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SUMMARY: Incubation of slices of caudato-putamen, cerebral cortex and hippocampus 
for 5 to 15 minutes with phorbol 12,13-dibutyrate (PDB) or phorbol 12-myristate 
13-acetate (PMA) increased potassium evoked cholecystokinin (CCK) release from 139% 
to 296% of control. The inactive $ ~ phorbol and # ~ PDB did not alter CCK release. 
None of the active or inactive phorbols tested altered basal CCK release. These results 
suggest that there may be similarities in the regulation of CCK release in different brain 
regions. Although the physiological factors which regulate CCK release may differ in 
these tissues, it is possible that their common action is mediated by the products of 
inositol phospholipid turnover. © ~988 Aoade~io Press, ~nc. 

Cholecystokinin (CCK), a peptide common to brain and gut, has well-characterized 

hormonal activities in the gut (1) and may play a neurotransmitter or neuromodulator role 

in the brain (2). CCK concentration is very high in caudato-putamen (cp), cerebral cortex, 

hippocampus and other forebrain structures (3). The observation of co-localization of 

CCK and dopamine in some of the meso-limbic and nigral-striatal dopamine neurons (4), 

numerous studies of CCK's ability to modulate dopamine action (5) and its controversial 

clinical use in schizophrenia (S) has prompted studies on the regulation of CCK release 

from the terminal fields of these CCK neurons. 

CCK release has been extensively studied. Purified synaptosome preparations are 

enriched in ~CCK and its release can be elicited from the same preparation or from rat 

brain slices with high potassium by a Ca++-dependent mechanism (7). Numerous studies 

have examined the modulation of CCK release from cp. Dopamine D-2 agonists 

stimulated CCK release evoked by veratridine, while D-l agonists inhibited (8-I0). In 

posterior nucleus accumbens, D-2 agonists inhibit potassium-evoked CCK release (l l). 

Vasoactive intestinal polypeptide (VIP) is a potent inhibitor of CCK release from cp (12). 
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Other  unknown substances ,  r e l eased  by potass ium along with CCK in the  cp also inhibit  

CCK re lease  (13). GABA A - r e c e p t o r  agonis ts  (like muscimol) inc reased  ve ra t r i d ine -  

induced re lease  of CCK, while GABA A - r e c e p t o r  agonis ts  (like baclofen)  inhibi ted (14). 

The expe r imen t s  r epo r t ed  here  on the e f f e c t  of phorbol es te rs  on the  re lease  of CCK 

were  inspired by a previous observat ion  tha t  l i th ium t r e a t m e n t  inc reases  CCK re lease  

from the  cp (15). Since l i thium is known to block the  turnover  of inosi tol  phospholipids 

(16), i t  was of in te res t  to fur ther  examine  whether  the  inhibi tory ac t ion  of agents  which 

regu la te  CCK re lease  from cp is med ia ted  by the products  of inosi tol  phospholipid 

turnover .  The products  of inositol  phospholipid turnover  (in par t i cu la r  inosi tol  

t r iphospha te  and d iacylg lycerol )  a re  thought  to be media to rs  of hormone or 

neu ro t r ansmi t t e r  ac t ion  in many sys tems (17). Phorbol  e s te r s  which mimic the  ac t ion  of 

d iacy lg lycero l ,  a re  known to a c t i v a t e  pro te in  k i n a s e  C, resul t ing in the  phosphorylat ion of 

spec i f ic  prote ins ,  with subsequent  changes  in ce l lu lar  responses such as sec re t ion  (19-22). 

In addi t ion to this  act ion,  in many sys tems they have a nega t ive  "feedback"  ac t ion  which 

uncouples or desens i t izes  the  hormone r ecep to r .  Thus, in the  presence  of phorbols, 

ca lc ium mobi l iza t ion,  inosi tol  phospholipid turnover  and s t imula t ion  of adeny la t e  cyc lase ,  

which normal ly  resul t  from agonis t  or hormone r ecep to r  occupat ion,  a re  inhibi ted (23-26). 

MATERIALS AND METHODS 

Release  Exper iments :  

The t issues were  removed  from male  Sprague-Dawley  ra t s  (200-250 g) obta ined  from 
Sasco (St. Louis). The de ta i l s  of the  re lease  expe r imen t s  have been previously published 
( i2 , I3) .  Some expe r imen t s  used 40 mM potass ium to induce re lease  (Table I) while 
60 mM potass ium was used in o thers  (Figures  1 and 2). The t issue to be t e s t ed  was 
sec t ioned  into 200 micron sl ices,  and # or 5 s l ices were  p laced  in each  of four p las t ic  
baske t s  for the  re lease  exper iments .  Two baske ts  served as control ,  and two baske ts  
r ece ived  the  drug to  be t e s t ed .  The phorbols were  dissolved in DMSO and added to the  
s l ices  at  a f inal  concen t ra t ion  of DMSO of 0.2%. Control  s l ices  rece ived  the  same 
addi t ions  (without  drug) of the  same volume of DMSO. The s l ices  were  incubated  with the  
drug or cont ro l  solvent  for 5, I0 or 15 minutes  prior  to a single basal  and s t imula t ion  
per iod of two minutes  each.  In this  case,  CCK re lease  in basal  per iod (if de tec ted)  was 
sub t r ac t ed  from CCK re lease  in s t imulus period,  and the  CCK re lease  expressed as pg 
t o t a l  CCK/v ia l  in cont ro l  s l ices  was compared  to d r u g - t r e a t e d  sl ices with the  StudentVs 
t - t e s t .  The basal  CCK re lease  (when it  was de t ec t ab l e )  was from 10-25% of the  re lease  
in the  presence  of potassium. 

