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GIBBS, M. E., P. L. JEFFREY, L. AUSTIN AND R. 1. MARK. Separate biochemical actions of hlhibitors o] short-and 
long-term memory. PHARMAC. B1OCHEM. BEHAV. 1(6) 693-701,  1973.-In vitro effects of the antibiotics - cyclo- 
heximide, puromycin and chloramphenicol, and the sodium pump blockers -- ouabain, lithium and copper, on protein 
systhesis in the crude mitochondrial, postmitochondrial and synaptosomal fractions of chicken forebrain were studied. In 
the synaptosomal fraction there was a correlation between the inhibitions produced by the sodium pump blockers, of 
Na÷/K + ATPase activity, '*C-leucine uptake and the incorporation of ~* C-leucine into protein; whereas the antibiotics 
only inhibited leucine incorporation into protein. The effects of these drugs on the in vivo incorporation of ' 4C-leucine 
into protein in various fractions of chicken forebrain were also studied. The results suggest that there is a biochemical link 
involving a sodium pump and the transport of amino acids, between nerve impulse activity and neuronal protein synthesis. 
This link may also interconvert short-term and long-term storage of memory. 

Sodium pump inhibition Protein synthesis inhibition Amino acid transport inhibition 
Cycloheximide Short-term memory Long-term memory 

Ouabain Lithium 

O U A B A I N  and o t h e r  inh ib i to r s  of  the  act ive t r a n s p o r t  of  
sod ium and po tass ium ions across cell m e m b r a n e s  selec- 
t ively in te r fe re  wi th  an early phase  of  m e m o r y  s torage tha t  
is no t  suscept ib le  to agents  tha t  inh ib i t  bra in  p ro t e in  
synthes i s  [ 3 6 , 3 7 ] .  This was first r epor t ed  for  a one  trial 
passive avoidance  learning task in day old ch ickens  and has 
now been  conf i rmed  in an appe t i t ive  task and in ope ran t  
learning for heat  r e i n f o r c e m e n t  in sl ightly older  birds.  ([31 ], 
Rogers,  L. J., R. O t t i nge r  and R. F. Mark, in p repa ra t ion ) .  

Besides b lock ing  the behavioura l  express ion  of  m e m o r y  
as it exists  for a shor t  per iod af te r  t ra ining,  ouaba in  may  
also in te r fe re  wi th  the  s u b s e q u e n t  t r a n s f o r m a t i o n  of  shor t -  
te rm m e m o r y  in to  the long- te rm m e m o r y  tha t  is d e p e n d e n t  
upon  the synthes is  of  new pro te ins  125] .  In avoidance  
learning ouaba in  prevents  the  f o r m a t i o n  o f  long- te rm 
m e m o r y  provided it is in jec ted  in to  the  bra in  before  or up 

to 20 sec af te r  learning (Gibbs ,  M. E. in p repa ra t ion) .  
Prote in  synthes is  inh ib i to rs  which  prevent  the  f o r m a t i o n  of  
long- te rm m e m o r y  are effect ive  even when  in jected up  to 
10 min a f te r  learning [ 1 2 , 2 5 ] .  

This paper  descr ibes  the  b iochemica l  effects  of  var ious 
subs tances  on enzymes  respons ib le  for Na t r anspor t  and on  
the i n c o r p o r a t i o n  of  a m i n o  acid in to  p ro te in  in ch icken  
brain.  These  subs tances  inc lude  those  tha t  have previously  
been  s h o w n  to inhib i t  the  two successive stages of  m e m o r y  
storage.  The re la t ionship  b e t w e e n  inh ib i t ion  of  ion trans-  
port  and pro te in  synthes i s  has been  s tudied  on  a synap to -  
somal  f rac t ion  isolated f rom the  forebra in .  F indings  on  this 
p r epa ra t i on  have been conf i rmed  in expe r imen t s  on the  
effects  of  the same drugs on the  i n c o r p o r a t i o n  of  labelled 
amino  acid in to  p ro te in  in the  in tac t  brain.  A pre l iminary  
accoun t  of  this work has appeared  [ 3 5 ] .  
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METHOI) 

In Vitro M e t h o d  

Preparation or h o m o g e n i z e d  torebrain tissue. Day-old 
whi te  leghorn-black aus t ra lorp  cockerels  were decap i t a t ed ,  
the forebra in  removed,  weighed and placed in ice cold 
h o m o g e n i z a t i o n  med ium.  The tissue was homogen ized  in a 
ten fold d i lu t ion  wi th  I0 up and down s t rokes  at 500 rpm 
in a glass tef lon hom ogen i ze r  (c learance 0.15 mm) .  

