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Forskolin’s Effect on Transient K Current in Nudibranch Neurons Is 
Not Reproduced by CAMP 

Julie Coombs and Stuart Thompson 

Hopkins Marine Station, Stanford University, Pacific Grove, California 93950 

Forskolin, a diterpene extracted from Coleus forskolii, stim- 
ulates the production of CAMP in a variety of cells and is 
potentially an important tool for studying the role of CAMP 
in the modulation of neuronal excitability. We studied the 
effects of forskolin on neurons of nudibranch molluscs and 
found that it caused characteristic, reversible changes in 
the amplitude and waveform of the transient K current, I*, 
and also activated an inward current similar to the CAMP- 
dependent inward current previously described in mol- 
luscan neurons. Forskolin altered the time course of /,, ac- 
tivation and inactivation but did not affect the voltage 
dependence or the reversal potential of the current. I* nor- 
mally inactivates exponentially, but in forskolin the time 
course of inactivation can be fit by the sum of 2 exponentials 
with an initial rate that is faster than the control and a final 
rate that is much slower. On depolarization in forskolin, /, 
begins to activate at the normal rate, but a slower component 
of activation is also seen. The changes in 1, in the nudibranch 
cells were qualitatively different than the changes caused 
by forskolin in Aplysia bag cell neurons (Strong, 1984). 

Experiments were performed to determine whether these 
effects of forskolin require CAMP. Intracellular injection of 
CAMP, application of membrane-permeable analogs of 
CAMP, application of phosphodiesterase inhibitors, and in- 
tracellular injection of the active catalytic subunit of CAMP- 
dependent protein kinase did not affect the amplitude or 
waveform of I*. Also, the changes in /, that are caused by 
forskolin were not prevented or reversed by intracellular in- 
jection of an inhibitor of CAMP-dependent protein kinase. 
Cyclic AMP did, however, activate inward current at volt- 
ages near the resting potential. We conclude that the 
changes in I* and the activation of inward current represent 
separate affects of forskolin. The inward current appears to 
depend on an increase in intracellular CAMP, while the 
changes in /, do not. These experiments show that, in ad- 
dition to activating adenylate cyclase, forskolin may have a 
separate direct affect on the transient K current. 

Cyclic AMP can modulate the excitability of several kinds of 
neuronal and muscle cells (Kennedy, 1983; Nestler and Green- 
gard, 1983, 1984; Siegelbaum and Tsien, 1983). It is generally 
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thought that this occurs because CAMP, acting as a second mes- 
senger, activates protein kinases that phosphorylate ion chan- 
nels and change their characteristics (Ewald et al., 1985; Shuster 
et al., 1985). It has been reported that in molluscan neurons an 
increase in the intracellular concentration of CAMP can modify 
voltage-dependent K currents that contribute to spiking activity 
(Castelluci et al., 1980; DePeyer et al., 1982; Alkon et al., 1983; 
Kaczmarek and Strumwasser, 1984) and ionic currents that are 
active at subthreshold voltages and influence the repetitive 
firing characteristics of the neurons (Drummond et al., 1980; 
Pellmar, 1981; Deterre et al., 1982; Siegelbaum et al., 1982; 
Aldenhoff et al., 1983; Green and Gillette, 1983; Connor and 
Hockberger, 1984). 

Forskolin, a lipid soluble diterpene, is potentially an impor- 
tant tool for studying the modulation of ionic currents by CAMP 
because it stimulates adenylate cyclase in a variety of cells, 
including molluscan neurons (Seamon and Daly, 198 1; Seamon 
et al., 1981; Deterre et al., 1982; Kauer and Kaczmarek, 1985). 
It has been suggested that forskolin might be useful in identifying 
CAMP as a necessary intermediate in the modulation of elec- 
trical excitability by neurotransmitters or hormones (Ram, 1983). 
Deterre et al. (1982) showed that both forskolin and CAMP 
injection depress a K current in Helix neurons. Voltage-clamp 
studies of the transient K current, IA, and the voltage-dependent 
delayed K current, ZK, in neuroendocrine cells of Aplysia showed 
that forskolin and CAMP modify these currents in similar ways 
(Strong, 1984; Strong and Kaczmarek, 1986). The use of for- 
skolin to determine whether CAMP is involved in the modu- 
lation of ionic currents was called into question, however, by 
the experiments of Connor and Hockberger (1984) who found 
that forskolin did not activate the CAMP-dependent Na current 
in certain nudibranch neurons. The increasing use of forskolin 
as a pharmacological agent to change the intracellular concen- 
tration of CAMP in intact cells makes it important to determine 
whether forskolin acts specifically on adenylate cyclase or whether 
it might have additional, unrelated effects on membrane ionic 
currents. 

We studied the effects of forskolin on the transient K current, 
IA, in neurons of dorid nudibranches. Forskolin reversibly de- 
creased the amplitude of IA and caused characteristic changes 
in the kinetics of ZR activation and inactivation. In some ex- 
periments, forskolin also activated an inward current at the 
resting potential. Cyclic AMP activated the inward current but 
did not change the amplitude or waveform of Z,. External ap- 
plication of phosphodiesterase inhibitors (IBMX and R020 
1724) and membrane-permeable analogs of CAMP (dibutyrl- 
CAMP, clorophenylthio-CAMP, and 8-bromo-CAMP), intracel- 
lular injection of CAMP, and intracellular injection of the cat- 
alytic subunit of CAMP-dependent protein kinase did not 
reproduce the effect of forskolin on IA. The changes in IA that 
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Figure 1. Effect of forskolin on Z, and on holding current. The cell 
was held at -40 mV and a 500 msec conditioning pulse to -90 mV 
was applied before activating IA with a 1.5 set pulse to -30 mV. A, 
Normal saline: B. 10 min after adding 100 LAM forskolin to the bath; C, 
10 min after washing with normal Sal&e. 0; Time course of the inward 
current activated by 100 PM forskolin at a holding voltage of -40 mV. 
Forskolin was added at the arrow. The inward current reached an am- 
plitude of 9 nA and was maintained until forskolin was washed away. 
Pedal ganglion cell from Anisodoris. 

result from forskolin were not prevented or reversed by intra- 
cellular injection of an inhibitor of CAMP-dependent protein 
kinase. These experiments show that the effects of forskolin on 
Z, can be separated from the activation of adenylate cylase and 
that CAMP does not appear to be a necessary intermediate in 
the modification of Z, by forskolin. Instead, forskolin may di- 
rectly affect IA to cause changes in activation and inactivation 
kinetics and a reduction in current amplitude. 

