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Phorbol Esters: Voltage-Dependent Effects on Calcium-Dependent 
Action Potentials of Mouse Central and Peripheral Neurons in Cell 
Culture 
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The ,&phorbol esters 12-O-tetradecanoylphorbol-13-ace- 
tate (TPA) and phorbol 12,13dibutyrate (PDBu), which ac- 
tivate protein kinase C, were applied to mouse dorsal root 
ganglion (DRG) and cerebral hemisphere neurons grown in 
primary dissociated cell culture. Phorbol esters did not mod- 
ify the membrane potential or input resistance of either type 
of neuron. To assess the effects of 8-phorbol esters on volt- 
age-dependent conductances, the effects of PDBu and TPA 
on action potentials evoked from these neurons were de- 
termined. The neurons were bathed in a solution containing 
5 mu tetraethylammonium and action potentials that con- 
tained sodium and calcium components were evoked. When 
applied at resting membrane potential and at more negative 
potentials, PDBu and TPA reversibly increased action po- 
tential duration. The a-phorbol ester 4-a-phorbol, which does 
not activate protein kinase C, did not modify action potential 
duration. The effects,of the &phorbol esters, however, were 
voltage-dependent. When the neurons were depolarized to 
membrane potentials less negative than -50 mV, PDBu and 
TPA reduced action potential duration. The effects of both 
PDBu (10 nu-1 PM) and TPA (100 ~~-100 nM) on action 
potential duration were dose-dependent. 

The prolongation of action potentials produced at large 
negative potentials may be due to a reduction in voltage- 
and/or calcium-dependent potassium conductance, since 
(1) the prolongation was associated with a reduction in the 
potassium-dependent afterhyperpolarization; (2) following 
membrane depolarization in control solution, action potential 
duration was increased for several minutes, while the after- 
hyperpolarization was reduced and, following this prolon- 
gation, phorbol esters no longer prolonged the action po- 
tentials; and (3) the prolongation of action potentials by 
phorbol esters was blocked by an intracellular injection of 
cesium sufficient to prolong action potentials and block af- 
terhyperpolarizations. Thus, the prolongation of action po- 
tentials by phorbol esters may be due to the reduction of a 
voltage- or calcium-dependent potassium conductance that 
is inactivated at membrane potentials less negative than 
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-50 mV. The shortening of calcium action potentials by phor- 
bol esters may be caused by the reduction of a voltage- 
dependent calcium conductance, since the effect of the 
phorbol esters was seen following the blockage of potas- 
sium conductance by an intracellular cesium injection. We 
thus suggest that phorbol esters, which activate protein ki- 
nase C, reduce a voltage-dependent calcium conductance 
and a voltage- and/or calcium-dependent potassium con- 
ductance. 

During chemical synaptic transmission, neurotransmitter mol- 
ecules bind to receptors and open or close membrane ion chan- 
nels. The binding of ligand to receptors may directly alter chan- 
nel protein structure, thereby allowing current to flow, or the 
ligand-receptor interaction may indirectly couple to channels 
by altering the concentrations of second messenger substances 
that regulate channel gating (Cachelin et al., 1983; Doroshenko 
et al., 1984; Strong, 1984; DeRiemer et al., 1985; Schuster et 
al., 1985). The alteration of membrane inositol phospholipid 
turnover has been suggested as one means by which neurotrans- 
mitters may mediate cellular actions (Berridge and Irvine, 1984; 
Nishizuka, 1984). One of the products of membrane phospho- 
lipid turnover is diacylglycerol, which has been shown to acti- 
vate a calcium-activated, phospholipid-dependent enzyme, pro- 
tein kinase C, by increasing its affinity for calcium (Takai et al., 
1979; Kishimoto et al., 1980). Protein kinase C has been im- 
plicated in receptor-transducing mechanisms in several systems 
(Berridge and Irvine, 1984; Nishizuka, 1984; Baraban et al., 
1985a), and has been found in high concentrations within the 
nervous system (Inoue et al., 1977; Takai et al., 1979). We used 
lipid-soluble phorbol esters to activate protein kinase C (Cas- 
tagna et al., 1982). Phorbol esters were applied to mouse dorsal 
root ganglion (DRG) neurons and to mouse cerebral hemisphere 
neurons grown in primary dissociated cell culture to determine 
whether activation of protein kinase C affected resting mem- 
brane properties or the amplitude and duration of calcium- 
dependent action potentials. 