The volume of the  re lease  media  for each baske t  was 0.75 ml and 0.2 ml was taken  in 
dup l ica te  to measure  CCK re lease  with the  CCK RIA (3). 

Mater ia ls :  

The chemica l s  were  al l  r eagen t  grade.  The phorbols were  al l  purchased e i the r  from 
Sigma Chemical ,  St. Louis, MO or LC Services  Corpora t ion ,  Woburn, MA. The phorbols 
were  dissolved a t  i mg/ml  of DMSO, and al iquots  were  kept  f rozen in the  dark and 
d iscarded a f t e r  a single use. 

RESULTS 

Incubat ion of s l ices of cp, c e r eb ra l  cor tex ,  or hippocampus for 15 minutes  with the  

ac t ive  phorbol es te rs  PMA and PDB prior  to s t imula t ion  with potass ium caused a highly 

s igni f icant  increase  in re lease  of CCK evoked by 40 mM potassium (Table I). The 
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Table I 

Effect  of PMA, PDB, and # C~phorbol on the release of CCK from caudatoputamen, 

cerebral cortex, and hippocampus 

Brain Region CCK Release (% control) 

Drug Concentration 

PMA 10 -7 PMA 10 -6 PDB 10 -7  PDB 10 - 6  # C~I0 -7  # alO -6 

Caudatoputamen 296 + 23.7* 149.5 + 5.3"* 239.7 + 17.9"* 138.6 + 3.1"* 102.3 + #0.7 N.D. 
Cortex N.D. 215.# + 5.7*** N.D. 198.6 -+ 12.5" N.D. 66.# _+ 20.2 
Hippocampus N.D. 155.3 L 6.#*** N.D. 2#0.3 _+ 12.1" N.D. 97.# ± 8.3 

N.D. = not determined, * = p <.02, * *  = p <.01, * * *  = p <.001 

m a g n i t u d e  of  th is  i n c r e a s e  was f rom 139% to  296% of con t ro l .  The i n a c t i v e  phorbol  $ a 

did no t  a l t e r  t h e  r e l e a s e  o l  CCK (Table  I). This s t i m u l a t o r y  ac t i on  of  PMA and PDB 

r e q u i r e s  s o m e  p re incuba t ion ,  as addi t ion  of  t h e  phorbol  (at  t h e  s a m e  c o n c e n t r a t i o n  as 

Tab le  I) during the  second  t w o - m i n u t e  basal  and s t imu la t i on  per iod  did no t  a l t e r  t h e  

r e l e a s e  of  C C K  (da ta  not  shown). The t i m e  cou r se  of  PDB s t imu la t i on  of  C C K  r e l e a s e  

f r o m  s l i ces  of  c e r e b r a l  c o r t e x  induced by 60 mM po tas s ium is shown in F i g u r e  1. 

P r e i n c u b a t i o n  for  15 minu t e s  p roduced  t h e  l a rge s t  s t i m u l a t i o n  of  CCK r e l e a s e ,  whi le  

sho r t e r  pe r iods  (5 and 10 minutes )  p roduced  a sma l l e r  but  s t a t i s t i c a l l y  s ign i f i can t  i n c r e a s e  

in C C K  r e l e a s e .  

The e f f e c t  of  a wider  r ange  of  doses  of  PDB on basal  and p o t a s s i u m - i n d u c e d  CCK 

r e l e a s e  was e x a m i n e d  in c e r e b r a l  c o r t i c a l  s l ices  wi th  a 1 5 - m i n u t e  p r e i n c u b a t i o n  

(F igure  2). PDB f rom 10- 9 to  10-  SM s ign i f i can t ly  e l e v a t e d  p o t a s s i u m - i n d u c e d  C C K  

r e l e a s e  wi th  t h e  g r e a t e s t  e f f e c t  obse rved  a t  10- 7M. Basal  CCK r e l e a s e  was  no t  a l t e r e d  

by any dose of  PDB. The i n a c t i v e  $ ~ i somer  of  PDB did no t  a l t e r  basal  or p o t a s s i u m -  

induced  r e l e a s e  a t  any of  t h e s e  doses  (da ta  no t  shown). 
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Fig. I. 