Materials and Methods 
Experiments were performed on neuron cell bodies excised from the 
pedal and pleural ganglia of the dorid nudibranch molluscs Doriopsilla 
albopunctata, Discodoris sandiegensis, and Anisodoris nobilis using the 
procedures described by Connor (1977). Specimens were collected in 
Monterey Bay by scuba divers. The central ganglia were removed and 
treated with neutral protease (Dispase; Calbiochem) for 1 hr followed 
by a 2 hr wash in order to loosen the epineural sheath so that it could 
be dissected away. Small groups of neurons containing 1 or 2 large cell 
bodies were axotomized by undercutting with iris scissors, removed 
from the ganglia, and transferred to a recording and perfusion chamber 
maintained at a temperature of 13-l 7°C. We concentrated our study 
on the 3 largest neurons in the pedal ganglia and several large neurons 
in the nosterior of the pleural ganglia. A total of 9 1 cells was studied. 

The-2-microelectrode voltage clamp was described by Barish and 
Thomoson (1983). Microelectrodes were filled with 3 M KC1 and had 
resistances of 4-S’MQ. All other electrodes were Ag-AgCl pellets inter- 
facing the bath via saline-agar bridges. Membrane voltage was measured 
between one of the intracellular electrodes and an electrode in the bath 
and current was measured with a virtual ground circuit. Records of 
membrane voltage and current were taken on a strip-chart recorder 
(Gould/Brush 220) or a laboratory computer (DEC 1 l/23). 

The transient potassium current, Z,, was studied in isolation from 
other membrane currents by taking advantage of the fact that ZA activates 
at more negative voltages than the delayed outward current or the inward 
Na and Ca currents. Between about -40 and -20 mV, I,+ can be ac- 
tivated without significant contamination from these other currents 
(Adams et al., 1980). 

The control saline solution had the following composition: 470 mM 
NaCl, 10 mM KCl, 10 mM CaCl,, 50 mM MgCl,, 10 mM HEPES (pH 

7.6-7.8). Forskolin (Calbiochem) was stored as a 10 mM stock dissolved 
in EtOH or dimethyl sulfoxide (DMSO). Stock solutions were added to 
the bath to a final forskolin concentration of SO-100 PM. Control ex- 
periments using the carrier media without forskolin showed that the 
results were not due to exposure to EtOH or DMSO. A water-soluble 
analog of forskolin (forskolin, 7-diacetyl-7-O-hemisuccinic acid, Pfeuf- 
fer and Metzger, 1982) was obtained from Calbiochem. This was dis- 
solved in the normal saline and applied at a concentration of 100 PM. 
Three membrane-permeable analogs of CAMP were used; dibutryl-CAMP 
(Sigma), clorophenylthio-CAMP (Boerhinger-Mannheim), and I-bro- 
mo-CAMP (Sigma). The phosphodiesterase inhibitor isobutylmeth- 
ylxanthine (IBMX) was from Sigma. A non-xanthine inhibitor of phos- 
phodiesterase, R020 1724, was provided by Dr. Peter Sorter of 
Hoffmann-LaRoche Inc. Cyclic AMP (Na and Tris salts), ATP, and the 
heat-stable inhibitor of CAMP-dependent protein kinase (1 gm protein 
inhibits 0.6 phosphorylating units of CAMP-dependent protein kinase) 
were from Sigma. The active catalytic subunit of CAMP-dependent 
protein kinase was obtained from 2 sources; one preparation of the 
enzyme was provided by Dr. Irwin Levitan, and the other was from 
Siama (snecific activitv: 32 nM 32P/ma nrotein min). 3.4-Diaminopvri- 
di;e (DAP) was from-Aldrich Chem&l Co. ’ 

-_ 

Substances were injected intracellularly from a third microelectrode 
by pressure (Picospritzer II, General Valve Co.) or electrophoresis using 
a constant current source. The injection microelectrode contained one 
of the following solutions: (1) 1 mM CAMP and 760 mM KC1 (pressure 
injection experiments); (2) 200 mM CAMP in H,O (electrophoretic in- 
jection experiments); (3) Sigma protein kinase (0.5 mg/ml) plus 324 mM 
DTT, 5 mM ATP, 80% sucrose, and 19.8OYo K buffer; (4) Levitan’s protein 
kinase (1.25 mg/ml) plus 18.75 mM KH,PO,, 93.75 mM KCl, 0.0625 
mM DTT, 0.0625 EDTA, 70% glycerol; or (5) protein kinase inhibitor 
(30 @ml). The volume injected by pressure (pressure pulses of 25-65 
psi applied for 40-60 msec) was estimated by measuring the diameter 
of the droplet ejected from the electrode into the cytoplasm by eye with 
a micrometer in the eyepiece of a compound microscope. The droplet 
is observed just after the pressure pulse is applied and disappears within 
a few seconds as the injected solution dithrses into the cytoplasm. We 
assume that the injected droplet is spherical. Electrophoretic injection 
of CAMP was quantified by measuring the charge delivered by the in- 
jection circuit, assuming a CAMP transport number of 0.05 (Connor 
and Hockberger, 1984). We estimated the cell volume by measuring the 
diameter of the cell and assuming a spherical geometry. The estimates 
of intracellular concentrations are expected to be somewhat low because 
glial cell processes may invaginate the neuronal cell body. 

