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HOLMI'S, I1., R. RODNIGI¥1" AND R. KAPOOR. E lfect.~ o.l electroshock and drugs administered in vivo on protein kinase 
activity in rat brain. PHARMAC. BIOCtIEM. BEIIAV. 6(4) 415-419.  1977. - The effect of electroshock and treatment 
with reserpine, amphetamine or lithium chloride on protein kinase activity in synaptic membrane fragments prepared from 
rat brain was investigated. Naive rats subjected to electroshock procedures showed significant increa.~s in both basal and 
cyclic AMP-stimulated activity irrespective of whether the treatment was sham, acute or chronic. These increases did not 
occur in animals which had been tamed by daily handling for 15 days prior to treatment, suggesting thal the response was 
induced by the stress of an unfamiliar situation. Administration of lithium chloride and reserpine caused a small but 
significant increase in the stimulated activity. Doses of d-amphetamine of 5 mg/kg had no effect on either basal or 
stimulated activity, but higher doses (up to 15 mg/kgl resulted in a pronounced increase in both activities, which may have 
been related to drug-induced stress. 

Electroshock Protein kinase activity 

MANY of  the act ions of  cyclic AMP in the central  nervous 
sys tem appear  to be media ted  through the phos- 
phory la t ion  of specific neuronal  proteins .  Cyclic AMP- 
s t imulated prote in  kinases occur  in the neuronal  cell 
membrane  [12 ,26 ] ,  in the cytosol  [191 and in associat ion 
with neuro tubu la r  prote in  [ 15 ]. The funct ional  significance 
of these and o ther  prote in  kinases in brain is poorly 
unde r s tood ,  but there is evidence that  protein phos- 
phory la t ion  media ted  by cyclic AMP may be concerned  in 
synapt ic  t ransmission [ 11,21].  

A variety of  env i ronmenta l  influences such as electro-  
shock,  drugs and nonspeci f ic  stress alter the concen t r a t ion  
of cyclic AMP in the brain [5, 6, 17] but  the ex ten t  to 
which these changes in cyclic AMP modi fy  prote in  kinase 
activity over a period of  t ime has not  been investigated. 
Two reports ,  however ,  suggest that  drug t r ea tmen t  may 
induce de tec tab le  changes in prote in  phosphory la t ion  in the 
brain. ( l a rk  etal. [3] found that  the activity of  an intrinsic 
prote in  phosphory la t ing  system in cerebral mic rosomes  was 
significantly decreased in chronical ly morph in ized  rats and 
increased during wi thdrawal  from the drug. Ehrlich and 
Brunngraber  [8] in a brief report  showed that  t r ea tmen t  of 
rats with ch lo rpromaz ine  increased the cyclic AMP- 
s t imulated phosphory la t ion  of  a specific prote in  in synapt ic  
membrane  prepara t ions  from cor tex and neos t r ia tum.  111 
the present  work we have examined  the activity of the 
intrinsic prote in  kinase system present  in membran e  frag- 
ments  of  synapt ic  origin following exposure  of  rats in vivo 
to e lec t roshock and three psycho t rop ic  drugs. l 'hese  
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membrane -bound  enzymes  differ  in many respects  from the 
soluble protein kinases of brain which catalyse the phos- 
phoryla t ion  of his tones  and phosvit in.  They are tightly 
bound to the membrane  f ragments  and cannot  be solubil- 
ised by hypo ton i c  washes, by exposure  to solut ions of  high 
ionic s t rength or by de tergents  that solubilise up to 40% of  
the membrane  prote in  [7, 23, 24, 25] .  

ME rtlOl) 

Animals 

Wistar albino rats ( 8 0 - 1 0 0  g) of both  sexes were used. 
Animals subjccted to amphe t amine  t r ea tmen t  (higher 
doses) were housed individually; the remainder  including 
cont ro ls  for amphe tamine  were kept  in groups  of 2 4 in 
s tandard plastic cages. The colony room was mainta ined on 
a 12 hr on /12  hr of f  light dark cycle. All animals were 
allowed ad lib access to food and water.  