Subcel lu lar  f r ac t iona t ion  in 0.32 M sucrose con ta in ing  
10 mM TRIS,  pH 7.2 was carried out  to isolate nuclear ,  
c rude  mi tochondr i a l ,  p o s t m i t o c h o n d r i a l ,  mic rosomal  and 
soluble f rac t ions  as descr ibed by Aust in  and Morgan [3 ] .  
The crude mi tochondr i a l  f rac t ion  was fu r the r  separated 
in to  myel in ,  synap tosoma l  and m i t o c h o n d r i a l  f rac t ions  
using the  m e t h o d  of  Kurokawa.  Sakamoto  and Kato [ 161. 

M e a s u r e m e n t  o f  leueine incorporat ion.  Prel iminary 
expe r imen t s  were carried out  on the p o s t m i t o c h o n d r i a l  and 
the crude mi tochondr i a l  fract ions.  The isolat ion was carried 
out  in med ium M of Canlpbel l ,  Mahler.  Moore and Tewari  
18] con ta in ing  250 mM sucrose,  20 mM TRIS p l t  7.6;  
10 nlM magnes ium aceta te ;  40 mM NaC1; 100 mM KCI and 
5 mM 2-mercap to -e tbano l ,  unt i l  the p o s t m i t o c h o n d r i a l  frac- 
t ion was ob ta ined .  The crude m i t o c h o n d r i a l  f rac t ion  was 
then  suspended  in an ionic m e d i u m  - m e d i u m  TMN of 
Morgan and Aust in  [26]  con ta in ing  125 mM NaCI ;25  mM 
KCI; 15 mM MgCI= and 10 mM TRIS pt l  7.4. 

"File p o s t m i t o c h o n d r i a l  f rac t ion  was incuba ted  with 
0.1 mM GTP and 5 mM ATP in m e d i u m  M in a final volume 
of 1.0 ml at 370(  ̀  for 30 rain. The  reac t ion  was c o m m e n c e d  
by the add i t ion  of 0.5 u(?i of  I.,-(U -~ 4 C) leucine (Amersham 
310 mCi /mM)  af te r  10 rain p re incuba t ion .  The crude mi to-  
chondr ia l  and synap tosoma l  f rac t ions  were incuba ted  in 
1 ml of  med ium TMN in the same m a n n e r  as the  pos tmi to -  
chondr ia l  fract ions.  React ions  were t e rmina t ed  by the  
add i t ion  of  an equal  volume of cold 10% w/v TCA. 

The above f rac t ions  were p re incuba t ed  for  10 rain wi th  
tile fol lowing inh ib i to rs :  ch lo ramphen ico l  (0.3 raM):  cyclo- 
h e x i m i d e  (0 .1  m M ) ;  o u a b a i n  ( 1 . 0 m M ) ;  p u r o m y c i n  
( 0 . 0 5 i n M ) ;  l i th ium chlor ide  (1.5 raM) or cupric  chlor ide  
(0.05 raM). These c o n c e n t r a t i o n s  were chosen  on  the  basis 
of  s tudies by Morgan and Aust in  [ 2 6 ] .  The  bracke ts  refers 
to tile final c o n c e n t r a t i o n  of  the inh ib i to r  in the i ncuba t ion  
mix ture .  These incuba t ions  were then  t rea ted  as above.  

( 'ounting.  l h e  samples  were prepared for c o u n t i n g  and 
coun ted  as descr ibed by Aust in  and Morgan [3 ] .  The effi- 
c iency of aqueous  ' 4 (, coun t ing  was 70%. 

Protein es t imat ion.  Samples were taken  for p ro te in  
es t imat ion  by the m e t h o d  of  l ,owry et al. [ 2 1 ] .  

Est imat ion  o.I l )ee  amino  acid uptake.  Using ,4(,_ 
leucine,  the free amino  acid up take  was d e t e r m i n e d  in 
parallel wi th  p ro te in  synthes is  s tudies  as descr ibed by 
Morgan and Aust in  [ 2 7 ] .  All i ncuba t ions  were for 30 rain. 

Est imat ion  o f  enzymes .  All samples  for enzyme  assay 
were subjec ted  to f reeze- thaw cycling before  assay excep t  
tile Mg"  and Na/K ATPase assay which  was carried ou t  on 
f reshly  prepared  samples.  Ace ty lchol ines te rasc  act ivi ty  
( 3 0 m M  acetyl-~-methyl  chol ine  as subs t ra t e )  was deter-  
mined by the  m e t h o d  of  Aldridge and J o h n s o n  I 1 ]. Cyto-  
c h r o m e c  reductase  was d e t e r m i n e d  by the  m e t h o d  of  
Smith  133],  Lactic dehydrogenase  was d e t e r m i n e d  by  the  
m e t h o d  of  Neilands 12g].  Monoamine  oxidase  was deter-  
mined by the m e t h o d  of  McCaman e t a / .  122] using 
H3- tyramine  as subst ra te .  The b ig"  and Na/K s t imula ted  
Al 'Pase  was de t e rmined  as previously descr ibed [ 26 ] .  