Much of the analysis involves changes in the kinetics of IA activation 
and inactivation. In quantifying changes in kinetics we used a nonlinear 
least-squares method implemented on a PDP 1 l/23 to find the best fit 
between specified theoretical curves and the measured data points (al- 
gorithm of Marauardt. 1963. as described bv Bevinaton, 1969). Com- 
puted curves were displayed along with the data points on the computer 
terminal to allow the adequacy of the fitting procedure to be verified 
by inspection. 

Results 
Forskolin reduces the amplitude of the transient K current, Z,, 
and causes characteristic changes in the waveform ofthe current. 
These effects reverse after washing with normal saline. Figure 
1, A-C, shows transient K currents in normal saline, after ap- 
plying forskolin to the bath, and after recovery. IA was activated 
by a depolarizing pulse to -30 mV from a conditioning voltage 
of -90 mV. In the control, Z, is an outward current that activates 
over a sigmoid time course, peaks in 30 msec, and then inac- 
tivates exponentially with a time constant of 200 msec. After 
10 min in forskolin, the peak amplitude of IA is reduced to 0.55 
times the control amplitude (range, 0.34475; n = 5 1) and the 
waveform of the current is markedly changed, especially the 
apparent time course of inactivation. Inactivation in forskolin 
has an initial phase that is faster than normal and a final phase 
that is much slower than normal. This change in the waveform 
of the current was characteristic of forskolin’s effect on Z, in 
dorid neurons and is qualitatively different than the effect of 
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forskolin on IA in Aplysia bag cell neurons, where forskolin 
causes a decrease in the peak amplitude and a faster initial rate 
of inactivation but where the slow phase of inactivation is not 
observed (Strong, 1984). 

The transient outward current in the control and in forskolin 
is completely blocked by 3 mM external DAP, a relatively spe- 
cific blocker of IA in these cells (Thompson, 1977, 1982). The 
sensitivity to DAP suggests that both the rapidly inactivating 
current and the slowly inactivating current in forskolin are due 
to Z, rather than a change in some other ionic current. The 
decrease in the amplitude of Z, in forskolin does not result from 
a change in reversal potential. The reversal potential was de- 
termined by measuring tail currents at a number of hyperpo- 
larized voltages after activating the current with a standard test 
pulse. The reversal potential (- 70 mV, range, - 63 to - 77 mV, 
IZ = 7) was the same in the control, at the peak of the current 
in forskolin, and at a isochrone 300 msec after the beginning of 
the pulse that emphasizes the current during the slow inacti- 
vation caused by forskolin. These results are consistent with the 
idea that the modified transient current in forskolin is due spe- 
cifically to a change in Z, rather than a change in another current 
with a different reversal potential. 

Forskolin also activated an inward current at the -40 mV 
holding voltage in 15 of the 19 experiments where recordings 
were made at high enough gain to detect small changes in holding 
current. The inward current began within 1 min after applying 
forskolin and reached an average amplitude of 3.1 nA (+ 1.54 
nA SD) within about 10 min (Fig. 1D). It was maintained 
throughout experiments lasting more than 1 hr and recovered 
after washing with normal saline. This inward current resembles 
the CAMP-dependent inward current that is activated in this 
voltage range in molluscan neurons (Pellmar, 198 1; Aldenhoff 
et al., 1983; Green and Gillette, 1983; Connor and Hockberger, 
1984). In 4 experiments, however, forskolin did not activate the 
inward current, although it did cause the characteristic changes 
in Z, amplitude and waveform (see also Connor and Hockberger, 
1984). This suggests that the inward current and the changes in 
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Figure 2. Time course of I, inacti- 
vation. IA was activated by a pulse to 
-30 from a conditioning voltage of -90 
mV. The current was measured at var- 
ious times after the peak. The currents 
were normalized to the same peak am- 
plitude. The circles show the inactiva- 
tion of Z, during the pulse in normal 
saline; the solid line through the points 
is an exponential with a time constant 
of 105 msec; the triangles show the time 
course ofinactivation min after add- 
ina 100 UM forskolin to the bath: the 
solid line is the sum of 2 exponentials 
with time constants of 22 and 308 msec; 
the crosses show the time course of in- 
activation 10 min after washing with 
normal saline. The time course of in- 
activation in this case is reasonably well 
fit by a single exponential with time 
constant of 99 msec. Pedal ganglion cell 
from D. albopunctata. 

IA may represent separate effects of forskolin that can occur 
independently. A water-soluble analog of forskolin (forskolin, 
7-diacetyl-7-0-hemisuccinic acid) had no effect on the ampli- 
tude or waveform of Z, and did not activate inward current 
when applied at an external concentration of 100 PM for periods 
up to 1 hr (n = 4). 

Effect on inactivation kinetics 
Forskolin modifies the kinetics of Z, inactivation. In the example 
shown in Figure 2, Z, inactivates over an exponential time course 
with a time constant of 105 msec in normal saline. After 68 
min in forskolin the peak amplitude of IA is reduced to 0.54 
times the control amplitude and the time course of inactivation 
is changed so that it is now best described by the sum of 2 
exponentials with time constants of 22 and 308 msec. Twenty 
minutes after washing with normal saline the inactivation time 
course is again well fit by a single exponential with a time con- 
stant of 99 msec. Similar changes in inactivation kinetics were 
seen over a wide range of activation voltages and test pulse 
repetition rates. In every experiment forskolin caused an initial 
rate of inactivation that was faster than the control and a final 
rate that was much slower. 

In some cells the time course of inactivation in forskolin could 
not be fit by the sum of 2 exponentials. In these cells the current 
during the test pulse decayed rapidly to a local minimum and 
then increased again to make a shallow hump of outward current 
that preceded the final slow decay as shown in Figure 1B. This 
waveform developed gradually, and although it was seen in most 
of the cells that were exposed to forskolin for more than 30 min, 
it was seldom seen with shorter exposures. 