Electroshock Treatment (ES) 

Rats of  80-  100 g were used. The ears were cleaned with 
acetone  and then rubbed with e lec t rode  jelly. Electrodes  
were slipped on to the base of the ears and a shock of 
f requency 150 Hz, delay 0.01 reset ,  dura t ion 1.5 m s e c a n d  
voltage 85 V was adminis tered for 1 3 sec with an 
S , -S t imu la to r  (Grass Medical Ins t ruments) .  Contro ls  were 
subjected to the same t rea tment  as the chronical ly treated 
animals except  that  no current  was passed iSham ES). [:or 
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chronic t r ea tmen t  an electric shock was adminis tered  once 
a day for 5 days. For  investigations of  prote in  kinase 
activity the final t rea tment  was given 10- 30 min before 
killing the animals,  when cyclic AMP concen t ra t ions  were 
being studied the aniinals were killed immedia te ly  110. 20 
sec) af ter  the last t rea tment .  Acute ES consisted of  a single 
t rea tment  10 3 0 m i n  before killing the animal. 

Drug Treatment  

All drugs werc dissolved in min inmm volume of 05% 
ethyl alcohol ( to give 0.5~; in final so lu t ion)  and then made 
up to rcquircd volume with 0.9% NaCI (saline). Adlninis- 
trat ion was by int raper i toneal  injection.  [ a b l e  1 shows 
doses, f requency of adminis t ra t ion  and length of t rea tment .  
l)oses of lithiuln chloride were gradually increased from 1 
to 2 mcq/kg  in order  to maintain cons tan t  blood levels. 
l)oses higher than 2 meq/kg  were found to be toxic.  With 
regard to amphe l aminc  a nunabcr of workers  14, 10, 161 
stated that doses of about  5 mg/kg are required before 
significant changes in noradrenal ine  and 5-hydroxy-  
t ryptamine  stores in brain are observed.  However,  as these 
doses did not have any effect  on the membran e -b o u n d  
protein kinases investigated in this s tudy we decided to 
examine higher doses. 

TABLE 1 

CHRONIC TREAT1MENT OF RATS WITH DRUGS 

Dose of Drug 

1st Day 2rid Day 3rd Day 4lh Day 5th Day 

IJthium Chloride 1 1.$ 1.5 2 2 
meqtko 

R m n e  5 §.0 e,O 5 10 
n~/k0 

d .Aml01hetamme 
sulphate 5 ~0 r~0 5 $ 

mg/kg 

d- Aml~et,amine 
su I ~ t e  adma~ 
stermJ twice daily 10 10.0 15.0 15 60 

rn~/kg 

Cont¢ols set up for each ~ were inlected with saline, the volume and frequency of 

inlect;ons being the same as for the test groups. 

Determination o.t Cyclic A M P  

Sample preparation. Rats of 80 100 g were killed by 
total immers ion in liquid N, 10- 20 sec after the last |-S. 
Brains were t ransected immedia te ly  behing the occipital  
cortex and the rostral por t ion  ( forcbrain)  t ransferred to a 
mortar  {already cooled and conta in ing  liquid N , )  and 
crushed to a coarse powder  with a pestle. Port ions  of  the 
powder  (50 . -80  rag) were ex t rac ted  with t r ichloroacet ic  
acid according to the me thod  of Albano et al. [ 1 ]. 

Qvclic A:llPassay.  Samples (20 50 ul) of recons t i tu ted  
brain extract  were assayed by the protein binding technique  
of Brown et al. [2] .  Brain ext rac ts  were found to exert a 
significanl effect  on the s tandard response curve due to 
factor(s)  interfering with the binding of cyclic AMP to the 
adrenal cor tex  binding prote in ,  as was the case with the 
binding protein from skeletal muscle 127]. To correct  for 
this, s tandards were made up in an ext rac t  free of  
en(logelaoUS cyclic AMP prepared from brain tissue which 
had been allowed Io stand at room tempera ture  for 48 hr. 
I h e  s tandards  were then taken through the same trichloro- 
acetic acid exl racl ion procedure  as for lest samples. 