While phorbol esters had little effect on resting membrane 
properties, they had complex effects on action potentials evoked 
in these neurons. Phorbol esters increased duration of action 
potentials that were evoked from membrane potentials more 
negative than -60 mV, but decreased their duration when the 
action potentials were evoked from membrane potentials less 
negative than -50 mV. We suggest that phorbol esters may 
affect calcium-dependent action potentials in 2 ways: by de- 
creasing a voltage-dependent calcium conductance that is, in 
part, responsible for the action potential plateau, and by de- 
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creasing a voltage- and/or calcium-dependent potassium con- 
ductance that is partly responsible for membrane repolarization 
and termination of the action potential. These results have been 
published previously in abstract form (Werz and Macdonald, 
1985). 

Materials and Methods 
Cell culture. Neuronal cultures were prepared, as previously described 
(Ransom et al., 1977) by dissecting spinal cords with attached DRG 
neurons from 12-l 4-d-old fetal mice or the cerebral hemispheres from 
15-16-d-old fetal mice, then mechanically dissociating the tissue, and 
plating the resultant cell suspension on 35 mm collagen-coated plates 
at a density of one-quarter or one-half of spinal cord or one-eighth of 
the hemisphere per plate. The initial culture medium consisted of 80% 
Eagle’s minimum essential medium, 10% horse serum, and 10% fetal 
calf serum. Approximately 4 d after the initial plating, 5’ fluoro-2’- 
deoxyuridine and uridine were added to the cultures to inhibit the 
division of non-neuronal background cells, after which growth medium 
was modified to 90% Eagle’s minimum essential medium and 10% horse 
serum. Medium for spinal cord-DRG neuronal cultures contained nerve 
growth factor at a concentration of 5 rig/ml to promote the survival and 
growth of DRG neurons. Two to 12-week-old cultures were used in 
electrophysiological experiments. 

Intracellular recording. For electrophysiological study, cultures were 
placed on the heated stage (35°C) of an inverted phase-contrast micro- 
scope that allowed the observation of neuronal impalement by a re- 
cording micropipette. Intracellular recordings from DRG neurons were 
obtained using high-resistance (20-50 MQ) micropipettes filled with 4 
M potassium aCetate (KAc) or 4 M cesium acetate (CsAc). Intracellular 
recordings from cerebral hemisphere neurons were obtained using higher- 
resistance (60-80 MQ) micropipettes filled with 4 M CsAc. A modified 
bridge circuit (Axoclamp-2; *Axon Instruments, Burlingame, CA) al- 
lowed simultaneous current passage and voltage recording using single 
micropipettes. At each membrane potential, bridge balance was ob- 
tained. 

Prior to recording, neurons were bathed in medium (pH 7.3, 320 
mosmol) containing (in mM) NaCl. 137: KCl. 5.3: M&l,. 0.8: CaCl,. 
5.0; glucose, 5.6; and tetraethylammonium chloride (TEA), 5.6. TEA; 
which decreases voltage-dependent potassium conductance (Armstrong 
and Binstock, 1965) was used to increase the duration of the calcium 
component of action potentials. Following neuronal impalement and 
stabilization of the membrane potential, brief (100-500 psec) depolar- 
izing current pulses were applied to evoke action potentials at a fre- 
quency of 4/min. Action potentials evoked prior to (1 in Figs. l-9) and 
subsequent to (2-23 in Figs. l-9) phorbol ester application were re- 
corded on photographic film. Membrane potential was monitored on a 
6-channel polygraph. Intracellular injection and leakage of cesium from 
CsAc-filled micropipettes were used to block most of the voltage-de- 
pendent potassium conductance. Both steady depolarizing currents (< 2 
nA) and 50 msec depolarizing current pulses (~2 nA) were used to inject 
cesium into the neurons. Initially, following the impalement of DRG 
neurons with a CsAc-filled micropipette, the resting membrane poten- 
tial, action potential duration, and action potential afterhyperpolari- 
zation corresponded to those observed when recording with KAc-filled 
micropipettes. With successful cesium injection, membrane potential 
decreased to between 0 and -20 mV, input resistance increased, action 
potential duration increased to 100-l 500 msec, and the afterhyperpo- 
larization was abolished, consistent with a substantial blockade of po- 
tassium conductance. Cesium injection was not needed for cerebral 
hemisphere neurons. Prolonged action potentials were recorded usually 
following impalement with 4 M CsAc-filled micropipettes. 