The removal of Z, inactivation during hyperpolarizing pulses 
was not strongly affected by forskolin. Removal of inactivation 
was measured by holding the cell at -40 mV and applying a 
series of increasingly longer conditioning hyperpolarizations. 
The peak amplitude of Z, during a test pulse to -30 mV pro- 
vided a measure of the level of inactivation obtained during the 
preceding hyperpolarization. The amplitude of IA during each 
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Figure 3. Time course of removal of 
inactivation during a hyperpoltizing 
pulse. The cell was held at -40 mV and 
a series of increasingly longer pulses to 
-90 mV was applied. The peak am- 
plitude of IA was measured on stepping 
to -30 mV after each conditioning 
pulse. The pulse paradigm is shown in 
the insert. Current amplitudes normal- 
ized to the amplitude after a 1 set pulse 
are plotted against conditioning pulse 
length. The open circles show currents 
during test pulses in normal saline; the 
crosses show currents recorded 30 min 
after applying 100 FM forskolin, the stars 
show currents measured at an iso- 
throne 200 msec after the beginning of 
the pulse to -30 mV in forskolin. D. 
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albopunctata pedal ganglion cell. 

test pulse was normalized to the amplitude observed after a 1 
set conditioning hyperpolarization and plotted against condi- 
tioning pulse length to estimate the time course of removal of 
inactivation. In the example shown in Figure 3, the removal of 
inactivation at - 90 mV in normal saline follows an exponential 
time course with a time constant of 154 msec. After 36 min in 
forskolin the removal of inactivation is still best fit by a single 
exponential with a time constant of 192 msec. Figure 3 also 
shows the removal of inactivation measured from the amplitude 
of the current at an isochrone 200 msec after the beginning of 
the test pulse. This measurement emphasizes the slowly inac- 
tivating current that develops in forskolin. The results show that 
the removal of inactivation has nearly the same time course 
whether IA is measured at the peak of the current or at the 200 
msec isochrone and support the conclusion that the transient 
current in forskolin is due specifically to IA. Similar results were 
obtained using a number of conditioning voltages in 7 experi- 
ments. The results in dorid neurons differ from those obtained 
in Aplysia bag cell neurons, where forskolin causes a faster initial 
rate of removal of Z, inactivation during hyperpolarizing pulses 
(Strong, 1984). 

Effect on activation kinetics 
Forskolin modifies the rate of IA activation during depolarizing 
pulses. Early in the pulse the current activates at nearly the 
normal rate, but a slower rate becomes apparent later in the 
pulse. Figure 4A shows the rising phase of Z, on stepping to - 30 
mV from a holding voltage of -80 mV in the control and after 
48 min in forskolin. Figure 4B shows the 2 currents scaled to 
the same peak amplitude. The scaled currents follow approxi- 
mately the same time course at the beginning of the depolar- 
ization, but the current in forskolin peaks earlier. Following the 
usual interpretation of IA gating, which views activation and 
inactivation as independent, the waveform of the current in 
forskolin is consistent with the idea that the current early in the 
test pulse activates at approximately the normal rate but inac- 
tivates more quickly. 

Another component of the transient K current activates more 
slowly than normal after exposure to forskolin. This was shown 
by measuring tail currents during pulses to - 90 mV after a test 
pulse to - 30 mV. The tail current at - 90 mV is inward and 

Conditioning Pulse Length (msec> 

results from the closing of IA channels activated by the test pulse. 
By varying the duration of the test pulse and measuring the 
amplitudes of tail currents, one can determine the time course 
of the conductance change underlying I,. In the control the tail 
current decays quickly (Fig. 5A). The tail current measurements 
were repeated after the cell was exposed to forskolin for 20 min 
(Fig. 5B). After short activating pulses, shorter than the normal 
time to peak, the tail current decays at about the same rate as 
the control. With longer test pulses, however, a slow component 
of the tail current begins to appear, and late in the pulse during 
the slow inactivation caused by forskolin, only slow tail current 
is seen. The simplest interpretation of these results is that in 
forskolin the transient K current is composed of 2 components. 
One component activates at approximately the normal rate but 
inactivates more quickly than normal, while the other activates 
and inactivates more slowly. This interpretation readily ac- 
counts for transient currents like that shown in Figure 1B; cur- 
rents that reach a peak, inactivate quickly to a minimum, and 
then increase again before inactivating slowly. The alternative 
explanation, that all of the current activates at nearly the normal 
rate but part inactivates quickly and part inactivates slowly, is 
not supported by the data in Figure 5. 

Voltage dependence of activation and inactivation 
Forskolin does not change the voltage dependence of Z, acti- 
vation or inactivation. Strong (1984) reached the same conclu- 
sion after studying the effects of forskolin on Z, in Aplysia bag 
cell neurons. The steady-state voltage dependence of activation 
was measured by applying a conditioning pulse to - 90 mV for 
1 set and then stepping to a series of more depolarized test 
voltages. The peak amplitude of the current during each test 
pulse was used to estimate the relative activation of IA. Peak 
amplitudes were plotted against the test pulse voltage to con- 
struct an activation-voltage curve. This procedure can only be 
applied at test voltages below about -20 mV because at more 
depolarized voltages inward Na and Ca currents and other K 
currents begin to activate. The voltage dependence of activation 
in the control, 22 min after adding forskolin, and 10 min after 
washing with normal saline, is shown in Figure 6. Although the 
amplitude of I,, is reduced by forskolin, the activation-voltage 
curves scale reasonably linearly over the voltage range where 
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Figure 4. A, Z, during a pulse to -30 mV from a conditioning voltage 
of - 90 mV in normal saline (larger truce) and 48 min after adding 100 
PM forskolin. B, The currents scaled to the same peak amplitude. The 
current in forskolin has a faster initial rate ofinactivation. Pedal ganglion 
cell from D. ~Zbopunctatu. 

uncontaminated measurements can be made. Figure 6 also shows 
the activation-voltage curve for current measured 300 msec after 
the beginning of the test pulse. The current at this time em- 
phasizes the slowly activating part of IA in forskolin and it is 
seen that this component of the current has about the same 
voltage dependence as the component that activates more rap- 
idly. 

