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Thc protein kinase C activator 4fl-phorbol 12,13-dibutyrate (PDB) enhanced in a concentration-dependent manner the electrically 
stimulated release of [3H]noradrenaline ([3H}NA) and [3H]dopamine ([3H]DA) from rat amygdala slices in vitro. PDB enhanced the 
basal release of [3H]NA and [3H]DA as well. 4a-Phorbol 12,13-didecanoate, which lacks the capacity to activate protein kinase C, was 
without effect on either basal or electrically stimulated release of [3H]NA and [3H]DA. Polymyxin B, which is a relatively selective 
protein kinase C inhibitor, decreased in a concentration-dependent manner the electrically stimulated release of both [3H]NA and 
[3H]DA from amygdala slices, whereas it enhanced the basal release of both neuromessengers. In the presence of 1.5 x 10 -7 M PDB, a 
concentration which when added to the superfusion medium alone doubled the electrically stimulated release of both [~H]NA and 
[3H]DA, polymyxin B again decreased in a concentration-dependent manner the release of both neuromessengers. At all polymyxin B 
concentrations used, the effect of the PKC inhibitor, expressed as percent inhibition, in the presence of PDB was approximately the 
same as that observed in the absence of PDB. This suggests that the antagonism between PDB and polymyxin B at the level of protein 
kinase C is not a competitive one. The effects of PDB and polymyxin B on basal re lease  w e r e  additive. Taken together, these data sug- 
gest that in the amygdala presynaptically localized protein kinase C plays a role in signal transduction proccsscs related to the exocy- 
totic secretion of NA and DA from their nerve terminals. 

Protein kinase C is acting as mediator between the 
activation of membrane receptors and intracellular 
responses 3° (for recent  rev iews  see refs. 1, 18, 26). 
Tumor promoting phorbol esters, by activating pro- 
tein kinase C, mimick the effects of the endogenous 
protein kinase C activator diacylglycerol '). Based on 

the effects of phorbol esters, it has been concluded 
that the diacylglycerol/protein kinase C pathway is 
involved in the stimulus/secretion process of various 
hormones and neuromessengers from endocrine and 
neuronal tissues (for references see ref. 26). Phorbol 
esters have been shown to enhance the release of so- 
matostatin :5 and dopamine 37 from fetal brain neu- 

rons in culture. Recently, it was reported that phor- 
bol esters stimulate the depolarization-induced re- 
lease of acetylcholine from caudate nucleus slices 31 
and of noradrenaline :3"34 and acetylcholine and sero- 

tonine 34 from hippocampal slices, which suggests a 

role of presynaptically localized protein kinase C in 
the stimulus/secretion process of these  n e u r o m e s -  

sengers from their terminals in these brain regions. 

We report here that the electrically evoked release  

of both [3H]noradrenaline ([3H]NA) and [~H]dopa- 

mine ([3H]DA) from rat amygdala slices in vitro was 
enhanced by the protein kinase C activator 4/3-phor- 
bol 12,13-dibutyrate (PDB) and reduced by the pro- 
tein kinase C inhibitor polymyxin B, whereas the 4a- 
phorbol ester 4a-phorbol 12,13-didecanoate (PDD) 
was without effects. This indicates that also in the 

amygdala presynaptically localized protein kinase C 
plays a role in cell surface transduction related to the 
exocytotic secretion of NA and DA from their nerve 

terminals. 

To study the effects of PDB, PDD and polymyxin 
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B on basal and electrically stimulated release of 
[3H]NA and [3H]DA from amygdala tissue, an in vit- 

ro method was used as described by Stoof et al. 29 and 

Schoffelmeer et al. 27 with slight modifications 34. 

Male Wistar rats, weighing 150-180 g, were killed 

by decapitation. The brains were excised rapidly. 