Preparation o f  Synapt ic  Membrane Fragm en ts 

The method  of Jones  and Matus [13] with the following 
modif ica t ions  was used: rats were decapi ta tcd using a 
guillotine, and the forebrams rapidly removed and trans- 
ferred to ice. Pyramidal tracts, hypo tha lamus ,  thalamus and 
basal ganglia were dissected out and the remainder  in- 
cluding some periventr icular  white mat te r  used for the 
preparat ion of the membrane  fragments.  All isolation 
procedures  were per formed at 4 ( and all sucrose solut ions 
were made in 5 mM-l ' r is-ci trate buffer  1pll 7 . 4 ) con t a in ing  
50 uM ('a ~" The densi ty gradients  were centr i fuged at 
~,~5000 (; for 120 rain in a Beckman L265B ultraccntr ifuge 
using a No. S.W. 27 swing-out head. The fract ion floating at 
the 34!;/28.5',; (w,'w) sucrose interface was col lected,  
adjusled to 10"~ (w/w)  sucrose and centr i fuged al 80000(. ;  
for 30 min. ' [he  pellet was washed once in 4 mM-imidazole 
buffer  (pl4 7.4) and resuspended in lhis buffer  at a 
concen t ra t ion  of 10 mg/ml,  l, intiI use these synapt ic  
membrane  prepara l ions  were stored at 20 ('. 

Determination <)J Protein 

The me t h o d  of Miller [181 was used with bovine plasma 
albumin as s tandard.  

Determination oJ Endogenous Protein Kinase Act iv i ty  

The s tandard procedure  of Rodnight  et al. 122t was 
used with an Al 'P /p ro t e in  ratio of 0.25 nmol/,ug, and an 
incubat ion time of 10 sec at 37 ' ( ' .  

Statistical 3lethod.~ 

Significance of the di f ference 
assessed by a S tuden t ' s  t-test. 

b e t w e e n  i n e a n s  D/as 

R I - S U I . T S  

Gross EJ.t('cts o.l" Treatment  on llealth and Behaviour 

tligh levels of anxiety in naive rats used for ES studies 
were manifes ted  as a struggle to escape, aggrcsivencss and 
tachycardia.  This bchaviour was absent in rats 14 6 weeks 
old) which had been tamed by being picked up, the ears 
robbed and the fur s t roked for 2 3 rain twice daily for 15 
days. At thc end of  this period the animals had become 
accustomed to being handled as shown by their docile 
behaviour. Adminis t ra t ion  of acute,  chronic or sham ES did 
not leave any noticable effects  on the animal 's  behaviour.  

In lithium treated animals polyurea and sedat ion were 
seen at about  the 3rd day of the t rea tment .  Rcserpinised 
rats developed ptosis and diarrhea on the second day of  
t rea tment .  The higher doses of d -amphe tamine  were accom- 
panied by anorexia,  hyper thermia  and hypermobi l i ty .  None 
of the rals died during any of the t rea tments .  

Fttect  o.t t:'S on Protein Kinase ..1 ctirit.v and Cyclic .d:lll J 
( 'ontcnt  

When naive animals were used Io investigate the effect  o f  
ES on protein kinase activity in synaptic  ulenlbrane 
fragments,  significant increases in both  the basal amt 
s t imulated activities were obta ined,  irrespective of  whe the r  
the t rea tment  was sham, acute or chronic  t S  (Fable 2). 
Variation in the interval be tween the last t rea tment  and 
killing the animals from 10 30 rain did not have any effecI 
t)n the increase. As indicated above naive rats exhibi ted a 
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TABLE 2 

EFFECT OF ELECTRO-SHOCK (ES) FOR S DAYS ON CYCUC AMP CONTENT OF RAT BRAIN 

Treatment Cyclic AMP (pmol/mg tissue) Significance ( P ) 

Naive Controls (5)  0.~1 t 0.09 

ChrorMc Sham ES (3)  0.44, 0.64, 0.52 
( na*ve ra ts)  

Chronic ES (3)  1+39, 0.04, 1.35 
(nawe rats ) 

Chronic S/~m ES (11) 084 *-0.09 
(handled rats)* 

Chro,l,c ES (10) 1.48 -'0.15 
(handled rats)* 

NS 

< 0001 

The nuenber of rats is indicated in parentheses. 