To measure the steady-state voltage dependence of inacti- 
vation the cell was voltage-clamped to a series of conditioning 
voltages between -50 and - 100 mV for 1 set prior to a test 
pulse to -30 mV. The amplitude of IA during the test pulse was 
measured at its peak and at an isochrone 300 msec after the 
beginning of the pulse. These measurements provide an estimate 
of the steady-state level of inactivation during the preceding 
hyperpolarization. The voltage dependence of inactivation is 
plotted in Figure 7A for a cell in normal saline, 22 min after 
applying forskolin, and 10 min after returning to normal saline. 
Figure 7B shows the same curves normalized to the amplitude 
after a conditioning pulse to - 100 mV. The amplitude of the 
current is decreased in forskolin, but the voltage dependence of 
inactivation is about the same as the control. Figure 7B also 
shows that in forskolin the steady-state voltage dependence of 
inactivation is the same whether the current is measured at its 

Figure 5. Z, tail currents in control saline and in forskolin. IA was 
activated by pulses to -30 mV from -90 mV. Tail currents were 
recorded on stepping to -90 mV at various times during the transient 
outward current. A, Tail currents measured 20, 60, and 160 msec after 
the pulse to -30 mV in normal saline. B, Tail currents after bathing 
the cell in 100 PM forskolin for 20 min. Tail currents were measured 
20,60, and 200 msec after the pulse to - 30 mV. A. nobilis pedal ganglion 
cell. 

peak or at the 300 msec isochrone. The experiments on the 
voltage dependence of activation and inactivation support the 
conclusion that both the rapidly activating current and the slow- 
ly activating current in forskolin are due to IA. 

Time course offorskolin action 

The effects of forskolin on Z, develop slowly (see also Strong, 
1984). In the example shown in Figure 8, the amplitude and 
waveform of Z, remain about the same for nearly 30 min after 
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Figure 6. Steady-state voltage dependence of Z, activation. Z, was 
measured during a series of 1 set test pulses from a conditioning voltage 
of - 90 mV. Peak current amplitudes are plotted against test voltage in 
control saline (open circles), after 22 min in 100 PM forskolin (p&es), 
and 20 min after washing away forskolin with control saline (crosses). 
The jilled circles show the amplitude of the current in forskolin at an 
isochrone 300 msec after the beginning of the test pulse. A. nobilis pedal 
cell. Same cell as in Figure 7. 
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Figure 7. Steady-state voltage dependence of inactivation. I, was ac- 
tivated by a pulse to - 30 mV from a series of 1 set conditioning pulses 
to different voltages. A, The amplitudes of transient outward currents 
during the pulses to -30 mV are plotted against the conditioning volt- 
age. The open circles show the peak amplitudes of I,, in normal saline; 
the plusses show currents 22 min after adding 100 PM to the bath; the 
crosses are the currents 10 min after washing with control saline. The 
amplitudes of currents at an isochrone 300 msec after the beginning of 
the test pulses are also plotted @Zed circles). B, Same curves normalized 
to the current after a conditioning pulse to - 100 mV. All of the data 
are from the same A. nobilis pedal cell. 

applying forskolin to the bath and then change gradually over 
the next 30 min. In different cells the first indication of a decrease 
in Z, amplitude and change in current waveform occurred S-60 
min after adding forskolin. The rate at which the effects devel- 
oped was not influenced in a consistent way by adding phos- 
phodiesterase inhibitors (1 mM IBMX or 80 PM R020 1724). 
Instead, the variability in time course appeared to be related to 
the way forskolin was introduced into the bath and the bath 
temperature. Forskolin is not water soluble, which makes it 
difficult to deliver to the cells. When a concentrated stock so- 
lution of forskolin in EtOH was added to the bath with adequate 
stirring, the effects on Z, developed relatively quickly, within 5- 
10 min, at the warmest temperatures used in this study (17°C). 
When the bath was not well stirred or when experiments were 
conducted at cooler temperatures, the changes in Z, developed 
more slowly. At 10°C forskolin precipitated upon adding the 
EtOH stock solution. Stock solutions prepared in DMSO were 
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Figure 8. Development of forskolin’s effect. The cell was held at -40 
mV, and a 500 msec conditioning pulse to -90 mV was applied before 
activating Z, with a pulse to - 30 mV. Transient outward currents were 
recorded in control saline and at various times after adding 100 PM 
forskolin to the bath. Pedal ganglion cell from D. albopunctatu. 

more difficult to work with because DMSO gelled at tempera- 
tures below about 17°C. The slow rate of development of for- 
skolin’s effects on Z, probably reflects its low solubility in water 
at the temperatures used in this study. However, we always 
found that forskolin’s effect on IA developed more slowly than 
the inward current observed at the holding voltage. The inward 
current began with a delay of less than 1 min and reached a 
maximum amplitude within 10 min even in experiments where 
the first sign of a change in Z, did not appear for 30 min. We 
return to this point in the Discussion. 

Eflects of CAMP 

If the modification of IA by forskolin required CAMP, one would 
expect procedures that increase the intracellular concentration 
of CAMP to produce similar effects. Cyclic AMP was injected 
into cells in 8 experiments to achieve an estimated cytoplasmic 
concentration of 1 ~~-16 mM, and it was found that the am- 
plitude and waveform of IA were not altered. Cyclic AMP ac- 
tivated an inward current at the -40 mV holding voltage that 
is probably the same as the CAMP-dependent inward current 
described by Pellmar (198 l), Aldenhoff et al. (1983), Green and 
Gillette (1983), and Connor and Hockberger (1984). The inward 
current began within 1 min after the injection, reached a peak 
within 4 min, and recovered within 6-9 min. It approached a 
saturating amplitude of 2-10 nA. Figure 9C shows the inward 
current resulting from electrophoretic injection of CAMP (esti- 
mated cytoplasmic concentration, 0.9 mM). Unlike the inward 
current activated by forskolin, the current activated by CAMP 
injection is transient, probably because the injected CAMP is 
hydrolyzed in the cell. The duration of the current was slightly 
prolonged by applying the phosphodiesterase inhibitor IBMX 
(l-2 mM), but it still recovered 12-20 min after injection. 

