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In guinea pig caudate slices preloaded with [3H]choline, superfusion with medium containing Caz+ and the 
phorbol ester TPA (12~O-tetradecanoyl phorbol 13-acetate) produced an increase in the Ca2+-dependent, 
depolarization-evoked Caz+ inllux. The effect of TPA was antagonized by polymyxin B and H-7, both in- 
hibitors of protein kinase C. The combination of TPA and calcium ionophore (A23187) provoked the re- 
lease of ACh to a level equal to the maximal response induced by depolarizing stimuli. TPA alone had no 
significant effect on the release of ACh. These results suggest that protein kinase C probably plays a role 
in transmembrane signal transduction involved in the release of neurotransmitter from nerve terminals in 

the brain. 

Phorboi ester Caz+ Acetylcholine release (Brain slice) 

1. INTRODUCTION 

Extracellular signals such as neurotransmitter, 
hormones and depolarizing stimuli elicit an in- 
crease in intracellular free Ca2+ levels [l-3]. Ca2+ 
activates protein kinases, following which the 
signal is thought to be amplified and transduced 
across the membranes. A number of recent studies 
provided evidence of phosphorylation linked to 
secretion processes. At an early stage of cellular 
response, 1 ,Zdiacylglycerol, which is transiently 
produced from inositol phospholipids by the 
signal, activates protein kinase C in the presence of 
physiological levels of Ca2+ and phospholipids 
[4,5]. The activation of protein kinase C and Ca2+ 
mobilization is essential to induce exocytotic secre- 
tion of hormones [6-81, enzymes [9,10] and other 
bioactive substances [ 1 l-141. Tumor-promoting 
phorbol esters such as 12-0-tetradecanoyl phorbol 
13-acetate (TPA) induce exocytosis and mimic the 
action of hormone and neurotransmitter [ 151. It is 
of interest that TPA activates protein kinase C, as 
the stable analogue of the physiological lipid 
metabolite activator diacylglycerol [ 161. In 
peripheral cholinergic nerves, the simultaneous ap- 

plication of Ca2+ ionophore and TPA induces a 
full release of acetylcholine (ACh) from isolated 
guinea pig ileum [17]. The synergistic effect of 
Ca2+ ionophore and TPA on [3H]dopamine release 
was noted in PC12 [18] and primary cultured brain 
cells [19]. As large amounts of protein kinase C 
and the target protein are present in the brain, 
especially in synaptosomal fractions [20], we car- 
ried out experiments to determine whether protein 
kinase C is involved in neurotransmitter release 
from brain slices. We report here that TPA 
enhances the ACh release evoked by depolarizing 
stimuli and that Ca2+ ionophore and TPA 
synergistically induce the release of ACh from 
guinea pig caudate slices. 

2. MATERIALS AND METHODS 

2.1. Striatal slices 
Guinea pigs of both sexes weighing 350-450 g 

were decapitated, the brains quickly removed and 
cut coronally at the level of the anterior com- 
missure. The caudate slices were dissected with a 
razor blade and a sliding guide. The caudal part of 
the caudate nucleus, putamen and globus pallidus 
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Fig.1. Effect of phorbol ester on electrically stimuiated release of i3H]ACh from guinea pig caudate slices preloaded 
with [3H]choIine and [Ga’+]i-de~ndent fluorescence signal induced by electrical stimulation in the caudate slices 
preloaded with quinZ/AM. (A) IO-? M TPA or (B) 1W7 M rku-PDD was added to the medium 30 min before and during 
electrical stimulation (Est: 1 mA, 0.3 Hz, 1 ms for 2 min). (C) Goncentration dependence of the effect of TPA on the 
stimulated release of [3H]ACh. Each point is the mean + SE from 4 experiments of a percentage of the stimulated release 
of [3H]AGh in the presence of lo-’ M TPA. (D) Effect of TPA on frequency-response curve for the release of [3HIACh 
induced by electrical stimulation (1 mA, I ms, 0.1-l Hz for 2 min). IO-’ M TPA was added to the medium 30 min 
before and during stimulation. Each point is the mean + SE from 4 experiments. (E) Effect of TPA on frequency- 
response curve for [CaZ’I1-dependent fhrorescence (quin2-Ca complex fluorescence} signal induced by electrical 
stimuiation (3 mA, 2.5 ms, 0.2-2 Hz tram 20 pulses). lo-’ M TPA was added to the medium 30 mm before and during 