I n  V ivo  Method 

Incorpora t ion  o f  ' * ( '- leucine into normal  fc~rebrain 
tissue. Day old ch ickens  were in jected in t racrania l ly  as pre- 
viously descr ibed [ 2 5 ] ,  wi th  1 .0uCi  of  ' 4C- l euc ine  in 
(].05 ml of  saline,  5 rain before  decap i ta t ion .  The  forebra ins  
were removed and homogen i zed  in 20 ml of  0 .32 M sucrose 
con ta in ing  5 mM TRIS and 1 0 m M  leucine (pH 7.0). The 
h o m o g e n a t e  was spun  at 8 0 0 g  for  10 ra in  in an Inter- 
na t iona l  PR-2 refr igerated cent r i fuge .  The  pellet was sus- 
pended  in 1 0 m l  of  sucrose-TRIS m e d i u m  and rehomog-  
enized.  The c o m b i n e d  supe rna t an t s  ob ta ined  from the  
cen t r i fuga t ions  at 800  g for 10 min were f rac t iona ted  to 
ob ta in  the  various subcel lu lar  f rac t ions  13].  Thc level of 
leucine i nco rpo ra t i on  and pro te in  e s t ima t ions  were carried 
out  as descr ibed for the  in vitro studies.  

Inh ib i t ion  o1 ' 4 ( ' - leucine incorporat ion.  The inh ib i to r s  
cyc lohex imide ,  ouaba in ,  l i th ium and ch lo r amphen i co l ,  were 
injected in to  each side of  the forebra in  in 0.05 ml of  0.'-)% 
w/v NaCI (0 .025 ml x 2) in the  c o n c e n t r a t i o n s  used in the 
behavioura l  expe r imen t s ,  55, 25 and 5 min before  the injec- 
t ion of  ' *C- leuc ine .  One ch icken  was used for each t ime 
interval.  A 5 min pulse of ' 4C- l euc ine  was used, the chic- 
kens were then  decap i ta ted  and t rea ted  as descr ibed as 
above.  

Inh ib i t ion  or Na /K  :l l 'Pase act ivi ty .  Chickens  were 
injected with 0 .365 ugm of  ouaba in  as for the  behavioura l  
expe r imen t s ,  killed 5, 30 or 6 0 m i n  later.  The  forebra ins  
were removed  wi th in  30 sec of  this t ime and placed in 2 ml 
of  0 .32M sucrose,  and then homogen ized .  After  2 m i n  
p re incuba t ion ,  the ATPase act ivi ty of  the  to ta l  h o m o g e n a t e  
was measured  in the m a n n e r  descr ibed in the in vitro 
methods .  

I~, ESU I.I 'S 

In Vitro De lermina t ions  

B i o c h e m i c a l  characteristics o f  suhcel lular  fract ions.  
Evaluat ion  of  the effect iveness  of  tile p rocedure  descr ibed 
for the f r ac t iona t ion  of  the forebra in  h o m o g e n a t e  in to  
various subcel lular  f rac t ions  was made  by  assaying for six 
marke r  enzymes .  The  results  are shown  in Table  1. 

I,actic dehydrogenase  (LDH)  was used as a marke r  for 
soluble material .  There  was a large a m o u n t  of  act ivi ty 
associated with the  crude mi tochondr i a l  f rac t ion,  which  
would be in accord with the presence of synap tosomes .  
I,I)I1 was concen t r a t ed  in the synap tosoma l  f rac t ion  in 
terms of  percentage  d i s t r ibu t ion  and there  was some activ- 
ity in the  soluble  f rac t ion  ob ta ined  f rom the crude  mito-  
chondr ia l  f ract ion.  

M o n o a m i n e  oxidase (MAO),  an ou te r  m i t o c h o n d r i a l  
m e m b r a n e  marker  which indicates  the in tac tness  of  the 
m i t o c h o n d r i a ,  and c y t o c h r o m e  c reductase  an inner  mito-  
chondr ia l  m e m b r a n e  marker ,  were used as the  markers  for  
m i tochondr i a .  Both  these activi t ies were found  to be con- 
cen t ra t ed  in the crude m i t o c h o n d r i a l  f ract ion,  bu t  when  
this f rac t ion was fu r the r  purif ied on a d i scon t inuous  Ficoll 
gradient  [ 16] ,  they were concen t r a t ed  in the  purif ied mito-  
chondr ia l  f ract ion.  

