concentration of forskolin was used
for the determination of the effects of the drug on the RP
and on 3°Rb " fluxes.

Under normal conditions, an effect of a drug on the
membrane RP into the hyperpolarizing direction is hardly
detectable, because the value may be already near the
equilibrium potential for potassium ions (Gelband et al.
1975). In further experiments, we determined the influence
of forskolin on the RP previously diminished by the addition
of BaCl, 0.2 mmol/l. Figure 4 depicts the original records
of action potentials under control conditions (the RP was
reduced by BaCl, from —87 to —74mV) and after the
addition of forskolin. Under these conditions, an increase
in the overshoot from 16 to 23 mV and an increase in the
RP from —74 to —84mV were observed. Figure 5
summarizes the results obtained with forskolin without and
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Fig. 3. Influence of forskolin on dV/dt,,,, and APA of slow response
action potentials in guinea-pig left atria. Concentration-response
relationships obtained by cumulative addition (every 1020 min)
of the drug. Means + SEM of six preparations
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Fig. 4. Influence of forskolin on the RP in the presence of BaCl, in
a guinea-pig left atrium. Originals records of 408 action potentials
stored on a Nicolet digital scope (12 bit resolution). The different
height of the action potentials is an artifact due to a phase transition
between the driving frequency (2 Hz) of the analogue stimulator
and the sample frequency (10 Hz) of the digital recording system
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Fig. 5. Influence of forskolin (20 min after the addition) on RP in
guinea-pig left atria without and in the presence of BaCl,. A Without
atropine; B in the presence of atropine 1 pmol/l. Means + SEM of
six preparations in each group )
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Fig. 6. Influence of forskolin 1 umol/l on the rate constant of *Rb*
efflux in resting and in beating guinea-pig atria. Means + SEM of
15 preparations. Rate constants were generally observed for 45 min

Table 1. Influence of forskolin 1 pmol/l on time-dependent 3°Rb*
uptake in resting guinea-pig left atria (cpm/100 mg wet weight).
Means + SEM; n = 10 in each field

Control Forskolin
1 min 1,619+ 121 1,916 + 250
3 min 4,196 + 530 6,328 + 1,011
10 min 10,259 + 746 14,739 + 3,414
30 min 25,105 4+ 2,230 36,866 + 4,109
100 min 66,056 + 5,634 91,592 4+ 9,643

Significance level: p < 0.01
(Two way-analysis of variance)

in the presence of BaCl,. Note that first the RP was not
significantly affected by forskolin in normal Tyrode’s solu-
tion; second, in the presence of BaCl,, there was a significant
increase in the RP by about 9 mV in response to forskolin;
third, qualitatively the same results were also obtained in
the presence of atropine 1 pmol/L.

We have shown so far that forskolin increases the over-
shoot and the RP and decreases the duration of the action
potential. It is not known why forskolin increases the RP
and decreases the APD. We have therefore determined the
rate constants of the 8°Rb* efflux in resting and in beating
preparations both under control conditions and in the pres-
ence of forskolin. It becomes clear from Fig. 6 that the efflux
of ®Rb™ is enhanced by forskolin in resting as well as in
beating preparations. Figure 6 also demonstrates that the
efflux of 8°Rb* was slightly greater in beating than in resting
preparations.

It secems also possible that forskolin stimulates the
Na™ K *-pump and thereby increases the resting potential.
To test this possibility, we have investigated the uptake of
86Rb™ in resting preparations. Table 1 summarizes the re-
sults of the uptake measurements under control conditions
and in the presence of forskolin 1 umol/l. The table shows
that the uptake of ®*Rb* was significantly increased by
forskolin at various incubation times.

Discussion

Forskolin has gained wide interest in both basic and clinical
research for its unique action to directly activate the adenyl-
ate cyclase system, independent of any receptor activation,
and to elevate cyclic AMP levels (Seamon and Daly 1986).