stimulation. 
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was excluded. Frontal sections used in the ex- 
periments were 350-450am thick and weighed 
6-8 mg. 

2.2. ,‘nlACh release from striatal slices 
Slices were preloaded with [3H]choline (lo-’ M, 

80.1 Ci/mmol) for 1 h at 37°C and then rinsed 
with Krebs-Ringer solution. The preparation was 
impaled with a pair of parallel platinum electrodes 
(0.1 mm diameter, distance 0.7 mm, length 
1.5 mm), mounted in the superfusion chamber 
saturated with 95% Oz-5% CO2 and superfused at 
a constant flow rate of 0.2 ml/min with Krebs- 
Ringer solution buffer equilibrated with 95% 
02-5% CO2 at 37°C. The Krebs-Ringer solution 
buffer was of the following composition (mM): 
118 NaCl, 3 KCl, 2 CaC12, 1.2 NaH2P04, 23 
NaHCO3 and 11 glucose. The superfusate was con- 
tinuously collected every 5 min and the radioactivi- 
ty determined in a liquid scintillation spectrometer. 
Electrical stimulation of slices was performed 
under conditions of various currents and frequen- 
cies. Unchanged [3H]ACh in the superfusate were 
determined by the method of Potter and Murphy 
[21]. The amounts of unchanged [3H]ACh in the 
sample obtained before and during stimulation 
were about 70 and 80% of total radioactivities, 
respectively. 

2.3. Calcium influx 
Using the method of Tsien et al. 1221, slices were 

incubated with 1 mM quinZ/AM and 0.5% DMSO 
(v/v) in Krebs-Ringer solution without CaClz at 
37°C for 1 h and washed 3 times with fresh Krebs- 
Ringer solution. The preparation was impaled with 
a pair of parallel platinum electrodes (0.1 mm 
diameter, distance 2.5 mm, length 3 mm), 
mounted vertically in the cuvette in 1 ml Krebs- 
Ringer solution and perfused at a constant flow 
rate of 3.5 ml/min at 37°C. The fluorescence of 
the quin2-Ca2+ complex was recorded using an 
Aminco-Bowman spectrophotofluorometer setting 
with 339 nm excitation, 2 mm slits and 492 nm 
emission, 3 mm slits. 

3. RESULTS AND DISCUSSION 

When guinea pig caudate slices preloaded with 
[3H]choline were superfused with Krebs-Ringer 
solution containing 2 mM Ca’+, electrical stimula- 

tion produced an increase in the release of 
[‘H]ACh, over the spontaneous efflux (fig.lA). 
The evoked [3H]ACh release was dependent on the 
frequency between 0.1 and 1 .O Hz (fig.lD) and 
was Ca2+-dependent and tetrodotoxin (TTX)- 
sensitive, thereby indicating a release from nerve 
terminals. 