Phorbol ester application by pressure ejection. The phorbol esters used 
in these experiments were obtained from Sigma Chemical Co. (St. Louis, 
MO) or LC Services (New Boston, MA). Phorbol esters were dissolved 
in dimethyl sulfoxide at a concentration of 10 mM, then frozen in ali- 
quots to be used in single experiments. For the experiments, phorbol 
esters were diluted in recording medium containing 0.1% bovine serum 
albumin and applied by pressure ejection (0.5-l .5 lb/in.2) from micro- 
pipettes with tip diameters of 2-5 pm. The tips were broken under direct 
observation at approximately 400x magnification in order to obtain 
similar tip diameters. Pressure ejection of phorbol esters lasted 5 set, 
with the pressure pulse terminating 2-3 set prior to evoking an action 
potential. Phorbol ester-containing micropipettes were positioned with- 

in 5 Frn of DRG neurons during pressure application and were then 
removed. The phorbol-free medium applied using this model [which 
contained up to 1 .O% dimethyl sulfoxide (higher concentrations were 
not tested)] did not affect action potential configuration as long as the 
osmolarity of the culture medium was the same as that of the pressure- 
ejection micropipette. Osmolarity differences were prevented by placing 
a thin coat of mineral oil over the culture medium to retard evaporation. 

Results 
Action potentials of mouse DRG neurons had sodium- and 
calcium-dependent components 
It was previously determined that DRG neuron action potentials 
had 2 components: an initial sodium-dependent component that 
was only partially sensitive to blockade by tetrodotoxin, and a 
slower, calcium-dependent component (Heyer and Macdonald, 
1982). In recording medium containing 1.0 mM Ca*+, DRG 
neuron action potentials had durations of about 2.5 msec and 
a short plateau on the repolarizing phase. Cadmium (100-500 
PM), a calcium-channel blocker, abolished the plateau, leaving 
an action potential with a duration of about 2.0 msec that was 
dependent upon sodium. The calcium component of action po- 
tentials was prolonged to 2-25 msec in recording medium con- 
taining 5 mh4 CaZ+ and 5 mM TEA (Fig. 1). The initial 2.0 msec 
of the action potentials were dependent on sodium, with the 
remaining broad plateau dependent on calcium, as indicated by 
the blockade of the plateau by cadmium. Although 5 mM TEA 
prolonged the calcium component of the action potentials, sub- 
stantial potassium conductance remained unblocked, as is in- 
dicated by the 15-25 mV afterhyperpolarization recorded fol- 
lowing action potentials. 

Phorbol ester effects on action potential duration 
During the intracellular recording from DRG neurons impaled 
by KAc-filled micropipettes, the application of 120tetradeca- 
noylphorbol-13-acetate (TPA) did not affect the duration of 
action potentials of neurons bathed in TEA-free medium, and 
only decreased afterhyperpolarization by l-3 mV (n = 6). How- 
ever, when 5 mM TEA was added to the recording medium, 
phorbol 12,13-dibutyrate (PDBu) and TPA reversibly altered 
the action potential configuration. Thus, all additional record- 
ings were obtained from neurons bathed in 5 mM TEA-con- 
ttiining medium. When applied at resting membrane potential 
(- 60 to - 70 mV), PDBu (1 PM) increased the duration of action 
potentials (Fig. 1, top). The increase in action potential duration 
was initially associated with a decrease in the amplitude of the 
calcium-dependent plateau (Fig. 1, arrows). During the remain- 
der of the action potential, the plateau amplitude of the control 
action potential gradually decreased to about 0 mV, and the 
membrane rapidly repolarized. Although the initial plateau am- 
plitude was reduced by PDBu, the subsequent rate of decline 
was decreased. Thus, in the presence of PDBu, the plateau crossed 
the control plateau, gradually reaching about 0 mV, at which 
point it also rapidly repolarized. TPA (100 nM) had a similar 
effect (Fig. 1, top), while 4-a-phorbol was ineffective (Fig. 1, 
top). 

Phorbol ester effects on cerebral hemisphere neurons were 
also assessed. Since cerebral hemisphere neurons had a less 
prominent calcium conductance than DRG neurons (Dichter et 
al., 1983), calcium-dependent action potentials were obtained 
from neurons impaled by micropipettes that had been filled with 
4 M CsAc in order to block a portion of the potassium conduc- 
tance. PDBu alteration of the action potentials of hemisphere 
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Figure 1. P-phorbol esters decreased calcium-dependent action potential plateau but prolonged duration. Depolarizing current pulses at 4/min 
evoked action potentials from DRG and cerebral hemisphere neurons. Action potentials evoked in medium containing 5 mM TEA had durations 
of 5-20 msec and were dependent on both sodium and calcium. Data in this and subsequent figures appear as superimposed traces of action 
potentials evoked prior to (I) and subsequent to (2-23) phorbol ester application. All recordings were obtained in 5 mM TEA-containing medium. 
PDBu and TPA decreased plateau amplitude (arrows) but increased duration ofcalcium-dependent action potentials of DRG and cerebral hemisphere 
neurons. 4-a-phorbol did not affect action potential configuration. Membrane potentials of DRG and cerebral hemisphere neurons were -75 and 
-73 mV, respectively. Recordings from DRG neurons employed 4 M KAc-filled micropipettes and those from cerebral hemisphere neurons 
employed 4 M CsAc-filled micropipettes. 