Subsequently, the amygdala was dissected bilaterally 

from the surrounding tissue from a 2 mm thick coro- 

nal section extending from 1.5 to 3.5 mm caudal of 

the commissura anterior. The tissue pieces, weighing 

about 15 mg per rat, were chopped into slices of 0.3 × 

0.3 x 2.0 mm, using a McIlwain tissue chopper. The 

chopped tissue was then transferred to a beaker con- 

taining carbogenated Krebs -Ringer  bicarbonate 

medium, pH 7.4. Typical time between decapitation 

of the rat and transfer of the chopped tissue to the 
medium was 100 s. The composition of the medium 

was (mM): NaC1 121, KCI 1.87, K2HPO 4 1.17, 

MgSO 4 1.17, CaCI 2 1.22, N a H C O  3 20 and glucose 
11.1. The slices were preincubated for 10 rain at 

37 °C in a metabolic shaker under a 95% O~-5% 

CO 2 atmosphere. To the incubation medium was 

then added either 5/~Ci [7,8-3H]noradrenaline (spec. 

act. 32 Ci.mmo1-1) or 5 ~Ci [1,2-3H]dopamine (spec. 

act. 40 Ci.mmol-1). The incubation was then con- 

tinued for another 15 min to enable labelling of the 

neuromessenger pools in the tissue. In order to in- 
hibit the uptake of [3H]NA in dopaminergic termi- 

nals and of [3H]DA in noradrenergic terminals, G B R  

12909 (1-[2-[bis(4-fluorphenyl)methoxy]ethyl]-4-(3- 
phenylpropyi)-piperazine dihydrochloride; 5 x [0 -7 

M) or desipramine (3 x 10 -6 M), respectively, were 

added to the incubation media. These compounds 

were also present in the superfusion media during the 

subsequent superfusion procedures. 
After washing the slices gently with fresh medium 

two times, approximately 5 mg of the labelled tissue 

were transferred to each of 24 superfusion chambers 
(volume 0.25 mi) maintained at 37 °C and superfused 
at a rate of 0.25.ml -1 with medium. After  40 min of 
superfusion (t = 40 min), three 15-min fractions were 

collected: a prestimulus fraction from t = 40-55 min; 
a fraction during which the slices were subjected to 
electrical stimulation from t = 55-70 min; and, a 
post-stimulus fraction from t = 70-85 min. The elec- 
trical stimulation (biphasic block-pulses, 24 mA,  2 
ms, 2 Hz) lasted from t = 55-65 min. These stimula- 
tion conditions were chosen based on the results of 

f requency-response experiments, which showed a 
maximal stimulation of the release of both [3H]NA 

and [3H]DA at a frequency of 10 Hz and an approxi- 

mately half-maximal stimulation at 2 Hz (data not 
shownl. Phorbol esters were present Ln the superfu- 

sion medium from t -- 35 rain. In experiments m 

which polymyxin B and PDB were present m the su- 

perfusion medium together, polymyxin B was added 

at t = 20 min and PDB at t = 35 rain. At the end of the 

superfusion (t = 85 min). i.e. after the collection of 

the poststimulus fraction, the radioactivity remaining 

in the tissue was extracted in 0.1 N HCI. The radioac- 

tivity in the superfusion fractions and in the tissue 

was quantified by liquid scintillation spectrometry 

The release of 3H radioactivity in each fraction was 

calculated as the fractional rate of the total radioac- 

tivity in the tissue at the beginning of the collection of 

the fraction. The fractional rate of the release of ra- 

dioactivity in the prestimulation fraction (t = 40-55 

mini was taken as a measure of basal release. The 
electrically stimulated release was calculated as re- 

lease in excess of basal release by subtracting the 
means of the fractional rates of the prc- and poststi- 

mulation fractions from the fractional rate of  the 

stimulation fraction. The results ale expressed as 

percentage of controls Ino phorbol esters or poly- 

mvxin B added to the superfusion medium). Statis- 
tical analysis of the data was performed by one-way 