It was important to determine if the characteristic changes in 
IA that are caused by forskolin could be reproduced by a pro- 
longed increase in intracellular CAMP concentration. In 3 ex- 
periments cells were bathed in an external solution containing 
1 mM IBMX and multiple electrophoretic injections of CAMP 
were performed in order to maintain a high intracellular con- 
centration for periods up to 1 hr. The CAMP-dependent inward 
current was monitored and injections were repeated at approx- 
imately 5 min intervals to keep the inward current near its 
saturated amplitude. Figure 9, A and B, shows IA measured with 
a standard test protocol before and 30 min after beginning re- 
peated injections of CAMP. Figure 9D plots the time course of 
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IA inactivation. Inactivation follows approximately the same 
time course in both records (control T = 236 msec; 30 min T = 
206 msec). Therefore, even a prolonged increase in the intra- 
cellular concentration of CAMP did not change the amplitude 
or waveform of IA. 

Phosphodiesterase inhibitors can raise the intracellular con- 
centration of CAMP by slowing or preventing its hydrolysis. In 
8 experiments cells were treated with the phosphodiesterase 
inhibitors IBMX (l-2 mM) or R020 1724 (80 pm), and it was 
found that they had no effect on the amplitude or waveform of 
Z,. Figure 10, A and B, shows Z, activated by a standard test 
pulse before and 22 min after adding 1 mM IBMX to the bath; 
Figure 1 OD shows the time course of IA inactivation for the same 
2 currents. In both control and IBMX salines the transient K 
current inactivates exponentially with the same time constant 

A B 

(219 msec). In 3 experiments, cells were bathed in salines con- 
taining l-2 mM IBMX or 80 PM R020 1724 for periods up to 
4 hr; even after long incubations there was no change in the 
waveform of Z,. After treating the cells with phosphodiesterase 
inhibitors, forskolin was added to the bath, and it always caused 
the characteristic decrease in amplitude and change in IA wave- 
form. IBMX also causes the activation of inward current at the 
-40 mV holding potential, an effect reported previously by 
Connor and Hockberger (1984). The inward current began less 
than 1 min after applying IBMX and reached a maximum am- 
plitude of about 8 nA within 20 min (Fig. 1OC). The inward 
current was maintained for the duration of the experiment (1 
hr) and recovered on washing with normal saline. 

Membrane-permeable analogs of CAMP did not reproduce 
the effects of forskolin on Z,. A total of 16 experiments was 
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Figure 9. Repeated electrophoretic 
injections of CAMP. A, Control current 
activated by a pulse to - 30 mV follow- 
ing a 1 set conditioning hyperpolar- 
ization to -90 mV. B, IA activated by 
the same pulse 30 min after beginning 
multiple injections of CAMP. (The cu- 
mulative injections would have brought 
the CAMP concentration to 15 mM if 
no hydrolysis or inactivation of the in- 
jected CAMP had occurred.) C, The in- 
ward current recorded at -40 mV fol- 
lowing a single injection of CAMP 
(estimated cytoplasmic concentration, 
0.9 mM). D, The time course of inac- 
tivation of transient outward current in 
the control (solid kne) and 30 min after 
beginning the multiple injections of 
CAMP (dashed line). A. nobilis pedal 
ganglion neuron. 
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Figure IO. Effect of IBMX. A, Control 
current activated by a pulse to - 30 mV 
following a 500 msec conditioning hy- 
perpolarization to -90 mV. B, Z, ac- 
tivated by the same pulse 22 min after 
adding 1 mu IBMX to the bath. C, Time 
course of inward current activated by 
IBMX at -40 mV. D, Time course of 
Z, inactivation in the control and 22 
min after adding IBMX. The solid lines 
are exponentials fitted to the data points. 
A. nobilis pedal ganglion neuron. 
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Figure Il. Effect of I-bromo-CAMP on I, and on holding current. A, 
Control current activated by a pulse to -30 mV after a 500 msec 
conditioning pulse to -90 mV. B, ZR activated by the same pulse 30 
min after adding 1 mM 8-bromo-CAMP to the bath. C, The time course 
of I, inactivation in the control and in 8-bromo-CAMP. The solid lines 
are exponentials fitted to the data points. A. nobilis pedal ganglion 
neuron. 

performed using clorophenylthio-CAMP (1.2 mM, n = 7) 
8-bromo-CAMP (l-l .2 mM, y1= 5), and dibutyrl-CAMP (1 mM, 
12 = 4). Figure 11, A and B, shows IA in the control saline and 
30 min after adding 8-bromo-CAMP; The time course of in- 
activation of the 2 currents is shown in Figure 11 C. The CAMP 
analog had little effect on the amplitude or time course of IA. 
Similar results were obtained with all of the CAMP analogs. In 
3 experiments cells were preincubated with CAMP analogs for 
3-5 hr before voltage clamping. Even after long incubations Z, 
appeared to have the normal waveform. Following the treatment 
with CAMP analogs, forskolin added to the bath always caused 
a decrease in the amplitude and the characteristic change in the 
waveform of Z,. Eight experiments were performed to determine 
if the CAMP analogs activate an inward current at the - 40 mV 
holding potential, as previously reported by Connor and Hock- 
berger (1984) and Aldenhoff et al. (1983). Inward current was 
activated in every case. It began within 10 set after adding the 
CAMP analog, reached a steady amplitude of 2-10 nA within 
20 min, and was maintained throughout experiments lasting up 
to 1 hr. The holding current recovered after washing with normal 
saline. From these experiments we conclude that CAMP injec- 
tion, CAMP analogs, and phosphodiesterase inhibitors can all 
activate inward current at the holding voltage, but they do not 
modify the amplitude or time course of Z,. 