Ace ty lchol ines te rase  (ACHE) is general ly t aken  as a mar- 
ker  for m e m b r a n e  f ragments ,  w h e t h e r  derived from the  
endoplasmic  re t icu lum or the plasma m e m b r a n e .  AChE was 
found  to  be dis t r ibu ted  in tile crude mi tochondr i a l ,  micro-  
somal and soluble fract ions.  In the crude m i t o c h o n d r i a l  
subf rac t ions ,  AChE was found  on percen tage  act ivi ty to be 
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T A B L E  1 

BIOCHEMICAL CHARACTERIZATION OF CRUDE MITOCHONDRIAL SUBFRACTIONS 

Cytochrome C Na+/K*-ATPase Mg+*-ATPase 
Fraction Protein LDH MAO Reductase AChE Activity Activity 

Soluble 10.4 12.3 1.3 3.8 16.6 2.9 16.6 

(1.19) (0.13) (0.36) (1.59) (0.28) (1.60) 

Myelin 5.52 6.6 I. I 2.0 5.7 37.0 4.8 

(1.19) (0.20) (0.36) (1.04) (6.70) (0.87) 

Synaptosomal 58.44 58.1 38.0 29.0 43.2 82.2 52.8 

(0.99) (0.65) (0.50) (0.74) ( 1.41 ) (0.90) 

28.90 20.9 26.8 32.2 7.8 0 44.3 

(0.72) (0.93) (1.11) (0.27) (1.53) 
Mitochondrial 

% Recovery 103.26 97.9 67.2 67.0 73.3 122.1 l 18.5 

Biochemical characterization of subfractions of the crude mitochondrial pellet expressed as percentages of the crude 
mitochondrial pellet. In this set of data the crude mitochondrial fraction comprised 30.8% of the total homogenate 
protein. Percentage distribution of activity and relative specific activity (in brackets). 

LDH - lactic dehydrogenase, MAO monoamine o×idase, AChE - acetylcholinesterase 

main ly  in the s y n a p t o s o m a l  f rac t ion.  
Na/K ATPase act iv i ty ,  a plasma m e m b r a n e  marke r ,  was 

p r e d o m i n a n t l y  in the crude  m i t o c h o n d r i a l  f rac t ion.  The  
myel in  f rac t ion  f rom the  c rude  m i t o c h o n d r i a l  f rac t ion  had 
a very high RSA bu t  on percen tage  act ivi ty  this  e n z y m e  was 
near ly  all in the  s y n a p t o s o m a l  f rac t ion.  

Incorporation o f  ~ *C-leucine into fractions o f  chicken 
Jorebrain. 
Postmitochondrial fraction. The mic rosomal  and soluble  
f rac t ions  compr i s ing  the  p o s t m i t o c h o n d r i a l  f rac t ion  were 
capable  of  i nco rpo ra t i ng  4 .16  uum ol e s  l euc ine /mg  p ro te in  
in to  ho t  acid inso luble  p ro t e in  over  a 30 m i n u t e  per iod,  For  
p ro te in  synthes is ,  an energy source  was necessary as s h o w n  
by a d e p e n d e n c e  on ATP. There  was 97 .9% suppress ion  of  
p ro te in  syn thes i s  when  ATP was o m i t t e d  f rom the  incuba-  
t ion  med ium.  When GTP was o m i t t e d  there  was on ly  19.4% 
suppress ion ,  whereas  when  b o t h  ATP and  GTP were left 
out  there  was a suppress ion  of  98.6%, 
Crude mitochondrial fraction. When the  c rude  mi to-  
chondr ia l  f rac t ion  was i n c u b a t e d  u n d e r  these  cond i t i ons  in 
Medium TMN there  was 1.70 uu moles of  leucine incor-  
p o r a t e d / m g  p ro t e in /h r .  
Synaptosomal fraction. When the  s y n a p t o s o m e s  were 
i n c u b a t e d  in Medium TMN there  was 1.72 uu moles of  
leucine i n c o r p o r a t e d / m g  s y n a p t o s o m a l  p ro t e in /h r .  When la- 
bel led leucine is added ,  in view of  the  c o n t e n t  of  amino  acids 
wi th in  the  s y n a p t o s o m e s ,  there  will be a c o n s e q u e n t  dilu- 
t ion  of  the  labelled a m i n o  acid. The  low label l ing o f  the  
s y n a p t o s o m a l  f rac t ion  observed could have represen ted  a 
h igher  rate of  p ro te in  synthes is  [23]  as the  t ransfe r  of  
a m i n o  acids across the  s y n a p t o s o m a l  m e m b r a n e  m a y  be the  
ra te  l imi t ing s tep.  The  highest  rate of  s y n a p t o s o m a l  p ro te in  
synthes is  has been  observed using Medium TMN which  is 