Fig. 2. 

Effect  of the t ime of preincubation of slices of cerebral cortex with 10= 7M PDB 
on CCK release induced induced by 60 mM potassium. 

Effect  of different concentrations of PDB on the 60 mM potassium-induced 
release of CCK from slices of cerebral cortex. 
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DISCUSSION 

CCK re lease  from cp, c e r e b r a l  co r t ex  and hippocampus e l i c i t ed  by potass ium is 

s igni f icant ly  e l e v a t e d  by p r e t r e a t m e n t  with phorbol e s te r s  known to a c t i v a t e  pro te in  

kinase C. The phorbols had no e f f e c t  on basal  CCK re lease ,  but  were  synergis t ic  with 

potass ium.  Pa r t i a l  depo la r iza t ion  with potass ium may be required to  see  the  synergism 

because  pro te in  kinase C ac t iva t ion  requires  Ca ++, and potass ium depola r iza t ion  increases  

Ca ++ influx. In teres t ingly ,  even a t  60 mM potass ium (the concen t ra t ion  of potassium 

which yields  maximal  depola r iza t ion- induced  CCK re lease)  phorbol es te rs  a re  s t i l l  capab le  

o i  increas ing CCK re lease  up to 300%. The phorbols a re  not secre tagogues ,  per  se, but  

require  t ime  to work, as addi t ion of the  phorbol only during the basal  and st imulus per iod 

does not  s igni f icant ly  a l t e r  the  re lease  of CCK. This t ime  requ i rement  (about 5 minutes) 

may be r e l a t ed  to the  t ime  it  t akes  for the  pro te in  kinase C to t r ave l  to the  p lasma 

membrane  prior  to  i t s  ac t iva t ion  (18). Phorbol  e s te r s  have been shown to increase  the  

re lease  ol  pep t ide  hormones in o ther  sys tems:  VIP (19), insulin (20) and somatos ta t in  (21). 

Elucidat ion oi  the  mechanism of phorbol -s t imula t ion  of CCK re lease  will  require  

fur ther  expe r imen ta t ion .  The most  obvious explana t ion  is t ha t  the  phorbols a re  ac t iva t ing  

pro te in  kinase C which is d i r ec t ly  a l te r ing  re lease .  The mechanism of i ts  a l t e ra t ion  of 

r e l ease  is unclear ,  but  i t  may involve phosphorylat ion of a r egu la to ry  prote in ,  a l t e r a t ion  

of an ion channel  (27), or some other  mechanism.  However,  based on our previous 

observat ion  tha t  l i thium p r e t r e a t m e n t  (which is known to inhibit  inosi tol  phospholipid 

turnover)  inc reases  CCK re lease  (15), i t  is t empt ing  to specu la te  tha t  the  e f f e c t  of 

phorbols on CCK re lease  is r e l a t ed  ins tead to  the  i eedback  inhibit ion of inosi tol  

phospholipid turnover  tha t  has been observed by phorbols in some sys tems  (23,24,25). 

That  phorbols s t imu la t e  CCK re lease  in t h ree  d i f f e r en t  brain regions suggest  t ha t  the  

regula t ion  of CCK re lease  may have some s imi la r i t i es ,  despi te  the  d i f i e r ences  in the  CCK 

cel l  types  or innervat ion in these  areas .  CCK in the  cp is present  mainly in i ibe r s  and 

t e rmina l s ,  the  ce i l s  oi  origin of this  CCK is probably in the  ce reb ra l  cor tex ,  c laus t rum or 

amygda la  (28). CCK in both the  c e r e b r a l  co r tex  and hippocampus is p resen t  mainly in 

in terneurons  (29), al though it  is l ikely tha t  some of the  CCK neurons in both a reas  pro jec t  

to o ther  par t s  of the  brain as well  (30). 

Although the re  may be s imi la r i t i e s  in the regula t ion  oi  CCK re lease  in the  a reas  

examined,  the  ac tua l  physiological  agents  which are  responsible  for this  regula t ion in 

these  t issues  may not  be the  same.  In previous studies,  i t  was de te rmined  tha t  CCK 

re lease  from cp, but not  from c e r e b r a l  co r tex  was inhibi ted by VIP. Also, i t  was found 

tha t  the  unknown inhibi tory substance re l eased  from both ce reb ra l  co r t ex  and cp only 

inhibi ts  CCK re lease  from cp but  not  from cor tex .  

Fur the r  expe r imen t s  (which are  in progress)  will  be required to iden t i fy  what  the  

physiological  regulator(s)  of CCK re lease  are  in these  brain a reas  and to  ident i fy  the  

media to r s  of the i r  act ion.  Based on these  resul ts  and the  previous study,  i t  is t empt ing  to 

specu la t e  tha t  wha tever  these  agents  are,  the i r  inhibi tory ac t ions  are  med ia t ed  by the 

products  o i  inosi tol  phospholipid turnover .  
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