A N O V A .  followed by Student . -Newman-Keuls  

tests. A P-value of less than 0.05 was taken as indi- 

cating a significant difference 
The phorbol esters, polymyxin B sulfate and desi- 

pramlne were purchased from Sigma: [3H]NA and 
[3H]DA from Amersham. G B R  129(/9 was kindly do- 

nated by Dr. W. Hespe. Gist-Brocades NV. Haar- 

lem, The Netherlands. 
In preliminary experiments it was ascertained that 

dimethyl sulfoxide, used as solvent for PDB and 
PDD, did not cause a significant alteration of either 
the basal or the electrically evoked release of 
[3H]NA and [3H]DA in the concentrat ions used (up 

to 0.05% in the superfusion medium at the highest 

concentrations of  the phorboi esters: data not 

shown). 
Table I shows that the 4fl-phorbol ester PDB en- 

hanced the basal efflux of both [3H]NA and [3HIDA 

from amygdala slices in vitro in a concentration-de- 
pendent manner. A significant effect on basal effiux 
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T A B L E  I 

Effects of the 4fl-phorbol ester PDB and of the 4a-phorbol ester PDD on basal release of [3H]NA and FH]DA from rat amygdala slices 
in vitro 

For detai ls  conce rn ing  the m e t h o d  and  ca lcula t ions :  see text.  Each  value  is the m e a n  _+ S .E .M.  of 8 - 2 0  obse rva t ions  o b t a i n e d  in 2 - 5  
separa te  exper imen t s .  A b s o l u t e  con t ro l  va lues  for the  f rac t ional  ra tes  of basal  re lease  (means  4- S .E .M.  ) were :  2.57 4- 0.13 ( [3H]NA, 

n = 20) and  3.84 _+ 0.06 ( [3H]DA,  n = 20). 

Concentration Basal release of [3 H] NA Basal release [3 H] D A 
phorbol ester (% of controls) (% of controls) 

(M) PDB PDD PDB PDD 

0 99.8 _+ 1.3 99.7 _+ 1.7 99.8 +_ 1.3 100.0 +_ 1.4 
3 x 10 9 98.5 4- 1.4 - 101,9 4- 1.2 - 

10 s 99.9 + 0.9 98.5 4- 1.6 1 t2.6 4- 2.8 99.6 4- 2.4 
3 x 10 s 115.6_+2.9"  - 132.2_+4.4" - 

10 7 122.9 4- 2.7* 99.0 4- 3.6 128.2 + 5.0* 100.3 + 2.2 
3 x 10 -7 130.6 4- 2.7* - 143.8 4- 8.9* - 

10 ~ 130.3 _+ 4.8* 107.1 4- 13.8 163.1 4- 7.6* 107.3 + 4.9 

* P < 11.05 for d i f fe rence  wi th  cont ro ls  (no phorbo l  es te r  p resen t  in the super fus ion  m e d i u m )  ( A N O V A .  fo l lowed bv S t u d e n t - N e w -  
m a n -  Keuls  tests) .  

of 3H radioactivity was found at a PDB concentration 
of 3 x 10 -s M. At the highest concentration (10 -6 M) 
the increase in [3H]NA release was 30% over control 
values; that of [3H]DA release amounted to 63%. In 

contrast, the 4a-phorbol ester PDD did not affect the 
basal effiux of either [3H]NA or [3H]DA at any of the 

concentrations used (Table I). The electrically stimu- 
lated release of [3H]NA as well as that of [3H]DA was 

significantly stimulated by PDB in concentrations of 
10 -s M and higher (Fig. 1). When PDB was present in 
the superfusion medium in a concentration of 3 x 
10 -7 and 10 -~ M, a maximal increase of 100-120% in 
electrically stimulated release was observed (Fig. 1). 
At none of the concentrations used PDD had any ef- 
fect on the electrically stimulated release of either 
[3H]NA or [3H]DA (Fig. 1). 

Polymyxin B enhanced in a concentration-depen- 
dent manner the basal effiux of both [3H]NA and 
[3H]DA (Fig. 2A); at the same time it caused a con- 
centration-dependent decrease in the electrically 
stimulated release of both neuromessengers (Fig. 
2B). The effects were significant (P < 0.05, ANOVA 
followed by Student-Newman-Keuls  tests) at poly- 
myxin B concentrations of 240 units.m1-1 and higher, 
except for that on basal [3H]NA release, which 
reached significance at a polymyxin B concentration 
of 720 units.ml 1 (Fig. 2). 