and DRG neurons was similar. At first, PDBu decreased the 
calcium-dependent action potential plateau amplitude, but then 
decreased its rate of decline and prolonged its duration (Fig. 1, 
bottom). The 4-a-phorbol (10 PM) also did not affect action 
potentials recorded from cerebral hemisphere neurons (Fig. 1, 
bottom). 

Phorbol ester efects on action potential duration were 
voltage-dependent 
PDBu and TPA also increased the action potential duration of 
DRG and cerebral hemisphere neurons when the neurons were 
held at relatively more negative membrane potentials (- 70 to 
- 100 mV) (Fig. 2, left). As with the resting membrane potential, 
phorbol esters decreased the initial plateau and decreased its 
rate of decline, which resulted in the prolongation of the action 
potential (Fig. 2, left). However, after intracellular current in- 
jection and depolarization to membrane potentials between - 60 
and -50 mV, PDBu and TPA no longer augmented action 
potential duration (Fig. 2, middle). At these membrane poten- 
tials, PDBu produced minimal effects on the action potential 
plateau amplitude (Fig. 2, middle). As the membrane potential 
was reduced to less than -50 mV, PDBu and TPA decreased 
the action potential duration (Fig. 2, right). The phorbol ester 
reduction of action potential duration was associated with a 
reduction in the action potential plateau amplitude. This re- 
duction was present not only during the early part of the plateau, 
but also during its late portion (Fig. 2, right). Thus, the effect 
of PDBu and TPA on action potential duration was voltage- 
dependent (Fig. 3). In DRG neurons, phorbol esters decreased, 
in 4 out of 4 neurons, the durations of action potentials evoked 
from membrane potentials between -30 and -39 mV; de- 
creased in 7 and increased in 5 neurons the durations of action 
potentials evoked from membrane potentials between -40 and 

-59 mV; and increased, in 8 out of 8 neurons, the durations 
of action potentials evoked from membrane potentials between 
-70 and -79 mV (Fig. 3, left). Similar results were obtained 
in cerebral hemisphere neurons, where phorbol esters decreased, 
in 4 out of 4 neurons, the durations of action potentials evoked 
from membrane potentials between -40 and -49 mV; de- 
creased in 4 and increased in 5 neurons the durations of action 
potentials evoked from membrane potentials between - 50 and 
-69 mV; and increased in 6 out of 6 neurons the durations of 
action potentials evoked from membrane potentials between 
-70 and -99 mV (Fig. 3, right). 

Phorbol ester eflects on action potential duration were 
dose-dependent 

Both effects of the phorbol esters-increasing and decreasing 
action potential duration-were produced on DRG neurons (Fig. 
4) and cerebral hemisphere neurons (Fig. 5) in a dose-dependent 
fashion (Fig. 6). At membrane potentials more negative than 
-60 mV, PDBu increased the duration of action potentials in 
both DRG (Fig. 4A) and cerebral hemisphere (Fig. 5A) neurons 
dose-dependently from 10 nM to 1 PM (Fig. 6). In DRG neurons, 
TPA was somewhat more potent than PDBu, producing effects 
over a concentration range of 100 PM to 100 nM (Figs. 4A; 6). 
The 4-a-phorbol did not affect the configuration of DRG or 
cerebral hemisphere neuron action potentials at concentrations 
between 100 nM and 10 PM (Figs. 1; 6). With membrane de- 
polarization to potentials between -35 and -45 mV, PDBu 
and TPA decreased the action potential durations of both DRG 
(Fig. 4B) and cerebral hemisphere (Fig. 5s) neurons dose-de- 
pendently (Fig. 6). Decreases in action potential duration caused 
by PDBu and TPA at less negative membrane potentials oc- 
curred over concentration ranges similar to those that increased 
action potential durations at negative membrane potentials (Fig. 
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Figure 2. Phorbol esters increased du- 
ration of action potentials evoked from 
more negative membrane potentials but 
decreased duration of action potentials 
evoked from less negative membrane 
potentials. Top, Calcium-dependent 
action potentials of a DRG neuron 
evoked from membrane potentials of 
-75, -58, and -45 mV. PDBu in- 
creased the duration of action poten- 
tials evoked from -73 mV, but de- 
creased the duration of action potentials 
evoked from -45 mV. Bottom, PDBu 
effects on cerebral hemisphere neurons 
were also voltage-dependent, with an 
increase in duration ofaction potentials 
evoked from -73 mV, but a decrease 
of duration of action potentials evoked 
from -59 and -50 mV. 
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6). The 4-a-phorbol (100 nM-10 PM) was also ineffective in 
decreasing the action potential duration at reduced membrane 
potentials. 