s imilar  in ionic compos i t i on  to the  ex t race l lu la r  fluid. 
Inhibition o f  ' 4 C-leucine incorporation into fractions o f  

chicken forebrain. The c o n c e n t r a t i o n s  of  the  inh ib i to r s  
used in these in vitro biochemica l  s tudies  were h igher  t han  
those  used in the  behavioura l  expe r imen t s  to a c c o u n t  for 
d i lu t ion  of  the fract ions.  In Table  2 a compar i son  is made  
be tween  the c o n c e n t r a t i o n s  used in vitro and the concen t r a -  
t ion tha t  might  occur  in vivo. This c o n c e n t r a t i o n  is calcu- 
lated on the  basis of  the ch icken  forebra in  occupy ing  a 
volume of  1 ml, which  is also the volume used for the  
incuba t ions .  The inh ib i t ions  of  i n c o r p o r a t i o n  are set ou t  in 
Table  3. 
Postmitochondrial fraction. Ouaba in  has no inh ib i t ing  
effect  on the  i n c o r p o r a t i o n  of  ' 4 C-leucine in to  the  micro-  
somal  and soluble  pro te ins .  Both  coppe r  and l i th ium ions 
inh ib i t ed  inco rpora t ion .  

CXM inh ib i t ed  leucine i n c o r p o r a t i o n  by  80.7% in the  
p o s t m i t o c h o n d r i a l  f ract ion.  Pu romyc in  also inh ib i t ed  to a 
large e x t e n t  in the  p o s t m i t o c h o n d r i a l  f ract ion.  Chloram-  
phenico l  (CAP),  on  the  o the r  hand ,  inh ib i t ed  i n c o r p o r a t i o n  
in this f rac t ion  by on ly  8.7%. This  an t ib io t i c  specifically 
inhib i t s  m i t o c h o n d r i a l  p ro te in  synthes i s  in euka ryo t i c  cells 
[91. 
Crude mitochondrial Jraction. In the  crude  m i t o c h o n d r i a l  
f rac t ion  ouaba in  inh ib i t s  leucine inco rpo ra t ion .  The  o t h e r  
inh ib i to rs  also reduced  the  i n c o r p o r a t i o n  of  ' *C- l euc ine  
in to  p ro te in ,  coppe r  and l i th ium ions inh ib i t ed  by  30 to 
40%. CXM produced  a 30.9% inh ib i t i on  compared  to 
80.7.% in the  p o s t m i t o c h o n d r i a l  f ract ion.  Pu romyc in  had a 
less inh ib i t ing  effect  in this  f ract ion.  CAP on the  o the r  
hand ,  p roduced  47 .3% inh ib i t ion  in accord wi th  the  pre- 
sence of  m i t o c h o n d r i a .  
Synaptosornal J~'action. Ouaba in ,  coppe r  and  l i th ium 
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TABLE 2 

APPROXIMATF. CONCENTRATIONS O1.' INHIBITORS IN IN VITRO, IN VIVO BIOCHEMICAL 
AND BEHAVIOURAL EXPERIMENTS 

Behavioural Biochenfical 
Experiments Experiments 

Concentration Concentration 

Drugs In Vivo In Vitro 

Ouabain 0.075 mM 0.075 mM 

0.548 tag 

Copper 0.1 mM 

0.33 tag 

Lithium 5.8 mM 5.8 mM 

245.0ug 

('ycloheximide O. 13 mM O. 13 mM 

37.5 ug 

I~urolnycin 0.007 inM 

18.0 tag 

(~hloramphenicol 0.15 mM 0.15 mM 

48.5 tzg 

I m M 

0.05 mM 

1.5 mM 

O. 1 mM 

0.05 mM 

0.3 mM 

The concentrations for behavioural and in vit,o biochemical experiments were calculated on the 
assumption that the substances were distributed in a volume of I ml, which is the volume of the 
chicken forebrain. The figures therefore serve for comparison of approximate doses used in 
behavioural and biochemical in vivo experiments and do not accurately reflect concentrations at the 
sites of action. The amount of the drug (in tag} injected into tire forebrain in a volume of 0.05 ml is 
also shown. The in vitro concentrations were based on results of Morgan and Austin [26]. 

inhibited protein synthesis  more  in this fract ion than in the 
crude mi tochondr ia l  fraction.  In this fraction there was 
approx imate ly  the same degree of  inhibi t ion of  protein 
synthesis  with the sodium pump inhibi tor  ouabain,  as with 
the r ibosomal type inhibi tor  CXM and CAP. Puromycin  and 
copper  showed a more  marked effect .  
el mino acid uptake. Free leucine uptake into synap tosomes  
was investigated as an approx imate  measure of  amino acid 
t ransport  across the synaptosomal  membrane  (Table 4). 
The sodium pump inhibi tors  ouabain,  copper  and li thium. 
reduced the free leucine uptake into synap tosomes  by 30 to 
40% whereas the ant ibiot ics  CSM, CAP and puromycin ,  
showed no significant reduct ion.  