Naive rats were not handled before treatment.  

"Rats were handled foe 15 days before starting-ES t reatn~nt .  

high degree of  anx ie ty  when  taken  from the i r  cages, and it 
was to e l imina te  the possible  effect  of  this fac to r  tha t  rats 
were hand led  for  15 days pr ior  to t r e a t m e n t  wi th  ES. 
Handl ing  abol i shed  the increase in p ro te in  kinase act ivi ty  of  
the m e m b r a n e  f r agmen t s  observed m naive rats subjec ted  to 
the ES-proeedure :  the mean  values for  b o t h  the sham and 
chronic  ES-groups were not  s ignif icant ly  d i f fe ren t  f rom the 
mean value for naive con t ro l s  (Fable  3). 

In view of  the  lack of  any effect  of  F!S on pro te in  kinase 
act ivi ty  in hand led  rats it was clearly of  in teres t  to  
d e t e r m i n e  w h e t h e r  the  cerebral  con ten(  of cyclic AMP was 
increased by tiS in animals  t amed  by this  p rocedure .  A 
signif icant  increase over  the values for con t ro l  naive animals  
was observed in hand led  rats s u b m i t t e d  to chron ic  ES but  
no to sham chron ic  I!S (Table  3). In small g roups  of  naive 
animals  the same t rend was observed but  the values were 
too few for s tat is t ical  analysis :  however ,  there  are several 
repor t s  in the l i te ra ture  which  show that t 'S increases the 
cyclic AMP c o n t e n t  of  the bram in normal  rats [5 ,17J .  

TABLE 3 

EFFECT OF ES ON PROTEIN KINASE ACTIVITY IN MEMBRANE FRAGMENTS FROM RAT BRAIN 

Protein K,nase Actnedy (t~noI of ~"P/0,4 mg proteml l0s ) 

With Sigmficance Wdhout Signdlc ante 
Treatment Cyclic AMP P Cyclic AMP P 

Na,ve Controls ( a )  128z 5 96~ 4 

Chronic Sham ES (18) 215:11 <0,001 173:12 <0.002 
( ,~, , ,e ,ats)  

Chronic ES ( 18 ) 201~ 7 <0,001 157 s 7 <0.001 
( .aive rats) 

Acute ES (15) 225t 9 <0.001 102tl0 <0.001 
( nawe rats) 

Chronic Sham ES (12) 140:7 NS 97s 5 NS 
(handled rats)* 

Chronic ES (12) 120; 6 NS Igl~ 2 NS 
( handled rats) ~ 

Numbers of an0mals In parentheses. Vah~s quoted are means ~S.E.M.. 

°Rats were handled for 15 days before starting ES-treatment. 

t',ilfect o / S o m e  Drugs on Protein Kinase A c'tivity 

Li th ium chlor ide  and reserpine caused a small but  
significant  increase in the s t imula ted  ac t iv i ty :  doses of  
d - a m p h e t a m i n e  of  5 mg/kg  had no effect  on e i the r  basal or 
s t imula ted  activit ies,  whereas  h igher  doses (see Fab le  1} 
resulted in a p r o n o u n c e d  increase in bo th  act ivi t ies  (Fable  
4). This  increase in the cyclic AMP s t imula ted  kinase 

TABLE 4 

EFFECT OF CHRONIC TREATMENT OF RATS WITH CHEMICAL AGENTS ON PROTEIN 
KINASE ACTIVITY 

Protein K i n a ~  Actiwty (pmol  lePI0.4 mg p ro te in l l 0s )  