Prolongation of the DRG neuron’s action potential duration by 
phorbol esters was associated with a decrease in action 
potential afterhyperpolarization 
DRG neuron action potentials recorded in 5 mM TEA at -65 
to - 75 mV had afterhyperpolarizations of 15-25 mV. Phorbol 
esters decreased action potential afterhyperpolarizations (Figs. 
1; 2; 4). In 10 out of 10 DRG neurons, PDBu (1 PM) decreased 

afterhyperpolarizations by 1.8-7.9 mV (mean decrease, 3.8 + 

Figure 3. PDBu and TPA effects on 
action potential duration were voltage- 
dependent. Voltage-dependent effects 
of PDBu and TPA were observed in 9 
DRG and 6 cerebral hemisphere neu- 
rons. The effects of the phorbol esters 
on action potential duration at mem- 
brane potentials from - 30 to - 79 mV 
for DRG neurons, and from -40 to 
- 99 mV for cerebral hemisphere neu- 
rons are shown. At membrane poten- 
tials greater than -70 mV, PDBu and 
TPA increased action potential dura- 
tion. At intermediate membrane poten- 
tials (- 50 to - 60 mV), the phorbol es- 
ters had biphasic or variable effects on 
action potential duration. At mem- 
brane potentials of less than - 50 mV, 
phorbol esters reduced action potential 
duration. 
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0.6 mV; p > 0.001). Similarly, TPA (100 nM) decreased after- 
hyperpolarizations in 6 out of 6 neurons, with a range of 2. l- 
8.9 mV (mean decrease, 5.4 f  0.9 mV; p > 0.0 1). The reduction 
of afterhyperpolarization was associated with an increase in 
action potential duration. In 10 DRG neurons, TPA (100 nM) 
decreased afterhyperpolarizations by 35.9 f  3.3% 0, > 0.001) 
and increased action potential durations 232 + 40.4% 0, > 
0.00 1). Action potential prolongations and afterhyperpolariza- 
tion reductions were maximal for the first and second action 
potentials evoked following phorbol ester application (Fig. 7, 
insert). During recovery from TPA (100 nM) application, action 
potential duration and afterhyperpolarization amplitude were 
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Figure 4. PDBu and TPA effects on DRG neuron calcium-dependent action potentials were dose-dependent. A, PDBu (1 nM to 1 FM) and TPA 
(l-100 nM) produced dose-dependent augmentation of action potential duration at a large negative membrane potential (-75 mv). B, PDBu (10 
nM to 1 PM) and TPA (100 PM to 10 nM) decreased action potential duration dose-dependently at reduced membrane potentials (-40 mv). The 
tracings for PDBu at each membrane potential are from the same neuron, while recordings from 2 different neurons are presented for TPA. 

inversely related as they gradually returned to control values (5 
neurons) (Fig. 7). 

Action potential duration and afterhyperpolarization amplitude 
were voltage-dependent 

As noted in the previous section, DRG neuron action potentials 
recorded in 5 mM TEA at -65 to -75 mV had larger after- 
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hyperpolarizations. Following membrane depolarization, how- 
ever, action potential duration increased and afterhyperpolari- 
zation amplitude decreased. In the example shown in Figure 8 
(left; control 1, post-PDBu 2), action potentials were evoked 
from a resting potential of -65 mV. PDBu (1 PM) increased 
the action potential duration, decreased the early plateau am- 
plitude, and decreased the afterhyperpolarization. Following 