The [3H]ACh release induced by electrical 
stimulation of 1 mA, 0.2 Hz, 1 ms for 2 min was 
enhanced by adding TPA in concentrations of 3 x 
lo-’ to lo-’ M, in a concentration-dependent 
manner, and reached a maximal increase at lo-’ M 
TPA (fig.lC). The frequency-dependent curve for 
[3H]ACh release from the caudate slices shifted to 
the right and upwards by lo-’ M TPA, as shown 
in fig. 1D. TPA (lo-’ M) produced a greater poten- 
tiation in the [‘H]ACh release evoked by stimula- 
tions of low frequencies (less 0.5 Hz) and the max- 
imal potentiation was about 6 times that of the 
control obtained with a stimulation at 0.2 Hz. To 
determine the intracellular Ca’+-level, under con- 
ditions when TPA potentiated the stimulated 
[3H]ACh release, the fluorescence signal of the 
quin2-Ca2+ complex was measured in the caudate 
slices preloaded with quin2/AM. A Ca2+-sensitive 
and frequency-dependent increase in the 
fluorescence of quin2-Ca2+ complex was evoked 
by electrical stimulation, thereby indicating that 
increase in the fluorescence intensity was mainly 
due to increases in intracellular Ca2+ induced by 
the Ca2+ influx. No measurable Ca2+ influx was 
obtained by stimulations less than 0.2 Hz. There 
was a small Ca2+ influx at 0.2 Hz at which the 
[3H]ACh release was maximally potentiated by 
TPA and the evoked Ca2+ influx was not affected 
significantly by lo-’ M TPA (fig.lE). 

Addition of 30 mM K+ to the superfusion 
medium produced a Ca2+-dependent increase in 
the release of [3H]ACh. The high K+-evoked 
release of [3H]ACh was reduced to 70% of the con- 
trol in the presence of 10m6 M TTX. TTX blocks 
nerve conductance by inhibiting the Na+ channel 
[23], thus the released [3H]ACh in the presence of 
10m6 M TTX is mainly due to a direct depolariza- 
tion of nerve terminals by high K+. In the presence 
of TTX, pretreatment with lo-’ M TPA for 
30 min enhanced by 197% the high K+-evoked 
release of [3H]ACh (table 1). This suggests that the 
site of action of TPA is located on the nerve ter- 
minals. &-Phorbol 12,13-didecanoate (4cu-PDD), 
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an inactive phorbol analogue, at lo-’ M showed 
no significant changes in spontaneous and 
depola~zation-evoked release of [3HfACh (fig, IB 
and table 1). 

Inhibition of protein kinase C is considered to be 
a useful tool to differentiate Ca2+-dependent 
events regulated by phospholipid or calmodulin. 
Polymyxin B (a cyclic polycationic peptide an- 
tibiotic) and l-(S-isoquinolinesulfonyl)-2-methyl- 
piperazine (II-7) are considered to inhibit selective- 
ly the protein kinase C mediated reaction rather 
than the calmodulin-dependent one [24-271. To 
confirm whether the TPA-induced potentiation of 
the high K+-evoked release of [3H]ACh is mediated 
by protein kinase C, the effects of ~l~~in B 
and H-7 on i3H]ACh release were examined. The 
effects of TPA on the high K+-evoked [3H]ACh 
release were inhibited by polymyxin B in concen- 
trations ranging from lOa to lo-’ M, in a dose- 
dependent manner. H-7 at 5 x low5 M also in- 
hibited significantly the effect of TPA (table 1). 
These findings suggest that the depolarization- 
induced ACh release is potentiated by activating 
protein kinase C at the nerve endings. It is of in- 

terest that the depolarization-induced 13H]ACh 
release was inhibited significantly by polymyxin B, 
an inhibitor of protein kinase C. This would sug- 
gest the in vivo involvement of protein kinase C in 
the depolarization-induced ACh release, which is 
the result of activation of this enzyme by 
diglyceride generated endogenously, in response to 
depolarization via catabolism of membrane 
phospholipids. 

When the caudate slices preloaded with 
t3H]choline were superfused with Ca*+-free 
medium, stimulation with both A23187 (10m6 M) 
and Ca2+ (2 mM) for 2 min produced an increase 
in t3H]ACh release, which was about half the full 
release response evoked by depolarizing stimuli 
such as electrical stimulation and high K* (fig.2A). 
The application of TPA potentiated the release of 
[3H]ACh induced by A23187 and Ca2+ increased 
linearly in a concentration-dependent manner be- 
tween 2 x 10m9 and IO-’ M TPA, and reached a 
maxima1 response at lo-’ M (fig.ZC). In the 
absence of Ca2f, addition of A23 187 alone and of 
a combination of A23187 and TPA showed no 
significant changes. Lku-PDD at lo-’ M did not af- 