Wrth Scgniflcance Without Stgneflcance 
Chemocal agent Cychc AMP ( P )  Cyclic AMP ( P )  

Saline (12) 140~ 3 107, "~ 

kJth,um Chloride ( 8 )  160 ~ 3 <0.001 114 • 7 NS 

Re~*rpme ( 0 ) 162 t 0 <0001 115 _. 0 NS 

d-Amphetamine (6)  140 .9  NS 106.5 NS 
( k)w doses) 

d-Amphetamine (127 197 ~8 <0.001 141 ~ 5 <0.002 
{high doses- tw~e da,ly) 

d Amphetamlrm ( 0 ) 171:9 <0.001 120. 0 NS 
(w i thdrawa l )  

Number of animals in parentheses. 

Values quoted are means : S E M . 

table I for drug dosages. 

act ivi ty was ma in t a ined  af ter  wi thdrawal  of  d - a m p h e t a m i n e  
for 24 hr f rom chronica l ly  t rea ted  animals.  

DIS('I.JSSION 

It appears  f rom these results  that  in naive rats the 
anx ie ty  a c c o m p a n y i n g  an e lec t roshock  p rocedure  can in- 
duce an increase in the in vi t ro  act ivi ty  of  a m e m b r a n e -  
bound  pro te in  p h o s p h o r y l a t i n g  system,  p robab ly  invol'. 'ed 
in synapt ic  func t ion .  There  is no evidence in this work that  
ES per sc increases pro te in  kinase act iv i ty ,  which con t ras t s  
with  the d e a r  cut consequences  which  this t r e a t m e n t  has 
on cer ta in  o t h e r  e n z y m e  sys tems  in brain [t~]. 

The specif ici ty  of  this stress response Io an unfami l ia r  
s i tua t ion  has not  yet  been invest igated.  It would be of  
interest ,  for ins tance ,  to compare  the effects  of  ma in ta in ing  
animals  at low t empe ra tu r e s  wi th  the stress )-esultmg from 
immobi l i za t ion .  Fu r the r ,  it c a n n o t  be exch)ded that  the 
increased pro te in  kinase act ivi ty observed m animals  t reated 
with the reh(tively high doses of  reserpine,  l i th ium chlor ide  
and a n l p h e t a m i n e  used in this work ITable  4 ) i s  due to the 
stress associated with the behavioura l  ef fects  of  the drugs. 
This c o m m e n t  par t icular ly  applied to an imals  subjec ted  to 
the higher  doses of a m p h e t a m i n e ,  since m this case 
p r o n o u n c e d  h y p e r m o b i l i t y  and h y p e r t h e r m i a  was present .  
Animals  t reated with reserpine and l i th imn chlor ide  ,,,,'ere 
sedated,  but  never the less  a small  but  s ignif icant  increase in 
prote in  p h o s p h o r y l a t i n g  act ivi ty  was noted .  Fu r the r ,  c h l o f  
p romaz ine ,  a n o t h e r  drug with ! ranqui l l iz ing proper t i es  
appa ren t ly  increases p ro te in  kinase act ivi ty [8 ] .  By con- 
trast,  ( ' lark et al. [31 found  pro te in  kinase act ivi ty was 
decreased in animals  sedated  wi th  morph ine ,  a l though  a 
marked  increase in act ivi ty was observed on wi thdrawal  
f rom the drug when  the animals  b e c o m e  exci led.  ( l e a r l y  
there is no pa t t e rn  in these results suggesting an associa t ion 
be tween  e n h a n c c d  pro te in  kinase act ivi ty and a par l icular  
behavioura l  consequence .  More detai led s tudies  using a 
range of  doses and explor ing  the t ime course of  the changes  
are obvious ly  needed.  