Cyclic AMP levels are also increased by forskolin in isolated
papillary muscles of the heart (Rodger and Shahid 1984).
Forskolin was shown to mimic cyclic AMP-dependent ac-
tions on the heart including the positive inotropic and posi-
tive chronotropic effects (Lindner et al. 1978), increase in
dV/dtmax of slow response action potentials (Spah 1984) and
increase in I, (Hescheler et al. 1986). Whereas Lindner et al.
(1978), in the first report on the cardiac actions of forskolin,
described a shortening of the action potential, a prolonga-
tion was described by Spidh (1984) and by Rardon and
Pappano (1986). It has been shown in the present paper that
forskolin increases a potassium conductance at rest and in
beating preparations and can either increase or decrease
APD, dependent on the level of repolarization. Given the
fact that forskolin also enhances I, (Hescheler ¢t al. 1986),
the balance of inward and outward currents, which both are
affected by forskolin, may well exert opposite effects on the
APD under different experimental conditions.

The increase by forskolin of a potassium conductance
not only shortens the APD but also causes a hyperpolariza-
tion which was demonstrated in the present study in prepara-
tions partially depolarized by BaCl,. A possible contribution
of muscarine receptors to the effect of forskolin was excluded
in the present study (atropine did not prevent the
hyperpolarization induced by forskolin). Agents which en-
hance I, may secondarily increase outward currents. Two
mechanisms may account for this effect. First, an increase
in I, will accentuate the plateau phase of the action potential
which in turn activates more outward current (Kass and
Tsien 1976). Second, an increase in [Ca®*], may increase the
potassium conductance (Isenberg 1975). It seems, however,
unlikely that the increase by forskolin in the potassium
conductance is a secondary effect due to the enhanced I¢,,
since the effects were also seen in resting preparations, where
the entry of calcium ions is supposed to be minimal.

It has been shown that the effects of cholinergic stimula-
tion in the heart (Pfaffinger et al. 1985) and of dopamine,
histamine and acetylcholine in ganglion cells (Sasaki and
Sato 1987) are inhibited by pertussis toxin. It would
therefore be of interest to determine whether or not a
guanine nucleotide binding protein is involved in mediating
the effects of forskolin on the potassium conductance.
Forskolin was found to activate a Ca2*-activated K*-
channel in cultured kidney cells (Guggino et al. 1985). On
the other hand, direct anesthetic-like effects of forskolin
on the nicotinic acetylcholine receptors of PC12 cells were
described (McHugh and McGee 1986). In nerve cells or
cultured nerve cell lines, forskolin increases the APD and
decreases the potassium conductance (Dunlap 1985; Grega
et al. 1987). Forskolin also blocked a potassium current in
pancreatic B cells (Ziinkler et al. 1987). These opposing
results suggest that the effects of either forskolin or adenyl-
ate cyclase activation on the potassium conductance are by
no means identical in different organ system.

The increase by forskolin of the RP could also result
from a greater Na* K *-ATPase pump current. Lindner ct
al. (1978) have shown that the ATPase activity of myocardial
preparations is either not affected by forskolin or rather
reduced at very high concentrations. However, since a cyclic
AMP-dependent pump stimulation requires protein kinase-
mediated phosphorylation, such an effect would not be
detectable on isolated Na*, K *-ATPase. We have shown in
intact preparations that the uptake of 8*Rb™* is increased by



forskolin which can be taken as indirect evidence for a
greater pump activity.

Both effects of forskolin — increase in potassium
conductance and stimulation of Na* K *-pump — may be
mediated by the accumulation of cyclic AMP. There is evi-
dence that isoprenaline stimulates the Na* K*-pump in
isolated cardiac myocytes (Désilets and Baumgarten 1986).
It has been shown earlier that adrenaline increases a voltage-
and time-dependent outward current (Tsien et al. 1972;
Brown et al. 1979). However, the final proof that cyclic AMP
is the mediator of these effects of forskolin awaits further
clarification.
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