Figure 5. PDBu increased and de- 
creased action potential duration of ce- 
rebral hemisphere neurons dose-depen- 
dently. A, Increases of action potential 
duration were produced by PDBu in a 
cerebral hemisphere neuron at a mem- 
brane potential of -75 mV. B, Reduc- 
tions of action potential duration were 
produced by PDBu in the same cerebral 
hemisphere neuron at a membrane po- 
tential of -40 mV. A control action 
potential (I) and 2 action potentials (2, 
3) following phorbol ester application 
were superimposed. Both effects of 
PDBu were dose-dependent (100 nM to 
1 PM). 
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Figure 6. PDBu and TPA effects on calcium-dependent action potentials were dose-dependent. Data points represent mean response of neurons 
(n given in parentheses); bars are SEM. The PDBu increases and decreases of duration of the DRG neuron (10 nM to 1 PM) (closed circles) and of 
the cerebral hemisphere neuron (CER; 100 nM to 1 PM) (open circles) calcium-dependent action potentials were dose-dependent. TPA effects on 
DRG neurons were assessed and occurred between 1 and 100 nM (closed triangles). 4-oc-phorbol (lol-P) had no effect on DRG and cerebral 
hemisphere neurons (stars, pooled data). Neurons were held at membrane potentials greater than -70 mV for action potential duration increases, 
and at less than - 50 mV for action potential decreases. 

membrane depolarization to -40 mV (Fig. 8, middle; controls 
l-22) action potential duration increased from 30 to 250 msec 
and afterhyperpolarization amplitude was reduced by 90%. Af- 
ter action potential prolongation and the reduction of the af- 
terhyperpolarization, PDBu (1 PM) caused a reduction in action 
potential duration (Fig. 8, middle; control 22, post-PDBu 23). 
In contrast to its effect at more negative potentials, this effect 
of PDBu was associated with a small increase in the afterhy- 
perpolarization. Following membrane repolarization to - 65 mV, 
the action potential duration was reduced to control durations 
and the afterhyperpolarization amplitude was restored (Fig. 8, 
right; control). At this membrane potential, the phorbol ester 
effect of prolonging action potentials and reducing afterhyper- 
polarization amplitudes was restored (not shown). 

Prolongation of DRG neuron action potentials was abolished 
by intracellular injection of cesium 

In 11 DRG neurons, intracellular recordings were obtained with 
IL&-filled micropipettes. PDBu (1 PM) was applied at mem- 
brane potentials both more negative than -70 mV and less 
negative than - 50 mV and was shown to increase and decrease 
action potential durations, respectively (Fig. 9, KAc). The KAc- 
filled intracellular recording micropipettes were then gently 
withdrawn, and the neurons reimpaled with CsAc-filled micro- 
pipettes. Over 5-15 min, as cesium was injected into the neu- 
rons, resting membrane potential decreased from 0 to -20 mV, 
the afterhyperpolarization was abolished, and action potential 
durations increased to greater than 200 msec-consistent with 
a substantial blockade of potassium channels. In the neurons 

that were impaled with CsAc-filled micropipettes and whose 
lack of an afterhyperpolarization indicated extensive potassium- 
conductance blockade, PDBu and TPA no longer augmented 
action potential duration, but instead decreased it (11 out of 11 
neurons) (Fig. 9, CsAc). PDBu decreased action potential du- 
ration during CsAc recording at membrane potentials equal to 
or greater than those in the same neuron at which, during KAc 
recording, PDBu increased action potential duration (6 out of 
6 neurons) (Fig. 9). 

It was not technically possible to obtain phorbol ester effects 
on cerebral hemisphere neurons and then to reimpale the neu- 
rons with CsAc-filled micropipettes. We attempted to replicate 
the DRG neuron results in cortical neurons using prolonged 
cesium injections. However, even with action potentials greater 
than 1 set, the dual effects on the phorbol esters remained. Even 
with these long action potential durations, substantial afterhy- 
perpolarizations remained and spontaneously occurring action 
potentials often lasted many seconds. Thus, it is likely that we 
could not sufficiently block potassium conductance with intra- 
cellular cesium injection. The most probable reason for this is 
that it was necessary to use high-resistance micropipettes (> 60 
Ma) to impale these rather small neurons. Therefore, it was not 
possible to pass sufficient current through these micropipettes 
to fill the neurons with cesium. 