The  mechan i sm(s )  involved in these changes  of pro te in  
kinase act ivi ty arc u n k n o w n .  ]"he ma.ior fac lor  in the brain 
moduh( t ing  the act ivi ty of this m e m b r a n e - b o u n d  e n z y m e  is 
cyclic AMP, but the increases observed in the prcsent  work 
canno t  be due to enhanced  cyclic nuc leo t ide  synthesis .  If 
this were the case no increase would be expec ted  in tile 
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total activity of the enzyme  O.e. the s t imulated  plus basal 
c o m p o n e n t s ) ;  rather,  by analogy with the mechanisnl  by 
which cyclic AMP st imulates  the soluble prote in  kinase in 
brain [281 the basal activity should have increased at the 
expense of the s t imulated activity.  In fact in all cases the 
total kinase activity was found to increase, a l though in the 
ES exper imen t s  over 80g:~ of lhe increase was conf ined to 
the basal c o m p o n e n t ,  l lowever ,  even here nteasurable 
increases in cyclic AMP concen t r a t ions  did not appear  to 
play a part,  since sham L"S, which raised kinase activity,  had 
no effect  on the nucleot ide  con ten t .  In o ther  c i rcumstances  
it appears that stress may affect  cyclic nucleot ide  con- 
cent ra t ions :  thus restraining rats by wrapping lhent firmly 
in wire mesh for 2 hr such thal head. tail and limb 
n tovemenls  are nfinimal but breathing is not  restr icted,  
results in a 67% increase in thc concen t ra t ion  of  cyclic AMP 
in t h e s e p t u m  [61. 

The possibli ty that  the increase in the m e m b r a n e - b o u n d  
en.,.yme activily results Dora the t ranslocat ion of  a protein 
phosphory la t ing  system from the cytoplasm to the synapt ic  
membrane  has to be considered.  For  a n u m b e r  of  
reasons we consider  this possibili ty unlikely. The subslra les  
for the normal membrane  bound kinase are int imately 
associated with tile membrane  s t ructure  and prel iminary 
results (ll.  l tohnes ,  unpubl i shed)  show that their pat tern  is 
unchanged after  a l rea tntent  which enhances  kinase ac- 
tivity. ' l hus  if l ranslocat ion does  occur  il must be ei ther  of 
a kinase which at taches  to a membrane  prote in ,  or also 
involve lhe migration of a prote in  subst ra te  c o m m o n  to 
both  the membrane  aim the cytosol .  Moreover,  one of  the 
criteria used By Kcely [ 141 to de te rmine  t ranslocat ion was 
the occurrence  of changes in the ratio of prote in  kinase 

activity measured with and wi thout  cyclic AMP, and such 
changes were not observed in the present  work.  

The increase in cyclic AMP conten t  of the brain 
following kS observed in our exper iments  conf i rms o ther  
work using mice 1171. However,  in the present work the 
post-FS increase was rather smaller than in the study 1171 
on mice. This may be due to the fact that in the lat ter  work 
cerebral cor tex rather than whole forebrain was analysed. 
There was no reason to suspect  that our control  values for 
cyclic AMP were significanlly infhtenced by pos tmor t em 
ischaemia: the figures quo led  in l a b l e  2 compare  fa- 
vourahly with those of 0.78 , 0.05 nntol/g reported for rats 
by Nahorski and Rogers 1201 using art ultra rapid freeze 
blowing technique  for killing the animals. 

11 is known that at least 5 prote ins  are phosphory la ted  in 
synapt ic  membrane  t ragmenls  by ATP and the endogenous  
protein kinase system acling in vitro 17]. A preliminary 
study in this laboratory has shown that trc~,tment of 
animals with |{S or drugs affecls  the phosphory la t ion  of 
only certain of these proteins.  For  example  chrollic 
t rea tment  of rats with high doses of an lphe tamine  or acute 
i'S Ishant or actual) to naive rats increased the phos- 
phory la t ion  of  a prote in  of molecular  weight 8;0 x I 0 ' .  By 
contras t  the phosphory la t ion  of this protein was sig- 
nificantly decreased in rats which had been habi tuated to 
handling for 15 days hefore stthjecting theTn to the t-S 
t rea tment .  These findings are current ly under fur ther  
investigation. 
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