:Va/K A TPase activity and inhihition The effect  of  the 
sodimn pump inhibi tors  and the antibiot ics  on ATPase 
activity was examined I1 I (Table 5). Ouabain,  copper  and 
li thium all inhibi ted the Na/K ATPase activity,  whereas the 
protein synthesis  inhibi tors  did not.  

The results of  the effects  of free leucine uptake and 
from the inhibi t ion of  the ATPase activity are consis tent  
with the hypothes is  lhat sodium pump inhibi lors  block 
leucine incorpora t ion  by preventing the uptake of leueinc. 
The Na/K ATPase is known to bc concen t ra ted  in the 
synaptosomal  membrane  1141 • 

In Vivo Determinations 

Pulse lahelling. The injection of  the labelled leucine 
direct ly into the brain during a 5 rain pulse has the advan- 
tage of  minimizing the effects  o f  uti l ization that immed-  
iately follows intravenous or oral adminis t ra t ion.  For  the 
purposes of these exper iments ,  single pulse labelling of 
short  dura t ion was required in order  to compare  with time 
intervals similar to those used ill the behavioural  experi-  
ments.  The pulse labelling time was kept  cons tant  at 5 mill 
and compar isons  of  inhibi t ions made with the normal con- 
trois. 

The addi t ion of  10 mM cold leucine to the homog-  
enizing medium meant  that any fur ther  synthesis  thal 
might have occurred during the f rac t ionat ion  would resull 
in very little fur ther  incorpora t ion  of  the label. 

The percentage of  labelled leucine incorpora ted  into the 
brain fract ions was 5.3~Y , during the 5 rain pulse. The major  
part of the incorpora ted  label was found in the soluble 
fraction (Table 6E The nuclear and mic tosomal  fractions 
conta ined less of  the incorpora ted  label but more than the 
synap tosomal  and mi tochondr ia l  fractions which conta ined 
about  the same amount .  Incorpora t ion  into myelin frag- 
ments  was very low. 
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T A B L E  3 

INHIBITION OF ~ 4C-LEUCINE INCORPORATION INTO FRACTIONS OF CHICKEN 
FOREBRAIN 

Crude 
Inhibitors Postmitochondria Mitochondria Synaptosomes 

Ouabain 1.9 -~. 15.2 22.2 *- 10.8 35.9 + 10.6 
(1.0 mM) 

Copper 48.4 -+ 9.6 38.1 *- 3.4 86.0 -+ 8.6 
(0.05 mM) 

Lithium 67.5 t 3.5 34.5 ~ 14.1) 61.4 _+ 9.7 
(1.5 mM) 

Cycloheximide 80.7 +- 4.2 30.9 _+ 7.2 39.4 + 13.6 
(0 .  I raM) 

Puromycin 96.5+ 0.9 51.6+_ 14.1 70.8 * 8.4 
(0.05 mM) 

Chloramphenicol 8.7 -+ 12.6 47.3 ~ 17.7 33.3 _+ 11.3 
(0.3 mM) 

Inhibition of t4C-leucine incorporation into fractions of chicken forebrain. The ¢,' inhibitions ~ 
S.D. were obtained from normalized cpm/mg protein based on control values for each of 6 determina- 
tions for crude and postmitochondrial fractions and 19 determinations for the synaptosomal fractions. 

Inhibi t ion o f  ~ 4 C-leucine incorporation into )')'actions o f  
chicken forebrain by drugs administered in vivo. Cyclo-  
hex imide  s ignif icant ly  inh ib i t ed  the i n c o r p o r a t i o n  of label 
in t~  all f rac t ions  (Table  7). Max i m um  inh ib i t i on  appeared  to 
occur  at 30 rain af te r  the  in jec t ion  of  the  an t ib io t i c .  The  
inh ib i t i on  was severe in all f ract ions.  The  m i t o c h o n d r i a l  
f rac t ion  was the  least inh ib i t ed  10 min  a f t e r  in jec t ion  of  the  
an t ib io t i c ,  bu t  30 rain a f te r  the  act ivi ty  had fallen to 2.6% 
of  the  con t ro l ,  close to the  act iv i ty  observed  in the  micro-  
sornes. Most m i t o c h o n d r i a l  p ro te ins  are syn thes ized  on  the  
r ibosomes  and  t ransfer red  to the  m i t o c h o n d r i a ,  which  
could be the  reason for  the  m i t o c h o n d r i a  i nco rpo ra t ing  so 
l i t t le  label  at 30 min  [ 2 0 ] .  Geller  et al. [ 12] ,  have repor ted  
tha t  there  was 94% inh ib i t i on  of  cerebral  p ro t e in  synthes is  
30 rain a f te r  the in jec t ion  of  CXM but  by  3 hr  there  was 
only  54% inh ib i t i on ,  so p re sumab ly  the  i n h i b i t o r y  ac t ion  of  
the  an t ib io t i c  is s ta r t ing  to decrease  60 min af te r  the  injec- 
t ion.  