Discussion 

The fi-phorbol esters, when applied to DRG or cerebral hemi- 
sphere neurons at resting or more negative membrane poten- 
tials, decreased the a’mplitude of an early component of the 
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Figure 7. Action potential duration 
and afterhyperpolarization amplitude 
were inversely related during recovery 
from phorbol ester application. TPA 
(100 nM) increased action potential du- 
ration and reduced afterhyperpolari- 
zation amplitude (see insert). Action 
potentials were evoked every 15 sec. 
The control action potential was I and 
the first action potential evoked after 
TPA application was 2. The duration 
of subsequent action potentials (3-6) 
gradually returned to control and this 
recovery was related to a progressively 
increasing amplitude of the afterhyper- 
polarization. Recovery was complete 
after 2 min. For 5 neurons, the per- 
centage of action potential duration in- 
crease produced by TPA (100 nM) was 
plotted as a function of the percentage 
of afterhyperpolarization decrease. Since 
action potentials recovered at varying 
rates, only data for the first 3 action 
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calcium-dependent action potential plateau, but then decreased 
the subsequent rate of decline so that action potential duration 
was prolonged. We postulate that the phorbol esters produced 
these effects on DRG action potential plateau amplitude and 
action potential duration via 2 mechanisms: decreasing a volt- 
age-dependent calcium conductance and decreasing a voltage- 
and/or calcium-dependent potassium conductance. The in- 
creased action potential duration in DRG neurons produced by 

PDBu IpM 

phorbol esters at large negative membrane potentials could be 
caused by the reduction of voltage- and/or calcium-dependent 
potassium conductance or by the enhancement of voltage-de- 
pendent calcium conductance. While it is difficult to identify 
unambiguously the ionic mechanisms underlying phorbol ester 
effects on action potential duration without using the voltage- 
clamp technique, several observations suggest that phorbol es- 
ters have effects on both potassium and calcium conductances. 

PDBu IJJM 

25msec 50msec 50msec 

Figure 8. Amplitudes of DRG neuron afterhyperpolarizations and phorbol ester effects on action potential duration were voltage-dependent. Action 
potentials evoked at specified membrane potentials and photographed from an oscilloscope screen. Interrupted lines at the top of the figure represent 
membrane potential. From left to right: PDBu at 1 WM applied at a membrane potential of -65 mV after action potential (trace I) augmented 
action potential duration and decreased afterhyperpolarization (trace 2). Trace to right of the first pair of action potentials was also evoked at a 
membrane potential of ~ 65 mV, but was photographed at a slower sweep speed. Note the large afterhyperpolarization. With membrane depolarization 
to -40 mV, action potential duration gradually increased as afterhyperpolarization decreased. Note traces 1-5 evoked at 15 set intervals. After 
5.5 min of evoking action potentials every 15 set at -40 mV, action potential afterhyperpolarization had substantially decreased (trace 22) and 
application of 1 KM PDBu decreased action potential duration (trace 23). With membrane hyperpolarization to -65 mV, action potential duration 
and afterhyperpolarization returned to control values. 
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Figure 9. Intracellular injection of the 
potassium channel blocker, cesium ion, 
blocked the phorbol enhancement of 
action potential duration observed at 
large negative membrane potentials. 
Left, D&ng intracellular recording with 
a KAc-filled microoipette. PDBu ap- 
plied at membrane-potentials of -72 
and -47 mV increased and decreased 
action potential duration, respectively. 
Right, The micropipette was gently 
withdrawn and the neuron reimpaled 
with a CsAc-filled micropipette. From 
5 to 15 min, as cesium leaked into neu- 
rons, membrane potential decreased to 
between 0 and -20 mV, the afterhy- 
perpolarization was abolished, and ac- 

- 

PDBu IJM 

KAc CsAc 

iion potential duration increased to over 
several hundred milliseconds. consis- I 

50mV 

tent with substantial potassium con- 
ductance blockade. After cesium injec- 
tion, PDBu decreased action potential 
duration at both more negative (-70 
mV) membrane potentials and less neg- 
ative (-37 mV) membrane potentials. -47mV - 