Injection of protein kinase and kinase inhibitor 
The active catalytic subunit of CAMP-dependent protein kinase 
was pressure-injected into neurons in 6 experiments to achieve 
an estimated intracellular concentration of 0.4-19.0 &ml. Three 
experiments used a protein kinase preparation provided by Dr. 
Irwin Levitan, while the others used Sigma protein kinase. Z, 
was activated with a standard protocol before and up to 1 hr 
after kinase injection, and it was found that protein kinase did 
not affect the amplitude or waveform of Z,. In 1 cell, protein 
kinase appeared to activate an inward current at the -40 mV 
holding potential. The inward current began about 400 msec 

after the injection, reached a peak amplitude of 12.5 nA in 1.5 
set, and recovered within 5 sec. The inward current resulted 
from a transient conductance increase but was not studied in 
detail. In 1 other experiment, protein kinase appeared to cause 
a maintained increase in inward rectifier current. 

The heat-stable inhibitor of CAMP-dependent protein kinase 
was pressure-injected into 6 neurons in an attempt to dissociate 
the effects of forskolin on Z, from the activation of endogenous 
CAMP-dependent protein kinase (see Adams and Levitan, 1982). 
Protein kinase inhibitor did not prevent or reverse the effect of 
forskolin on Z,. Two kinds of experiments were performed. In 
the first (n = 2), the inhibitor was injected (estimated cytoplas- 
mic concentration, 0.04-0.21 &ml) before applying forskolin 
to the bath. The inhibitor did not prevent the decrease in IA 
amplitude or the change in current waveform that characteris- 
tically resulted from forskolin. This is not an entirely satisfactory 
experiment, however, because the inhibitor may be inactivated 
in the cytoplasm before forskolin has time to produce its effect. 
In the second kind of experiment (n = 4), the protein kinase 
inhibitor was injected after applying forskolin. Z, was measured 
with a standard test pulse before and after adding forskolin to 
the bath. Protein kinase inhibitor was pressure-injected into the 
cell when a change in the waveform of Z, first became apparent. 
The injection of inhibitor did not reverse the effects of forskolin 
on Z, even temporarily. 

Discussion 

Forskolin changes the apparent kinetics of Z, activation and 
inactivation in a complicated way. It was important to deter- 
mine if all of the effects of forskolin resulted from a modification 
of Z, or whether the drug modified a different outward current, 
causing it to activate and inactivate slowly at voltages like those 
used to study Z,, a question that has been raised appropriately 
by Strong (1983). Our results indicate that the changes in ionic 
current observed in the voltage range we studied involve Z, 
specifically. The observations supporting this conclusion are as 
follows: (1) In forskolin, the voltage dependence of Z, activation 
and inactivation is the same for currents measured at the peak 
of the transient and for currents measured 200-300 msec after 
the peak, a time that emphasizes the slowly activating com- 
ponent of the current. (2) The time course of removal of inac- 
tivation during hyperpolarizing pulses is the same whether test 
currents are measured at the peak of the current or at an iso- 
throne 200-300 msec after the beginning of the test pulse. (3) 
The reversal potential for transient current in forskolin is the 
same at the peak of the current and at the 200-300 msec iso- 
throne. And (4) both the rapidly activating current and the 
slowly activating current are blocked by DAP, a relatively spe- 
cific blocker of IA in these cells (Thompson, 1977, 1982). 

Forskolin activates adenylate cyclase in a variety of cells, and 
for this reason it is an important pharmacological tool for study- 
ing the effects of CAMP on neuronal excitability. Kauer and 
Kaczmarek (1985) showed that forskolin causes a 3- to 4-fold 
increase in intracellular CAMP concentration in Aplysia bag cell 
neurons using radioimmunoassay. Deterre et al. (1982) reported 
a 9-fold increase in CAMP concentration after applying forskolin 
to certain Helix neurons. The fact that forskolin can activate an 
inward current that resembles the CAMP-dependent inward cur- 
rent in dorid neurons is a strong indication that forskolin ac- 
tivates adenylate cyclase in these cells as well. Our experiments 
show, however, that forskolin’s effect on Z, is not related to the 
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stimulation of adenylate cyclase. External application of phos- 
phodiesterase inhibitors and membrane-permeable analogs of 
CAMP and intracellular injection of CAMP did not reproduce 
the effects of forskolin on IA. The decrease in Z, amplitude and 
the characteristic change in current waveform in forskolin were 
not prevented or reversed by intracellular injection of an inhib- 
itor of CAMP-dependent protein kinase. Furthermore, intracel- 
lular injection of the active catalytic subunit of CAMP-depen- 
dent protein kinase did not reproduce the effect of forskolin on 
Z, in dorid cells, although Alkon et al. (1983) did find that protein 
kinase injection caused a small reduction in Z, amplitude in 
Hermissenda photoreceptors. 

The inward current activated by CAMP resembles the current 
studied in detail by Connor and Hockberger (1984) in these cells 
and by Pellmar (198 l), Green and Gillette (1983), and Aldenhoff 
et al. (1983) in other molluscan neurons. The current was tran- 
sient, suggesting that the cell possesses a pool of phosphodies- 
terase capable of hydrolyzing the injected CAMP within minutes. 
The CAMP-dependent inward current was not greatly prolonged 
by IBMX or R020- 1724, indicating that the cellular phospho- 
diesterase was not completely inhibited. In most cells, forskolin 
also activated an inward current (see Walsh and Byrne, 1985). 
Unlike the current activated by CAMP injection, the forskolin- 
dependent inward current was maintained for long periods. This 
is expected if forskolin forms a stable complex with adenylate 
cyclase in the membrane and causes the constitutive production 
of CAMP. In some experiments, however, forskolin failed to 
activate the inward current but still caused the characteristic 
changes in Z,. The conclusion we draw from these observations 
is that the effects of forskolin on IA can be separated from the 
stimulation of adenylate cyclase. Forskolin affects Z, in ways 
that CAMP does not. Moreover, forskolin modifies IA in exper- 
iments in which it does not activate the CAMP-dependent in- 
ward current. 