Ouaba in  inh ib i t ed  the  i n c o r p o r a t i o n  of  the  label in to  all 
f rac t ions  (Table  7). The  inh ib i t i on  o f  the  m i t o c h o n d r i a l  
i n c o r p o r a t i o n  was less than  for the  o t h e r  f ract ions .  The  
mic rosomal  and soluble  f rac t ions ,  wh ich  were no t  inh ib i t ed  
in vitro (Table  3) were d o w n  to less than  9% of  con t ro l  
i nco rpo ra t i on .  

The  i nh ib i t i on  shown by l i th ium was no t  as great  as tha t  
shown  by ouaba in  {Table 7). Because l i th ium possibly does  
not  a t t ach  to the carr ier  molecule  in its i nh ib i t i on  o f  the  
sod ium p u m p ,  it can diffuse ou t  of  the  cell and  hence  the  
c o n c e n t r a t i o n  is no t  m a i n t a i n e d  for  as long as the  i n h i b i t i o n  
ob ta ined  wi th  ouabain .  

Mi tochondr ia l  i n c o r p o r a t i o n  was inh ib i t ed  in vivo by 

CAP (Table  7) more  so than  would have been  expec ted  on  
the  basis of  the in vitro studies  (Table  3). The nuclear  and 
mic rosomal  f rac t ions  were a b o u t  50% of  the  con t ro l  values 
for a b o u t  30 rain but  the i n c o r p o r a t i o n  in to  the  soluble  
f rac t ion  was inh ib i t ed  by  74 to 86%. This indica ted  tha t  
s o m e t h i n g  else was being inh ib i t ed  besides the  mi to-  
chondr ia l  p ro te in  synthes is .  This could be expla ined  on  the  
basis of  the  f indings tha t  CAP at c o n c e n t r a t i o n s  of  
1 . 4 - 1 . 6 r n M  inhibi ts  respi ra t ion  and pro te in  synthes is  in 
mouse  ascites cells by 50% [ 1 3 ] ,  and the  ox ida t ion  of  
NADH by beef  hear t  m i t o c h o n d r i a  by 50% [ 1 1 ] .  Thus  it 
could  be a f fec t ing  p ro te in  s y n t h e t i c  mechan i sms  t h rough  a 
decrease  in the  levels of  ATP. 

A TPase activity inhibition in vivo. The  Na/K ATPase 
act ivi ty  was invest igated only  in the to ta l  h o m o g e n a t e  
fo l lowing the  in jec t ion  of  ouaba in  in viw) because the  t ime 
required for  f u r t he r  f r ac t iona t ion  would al low the  ouaba in  
to diffuse away and be less effect ive.  Even so, 5 min af te r  
the in jec t ion  of  ouaba in ,  the  act ivi ty  was d o w n  to 48 .7% of  
the  act ivi ty  of  the con t ro l  (Table  8). This increased by 10% 
as the t ime be tween  in jec t ion  of  ouaba in  and m e a s u r e m e n t  
of  ac t iv i ty  was e x t e n d e d  to 60 rain.  Thus  the  inh ib i t ion  in 
vivo could have been  grea ter  than  tha t  ac tual ly  measured.  
The dose which  gave 51.3% inh ib i t ion  of  ATPase act ivi ty 
had a final c o n c e n t r a t i o n  which  was less than  tha t  which 
inh ib i t ed  the  p ro te in  synthes is  in vivo. 

DISCUSSION 

The  aim of  these expe r imen t s  was to observe  the  effects  
in ch icken  brain  of  inh ib i to r s  of  p ro te in  synthes is  and of  
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T A B L E  4 

SYNAPTOSOMAL LEUCINE UPTAKE 

Inhibitor cpm/mg Protein % Inhibition 

Control 7742 ± 1452 

Ouabain 4303 ± 1980 44.4 
(I .0 raM) 

('opper 5177 , 2448 33.1 
(0.05 raM) 

Lithium 4465 -~ 895 42.3 
( 1.5 raM)  

Cycloheximide 8664. ± 2553 -11.9 
~t.I. 1 mM) 

Puromycin 9222 +- 1517 -28.4 
I0.05 raM) 

Chloramphenicol 8592 ' 1574 10.9 
{0.3 raM) 

"~('-leucine uptake into the synaplosomes and the effect of 
various inhibitors. The synaptosomal fraction was incubated for 
30min with "~C-leucine in conjunction with studies on the 
incorporation of '4C-leucine into synaptosomal protein ( table 3). 
Means and standard deviations of 8 determinations. 