Table 1 

Effect of various agents on high K+-induced [3H]ACh release from striatal slices preloaded with 
[3H]choline 

Agents 30 mM K+-induced 
13H]ACh release 

None 
k-PDD (1O-7 M) 
TPA (1O-7 M) 
Polymyxin B (lop9 M) 
Poiymyxin B (lo-* M) 

0.75 f 0.08 (24) 100 
0.80 f 0.12 ( 4) 107 
1.48 f O.lY ( 4) 197 
0.74 + 0.12 ( 4) 99 
0.67 f 0.11 ( 4) 89 

Polymyxin B (lo-’ M) 0.46 f 0.10’ (4) 60 
Polymyxin B (10e9 M) + TPA (lo-’ M) 1.29 St 0.12 ( 4) 172 
Polymyxin B (10e8 M) + TPA (lo-’ M) 0.90 f 0.12b ( 4) 120 
Polymyxin B (low7 M) + TPA (lo-’ M) 0.52 +o. 17b ( 4) 69 
H-7 (5 x IO-’ M) + TPA (IO-’ M) 0.96 ( 1) 128 

a Significant difference from the value in the absence of agent (P < 0.05) 
b Significant difference from the value in the presence of TPA alone (P < 0.05) 

Tissues were superfused with Krebs Ringer solution, in the presence of 10e6 M tetrodotoxin. High 
K” (3 x LOW2 M) medium containing CatI2 (2 x lo-’ M) was applied for 2 min. 4~PDD or TPA 
was added 30 min before and during application of high K+ medium. Polymyxin B or H-7 were 

applied for 5 min before start of TPA superfusion 
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Fig.2. Effect of phorbol ester on A23187-induced release 
of [3H]ACh from caudate slices. Caudate slices were 
superfused with Ca2+-free medium. low6 M A23187 and 
2 x 10e3 M CaClz were added to the medium for 2 min. 
(A) lo-’ M TPA and 10m7 M 4cu-PDD were added to the 
medium 30 min before and during application of 
A23187. (C) Concentration dependence of the effect of 
TPA on A23187-induced release of [3H]ACh. Each 
point is the mean f SE from 4 experiments of a 
percentage of A23 187-induced release of [3H]ACh in the 

presence of lo-’ M TPA. 

feet the [3H]ACh release induced by A23187 
(10m6 M) and Ca2+ (2 mM) (fig.2B). This finding 
shows that protein kinase C is involved not only in 
peripheral cholinergic transmission in the guinea 
pig ileum but also in the central release of ACh 
from the nerve terminals. Although it is generally 
assumed that neurotransmitter release occurs 
through exocytosis, recent evidence [28] indicates 
that exocytosis may be one of several release 
mechanisms. In the resting synapse, ACh is likely 
to be mainly released from the non-vesicular store, 
in a Ca2+-dependent manner [28,29]. The present 
results show that the spontaneous release of 
[‘H]ACh was not significantly affected by the ac- 
tivation of protein kinase C. Therefore, the activa- 
tion of protein kinase C appears to increase the af- 
finity for Ca’+, at least in cases of vesicular ACh 
release from central cholinergic nerve terminals, as 
well as in cases of exocytotic secretion of hormones 
and other substances. 

ACKNOWLEDGEMENTS 

This work was supported by grants from the 
Ministry of Education, Science and Culture and 
Ministry of Health and Welfare, Japan. H-7 was 
kindly provided by Dr H. Hidaka, Department of 
Pharmacology, Mie University School of 
Medicine, Mie, Japan. We thank M. Ohara of 
Kyushu University for critical reading of the 
manuscript, and R. Koizumi for secretarial 
assistance. 