Fig. 2 also shows the effects of increasing concen- 
trations of polymyxin B on basal and electrically 

stimulated [3H]NA and [-~H]DA release in the pres- 
ence of 1.5 x 10 -7 M PDB. As can be seen from the 

curves in Fig. 2B, PDB in this concentration approxi- 
mately doubled the electrically stimulated release of 

both neuromessengers, both when added to the su- 
perfusion medium alone and when polymyxin was 

electr,cally stimulaled release 
( "/o at controls) 

250 [3HI NA 
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, L , 

9 8 7 6 

3H DA 

4~ PDD 

i p 

9 8 7 6 

-fog [ phorbol ester 1 

Fig. l. Effects of increasing concentrations of the 4fl-phorbol 
ester PDB (O) and the 4a-phorbol ester PDD (rq) on the elec- 
trically stimulated release of [3H]NA and [3H]DA from rat 
amygda la  slices in vitro.  For  deta i ls  conce rn ing  the m e t h o d  and 
calcula t ions:  see text .  Each  value  is the m e a n  _+ S .E .M.  of 8 - 2 0  
observa t ions  o b t a i n e d  in 2 - 5  sepa ra te  expe r imen t s .  A b s o l u t e  
control  va lues  for the f ract ional  ra tes  of the e lec t r ica l ly  s t imu- 
la ted re lease  in excess  to basal  re lease  (means  _+ S .E .M. )  were:  
3.93 _+ 0.28 ( [3H]NA, n = 20) and  4.27 + 0,30 ([3H}DA. n = 
201. 
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Fig. 2. Effects of increasing concentrations of polymyxin B 
alone (©) and in the presence of the 4fl-phorbol ester PDB 
(1.5 x 10 -7 M, 0 )  on basal release (A) and on electrically stim- 
ulated release (B) of [3H]NA (left panels) and [3H]DA (right 
panels) from amygdala slices in vitro. Controls (D, no drugs in 
superfusion medium) and the effects of PDB, 1.5 x 10 -7 M. 
alone (11) are also shown. For details concerning the method 
and calculations: see text. Each value is the mean _+ S.E.M. of 
12-24 observations obtained in 3-6 separate experiments 
(open symbols) or 8-12 observations obtained in 3 separate ex- 
periments (closed symbols). 

also present .  In other  words,  at any of the polymyxin 

B concentrat ions used the effect of this compound ,  

expressed as percent  inhibit ion,  in the presence of 

PDB was the same as that  observed in the absence of 

PDB. The enhancing effects of PDB and polymyxin 

B on basal  release were addit ive (Fig. 2A).  

The amygdala  is a l imbic brain structure which par- 

t icipates in the modula t ion  and regulat ion of auto-  

nomic functions and behavior  (for a review see ref. 

19). N A  and D A  have an impor tant  role in amygda-  

laid function,  This follows from the results of experi-  

ments  in which the effects were s tudied of microin- 

jections of adrenoceptor  agonists and antagonists  

into the amygdala on behavior  1-' t42()> as welt as 

from experiments  correlat ing catecholamine metab- 

olism in the amygdala  and the per formance  of rats m 

operant  or passive avoidance behavior  a~<wel24. Re- 

sults of lesion studies and of microinject ion experi- 

ments support  the notion that the amygdala  is the an- 

atomical substrata for the antiamnest ic  effects ot 

vasopressin and related neuropept ides-  and of 

ACTH-I ike  pept ides  on avoidance behavior  3-~. Bolh 

cell bodies and project ions  of the 

tern s'e2 as well as project ions  of the 

cortln system u) have been observed 

vasopressin svs- 

pro-opiomelano-  

m the amygdata ,  

while a high density of vasopressin binding sites has 

been found in this brain structure {'!~ An interaction 

of vasopressin and D A  at the level of the amygdala  

has been repor ted  32 

The present  exper iments  are the firs! oI a series in 

which we intend to investigate whether  vasopressln.  