We suggest that the phorbol esters increased action potential dent action potentials. Finally, when repolarizing potassium 
durations at large negative membrane potentials by decreasing conductances were blocked by intracellular cesium injection, 
potassium conductance. First, action potential prolongation was the phorbol esters decreased calcium-dependent action potential 
accompanied by a decrease in amplitude of the afterhyperpo- plateau amplitude and duration at all membrane potentials. At 
larization. Second, intracellular cesium, an ion that blocks po- least 3 different calcium channels have been reported in DRG 
tassium channels, blocked the prolongation of action potentials neurons (Nowycky et al., 1985; Gross and Macdonald, 1986). 
by phorbol esters. Third, the action potential prolongation was While it is not possible to specify which of these channels was 
associated with a reduction, rather than an enhancement, of the affected by phorbol esters on the basis of studies of action po- 
early action potential plateau. The potassium conductance af- tentials, a few inferences can be made. First, since phorbol esters 
fected was likely to be voltage- and/or calcium-dependent for were effective at reduced membrane potentials, it is likely that 
the following reasons: Application of the phorbol esters had no the T calcium channel was not involved in phorbol ester action 
effect on resting membrane potential, indicating that the con- in these studies, since T calcium currents are inactivated at 
ductance was not activated at large negative membrane poten- reduced membrane potentials (R. A. Gross and R. L. Macdon- 
tials. Also, phorbol ester prolongation of action potentials was ald, 1986). The action potentials recorded in these neurons were 
associated with a decrease in afterhyperpolarization amplitude. due to activation of the inactivating N-current and the nonin- 
When neurons were depolarized to less negative membrane po- activating, or slowly inactivating, L-current (Gross and Mac- 
tentials, the action potential afterhyperpolarization declined over donald, unpublished observations). The predominant effect of 
several minutes, which suggests that a voltage- and time-de- phorbol esters appeared to be the reduction of the early inac- 
pendent inactivation of the conductance mediating the after- tivating portion of the calcium-dependent action potentials, 
hyperpolarization was reduced by the phorbol esters. While these leaving a very slowly inactivating plateau potential. This sug- 
results suggest that phorbol esters reduced a voltage- and/or gests that the N calcium current may have been reduced by 
calcium-dependent potassium conductance, it is not clear which phorbol esters. It does not, however, rule out the possibility that 
of the various potassium conductances was reduced. A full char- an additional effect was produced on the L calcium current. In 
acterization of the interaction of phorbol esters with potassium preliminary voltage-clamp studies, PDBu reduced only the N 
conductances will require the use of the voltage-clamp tech- calcium current (R. A. Gross and R. L. Macdonald, unpublished 
nique. observations). 

The reduction of DRG action potential duration by phorbol 
esters at less negative voltages could be caused by a reduction 
in calcium conductance or an enhancement of potassium con- 
ductance. It is likely that phorbol esters reduced action potential 
duration at less negative membrane potentials by decreasing a 
voltage-dependent calcium conductance, and not by increasing 
a membrane potassium conductance: Although the phorbol es- 
ters prolonged action potentials evoked from more negative 
potentials, they decreased the amplitude of an early component 
of the calcium-dependent plateau. In addition, at less negative 
membrane potentials, where repolarizing conductances were ap- 
parently partially inactivated, phorbol esters clearly reduced 
both the plateau amplitude and the duration of calcium-depen- 

fl-phorbol esters had similar voltage-dependent effects on cal- 
cium-dependent action potentials recorded from cerebral hemi- 
sphere neurons. It is likely that the actions of phorbol esters on 
cerebral hemisphere neurons were similar to those on DRG 
neurons. However, the calcium conductance in hemisphere neu- 
rons was substantially smaller than that in DRG neurons. There- 
fore, studying calcium-dependent action potentials was consid- 
erably more difficult, and we cannot be certain that the basic 
mechanisms were identical in the 2 cell types. Nonetheless, the 
similarity in the voltage-dependent action of phorbol esters on 
cerebral hemisphere and DRG neurons suggests that /3-phorbol 
esters also reduce potassium and calcium conductances in ce- 
rebral hemisphere neurons. 



The Journal of Neuroscience, June 1987, 7(6) 1647 

Although protein kinase C is abundant in the nervous system, 
reports of its effects on neurons have only recently appeared. 
DeRiemer et al. (1985) have shown that phorbol esters and 
protein kinase C augment calcium conductance of Aplysia neu- 
rons. Phorbol ester and a diacylglycerol analog were shown to 
reduce the voltage-dependent calcium conductance of chick DRG 
neurons (Holz et al., 1986; Rane and Dunlap, 1986). Phorbol 
esters have also been shown to reduce the action potential af- 
terhyperpolarization recorded from CA, hippocampal pyrami- 
dal neurons (Baraban et al., 1985b; Malenka et al., 1986). These 
studies suggested that phorbol esters reduce a calcium-depen- 
dent potassium conductance. Our results suggest that phorbol 
esters interact with both calcium and potassium conductances 
in the same neuron. They suggest that phorbol esters reduce 
voltage-dependent calcium conductances and voltage- and/or 
calcium-dependent potassium conductances. It is likely that the 
effects of phorbol esters on calcium and potassium conductance 
were mediated through protein kinase C since 4-a-phorbol, which 
does not affect protein kinase C activity, was inactive. However, 
it has not been demonstrated that phorbol esters activate protein 
kinase C in these neurons, and thus it is possible that the effects 
reported here are not due to protein kinase C activation. 
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