In Aplysia bag cell neurons, forskolin and membrane-perme- 
able analogs of CAMP appear to produce similar changes in IA 
(Kaczmarek and Strumwasser, 1984; Strong, 1984), suggesting 
that the changes in Z, that result from forskolin in bag cell 
neurons may require CAMP as an intermediate, while those in 
dorid neurons do not. Strong (1984) concluded that after ap- 
plying forskolin to ApZysia bag cells, Z, channels could be divided 
into 2 populations: a population with normal inactivation ki- 
netics thought to represent channels that were unaffected by 
forskolin and a population with faster than normal inactivation 
that was thought to represent forskolin affected channels. The 
complicated changes in IA activation and inactivation kinetics 
that we observed in dorid neurons are not easily explained in 
this way, and they make a division of the channels into those 
affected by the drug and those not affected very difficult. The 
major difference between our findings and those of Strong is 
that in the dorid neurons we always observed a slowly activating 
and inactivating component of Z,. This slow component con- 
tributes 25-45% of the total current, whereas Strong saw either 
no slow current or only a minor slow component. It appears 
that Aplysia bag cell neurons respond differently to forskolin 
than do dorid neurons. A possible explanation for this is sug- 
gested by the observation that some cells possess more than 1 
type of transient outward current (Siegelbaum and Tsien, 1980; 
Coraboeuf and Carmeliet, 1982; MacDermott and Weight, 1982; 
Salkoff, 1983). Perhaps the ApZysia bag cells have only 1 type 
of transient current, whose inactivation becomes faster in for- 

skolin. The dorid cells may have two transient currents that 
have similar kinetics in the control saline but very different 
kinetics in forskolin. Forskolin could increase the rate of inac- 
tivation of 1 type and decrease the rates of activation and in- 
activation of the other. It is also possible that the differing results 
are due to methodological differences; Strong used an internal 
perfusion voltage-clamp method, whereas we used a 2-micro- 
electrode voltage clamp applied to unperfused cells. 

The changes in Z, that result from forskolin develop more 
slowly than the increase in cytoplasmic CAMP concentration. 
Kauer and Kaczmarek (1985) measured a 2- to 4-fold increase 
in CAMP concentration within 5 min after applying forskolin 
to Aplysia bag cell neurons. In dorid neurons, the CAMP-de- 
pendent inward current begins in less than 1 min after applying 
IBMX or membrane-permeable analogs of CAMP and after in- 
tracellular injection of CAMP (see also Pellmar, 198 1; Aldenhoff 
et al., 1983; Green and Gillette, 1983; Connor and Hockberger, 
1984; Walsh and Byrne, 1985). Forskolin also causes rapid ac- 
tivation of inward current, but the changes in IA develop much 
more slowly. One possible explanation for the delay in the effect 
on Z, is that CAMP might initiate a long sequence of cytoplasmic 
events that result in the production of an intermediate that 
modifies Z, channels. The completion of the sequence might 
require prolonged elevation of the cytoplasmic CAMP concen- 
tration. We tested for this possibility by incubating cells for long 
periods in IBMX and CAMP analogs and by repeated CAMP 
injections that produced a maintained inward current, but we 
found no evidence for a delayed effect of CAMP on IA. An 
alternative explanation for the delayed effect of forskolin on Z, 
derives from the fact that forskolin, a lipid-soluble molecule, 
probably exerts its effects after entering the membrane (Seamon 
et al. 1984). Forskolin is minimally soluble in saline at the 
temperatures used in this study, and it probably enters the mem- 
brane slowly. When forskolin interacts with adenylate cyclase 
it engages a catalytic mechanism. Only a few adenylate cyclase 
enzyme complexes need be activated to amplify the signal and 
produce a large change in the cytoplasmic CAMP concentration. 
However, if forskolin were to act directly on individual Z, chan- 
nels to modify their activation and inactivation kinetics, a delay 
might be introduced because forskolin molecules would have 
to interact with a significant number of IA channels before the 
change could be detected. 

The major effect of forskolin on Z, in dorid neurons is a 
complicated change in the kinetics of activation and inactivation 
that resembles the effect of the K channel blockers 4-amino- 
pyridine and DAP on this current (Thompson, 1982). One pos- 
sible model for a direct pharmacological effect of forskolin is 
that it blocks the current in a manner similar to the aminopyr- 
idines. We looked for evidence of a voltage-dependent or use- 
dependent block by forskolin without success, but because for- 
skolin is so lipid soluble, voltage-dependent effects might be too 
rapid for us to resolve (see Hille, 1977). Support for blocking 
or local anesthetic-like action comes from recent studies on the 
effects of forskolin on nicotinic ACH receptors in PC12 cells. 
Forskolin was found to have an inhibitory, local anesthetic-like 
effect on carbachol-stimulated 86Rb uptake, which was not me- 
diated by CAMP (McHugh and Mcgee, 1986). 

It is important to learn all of the roles that CAMP can play 
as a second messenger in the modulation of neuronal excit- 
ability, and because forskolin can directly activate adenylate 
cyclase, it can be useful in studying the effects of CAMP in intact 
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cells. However, the results reported here show that forskolin 
may not act specifically on adenylate cyclase but may also have 
direct effects on K currents. If forskolin is to be used appropri- 
ately in studying the modulation of excitability by CAMP, the 
specificity of its action should be verified. The best approach at 
present requires comparison of the effects of forskoiin with the 
effects of membrane-permeable CAMP analogs or CAMP injec- 
tion. A second kind of test has been suggested by L. K. I&z- 
marek (personal communication): If it can be shown that the 
effect of forskolin is potentiated by phosphodiesterase inhibi- 
tors, or that forskolin itself has no effect without concomitant 
application of a phosphodiesterase inhibitor, then the effect is 
likely to result from forskolin-dependent activation of adenylate 
cyclase. 
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