which is most probably  acting via vasopressin recep- 

tors. and pept ides  of the A C T H  MSH-fami ly .  which 

have been shown to have protein kinase C-inhibit ing 

effects Ifor a review see ref. 151, interact with cate- 

cholaminergic mechanisms in the amygdala  at the 

level of the release process.  In the present  stud 3 we 

used PDB. which has been descr ibed to directly acti- 

vate protein kinase C, thereby mimicking the effects 

of the second messenger  diacylglycerol" (for reviews 

see refs. 1. 18, 26), and polymyxin B. which is a rel- 

atively selective inhibitor  of prote in  kmase C 23"3(~. I o  

investigate whether  or not the diacylglycerol /protem 

kinase C pathway ~s involved in the stimulus/secre- 

tion process of N A  and D A  from their  terminals  in 

the amygdata.  It appeared  that the 4/3-phorbol ester 

PDB in a concent ra t ion-dependent  manner  en- 

hanced the electrically s t imulated release of both 

[SH]NA and [SH]DA from pre loaded  amygdala  slices 

in vitro, whereas the 4a-phorbol  ester  PDD.  which 

lacks protein kinase C-activating proper t ies  ~. did 

not. The finding that at concentrat ions  of  PDB higher 

than 10 -7 M there is no further increase in release,  is 

probably due to the enhanced act~vanon of autore-  

ceptors as a consequence of the approximate ly  

doubled release of the neuromessengers  at these con- 

centrations.  At  present ,  exper iments  are being car- 

ried out to establish the presence and type of these 

autoreceptors  in the amygdala .  
Fur ther  evidence for a role of p ro lem kinase C m 
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the stimulus/secretion process of NA and DA from 

their terminals in the amygdala was obtained in ex- 

periments in which polymyxin B was added to the su- 

perfusion medium alone and in combination with 

PDB. Polymyxin B reduced the electrically evoked 

release of radiolabelled NA and DA from amygdala 

slices in a concentrat ion-dependent  manner.  A 

slight, but significant increasing effect on basal efflux 

of radioactivity was also evident in the presence of 

polymyxin B. The concentrations of polymyxin B 

needed to significantly affect NA and DA release, 

though rather high, were of the same order of magni- 

tude as those found to be effective by Allgaier and 

Hertting: and Wakade et al. 35 on the release of NA 

by rabbit hippocampal slices and catecholamines by 

rat adrenal medulla respectively. 

The results of the experiments in which polymyxin 

B was added to the superfusion medium together 

with PDB show that there is antagonism between the 

effects on the electrically stimulated release of 

[3H]NA and [3H]DA of PDB and polymyxin B. This 

antagonism, which was evident from a concentra- 

t ion-dependent  reduction of the effects of PDB on 

the release of both neuromessengers in the presence 

of polymyxin B, is most likely at the level of protein 

kinase C 23'36. Interestingly, it was found that, at any 

of the polymyxin B concentrations used, the effect of 

this protein kinase C inhibitor, expressed as percent 

inhibition, in the presence of PDB was the same as 

that observed in the absence of PDB. This suggests 

that the antagonisms between polymyxin B and PDB 

at the level of protein kinase C is not a competitive 

one. 

Previously, it has been reported that protein ki- 

nase C is involved in the stimulus/secretion process of 

somatostatin 25 and dopamine 37 from brain neurons in 

culture, of acetylcholine from caudate nucleus 

slices 31 and of noradrenal ine z'3'34 and serotonin and 

acetylcholine 34 from hippocampal slices in vitro. The 

present data add NA and DA in the amygdala to this 

list. Future research should provide evidence for the 

nature of the presynaptic receptors which via diacyl- 

glycerol/protein kinase C pathways are linked to 

these stimulus/secretion processes. 

GBR 12909 was kindly donated by Dr. W. Hespe, 

Gist-Brocades NV, Haarlem, The Netherlands. The 

authors are indebted to Mr. Ton van den Brink for 

preparing the drawings. 
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