REFERENCES 

HI 

I4 

[31 
[41 
PI 
PI 

[71 

PI 

Katz, B. and Miledi, F. (1967) J. Physiol. 192, 
407-436. 
Douglas, W.W. (1968) Br. J. Pharmacol. 34, 
451-474. 
Rubin, R.P. (1970) Pharmacol. Rev. 22, 389-428. 
Nishizuka, Y. (1984) Nature 308, 693-697. 
Nishizuka, Y. (1984) Science 225, 1365-1370. 
Knight, D.E. and Baker, P.F. (1983) FEBS Lett. 
160, 98-100. 
Zawalich, W., Brown, C. and Rasmussen, H. 
(1983) Biochem. Biophys. Res. Commun. 117, 
448-455. 
Kojima, I., Lippes, H., Kojima, K. and 
Rasmussen, H. (1983) Biochem. Biophys. Res. 
Commun. 116, 555-562. 

133 



Volume 195, number 1,2 FEBS LETTERS January 1986 

[9] Kajikawa, N., Kaibuchi, K., Matsubara, T., 
Kikkawa, U., Takai, Y. and Nishizuka, Y. (1983) 
B&hem. Biophys. Res. Commun. 116, 743-750. 

[lo] De Pont, J.J.H.H.M. and Flu~en-Jakobs, 
A.M.M. (1984) FEBS Lett. 170, 64-67. 

[l I] Kaibuchi, K., Sano, K., Hoshijima, M., Takai, Y. 
and Nishizuka, Y. (1982) Cell Calcium 3, 321-335. 

[ 121 Katakami, Y., Kaibuchi, K., Sawamura, Y ., Takai, 
Y. and Nishizuka, Y. (1983) Biochem. Biophys. 
Res. Commun. 121, 573-579. 

[ 131 Rink, ‘I. J., Sancher, A. and Hallam, T. J. (1983) 
Nature 305, 317-319. 

[ 141 Lapettina, E.G., Reep, B., Ganong, B.R. and Bell, 
R.M. (1985) J. Biol. Chem. 260, 1358-1361. 

[15] Blumberg, P.M. (1980) CRC Crit. Rev. Toxicol. 
153-197. 

1161 Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., 
Kikkawa, U. and Nishizuka, Y. (1982) J. Biol. 
Chem. 257, 7847-7851. 

[17] Tanaka, C., Taniyama, K. and Kusunoki, M. 
(1984) FEBS Lett. 175, 165-169. 

[ 181 Pozzan, T., Gatti, G., Dozio, N., Vicentini, L.M. 
and Meldol~i, J. (1984) J. Cell Biol. 99, 628-638. 

[19] Zurgil, N. and Zisapel, N. (1985) FEBS Lett. 185, 
257-261. 

[ZO] Kikkawa, U., Takai, Y., Minakuchi, R., Inohara, 
S. and Nishizuka, Y. (1982) J. Biol. Chem. 257, 
13341-13348. 

[21] Potter, L.T. and Murphy, W. (1967) Biochem. 
Pharmacol. 16, 1386-1388. 

[22] Tsien, R.Y ., Pozzan, T. and Rink, T. J. (1982) 
Nature 295, 68-70. 

[23] Nar~ashi, T. (1974) Physiol. Rev. 54, 813-889. 
1241 Mazzei, G. J., Katoh, N. and Kuo, J.F. (1982) Bio- 

them. Biophys. Res. Commun. 109, 1129-1133. 
[2S] Wrenn, R.W. and Wooten, M.W. (1984) Life Sci. 

35, 267-276. 
[26] Hidaka, H., Inagaki, M., Kawamoto, S. and 

Sasaki, Y. (1984) Biochemistry 23, 5036-5041. 
1271 Kawamoto, S. and Hidaka, H. (1984) Biochem. 

Biophys. Res. Commun. 125, 258-264. 
[28] Vizi, E.S. and Vyskocil, F. (1979) J. Physiol. 286, 

l-14. 
[29] Cooper, J.R. and Meyer, E.M. (1984) Neurochem. 

Int. 6, 419-433. 

134 