Na/K A'l 'Pase tha t  were used in previous  behavioura l  experi-  
men t s  on inh ib i t ion  of m em or y .  

The ac t ions  on pro te in  synthes is  were es t imated  first on 
crude mi tochondr i a l  and p o s t m i t o c h o n d r i a l  f rac t ions  pre- 
pared from the forebrain .  Only cell nuclei  had been  
removed f rom the h o m o g e n a t e  and the f r ac t iona t ion  pro- 
cedure separa ted  soluble  and par t icu la te  f rac t ions  f rom 
m e m b r a n e  b o u n d  f ragments .  The  inco rpo ra t ion  of  ' * C -  
leucine into pro te in  in the  p o s t m i t o c h o n d r i a l  (soluble and 
par t icu la te )  f rac t ion  was reduced by an t ib io t ics ,  by  copper  
and l i th ium but  not  by ouaba in  even in a c o n c e n t r a t i o n  
greater  than would be expec ted  in the  brain  in the  behav-  
ioural expe r imen t s .  

A compar i son  be tween  the  effects  of  the drugs was 
made,  using a s y n a p t o s o m a l  f rac t ion ,  on the i n c o r p o r a t i o n  
of  ' 4 C-leucine in to  p ro te in  and on  the  act ivi ty of  the  Na/K 
ATPase. In this sys tem ouaba in ,  copper  and l i th ium all 
inh ib i ted  the Na/K A'lPase but  in con t ras t  to the  effects  on 
the p o s t m i t o c h o n d r i a l  p repa ra t ion ,  also great ly decreased 
the rate of  i nco rpo ra t i on  of leucine in to  pro te in .  The 
up take  of ' " C-leucine was also measured  and found  to be 
inh ib i ted  along wi th  the Na/K ATPase and the r educ t ion  in 
inco rpora t ion  in to  p ro te in  was in p r o p o r t i o n  to the de- 
creased uptake.  The an t ib io t ics  inh ib i ted  leucine incorpora-  
t ion w i t h o u t  inh ib i t ing  Na/K ATPase or amino  acid t rans-  
port  as measured  by leucine uptake .  

(?omparing these results  wi th  the effects  of  the  same 
agents  on m e m o r y ,  ouaba in  and o the r  drugs which  b locked  
the early stages of  m e m o r y  f o r m a t i o n  all inh ib i t ed  Na/K 

ATPase but  an t ib io t ics  which only  b locked  long- term 
m e m o r y  f o r m a t i o n  did not .  Ant ib io t i cs  which  inh ib i t ed  
long- term m e m o r y  did inhib i t  the  i nco rpo ra t i on  of ' 4 C- 
leucine in to  p ro te in  in synap tosoma l  p repara t ions  and so 
did ouaba in ,  l i th ium and  copper .  Since ouaba in  in par t ic-  
ular was w i t h o u t  effect  on p ro te in  synthes is  in the  post-  
m i t o c h o n d r i a l  f rac t ion,  the inh ib i t i on  of  p ro te in  synthes is  
in synap to soma l  f rac t ions  was p resumably  via r educ t ion  in 
the m e m b r a n e  t ranspor t .  

O t h e r  s tudies  of  the capaci ty  of the  synap to soma l  frac- 
t ion to syn thes ize  p ro te in  have also shown up the  impor-  
t a n c e  of  m e m b r a n e  t ranspor t .  S y n a p t o s o m a l  p ro te in  
synthes is  is af fected by many  ionic env i ronmen t s .  Na and  K 
appear  to affect  act ivi ty and the rat io  of  these ions is of  
par t icular  i m p o r t a n c e  [2 ,27 ] .  The  Na and K c o n c e n t r a t i o n s  
necessary to achieve max imal  p ro te in  synthes is ,  oxygen 
up take  and potass ium accumula t i on  are also those  tha t  give 
maximal  Na/K ATPase act ivi ty.  F u r t h e r m o r e .  varying the 
c o n c e n t r a t i o n s  of  Na or K yielded parallel a l t e ra t ions  in the 
Na/K ATPase act iv i ty ,  p ro te in  synthes is  and potass ium 
t ranspor t  [ 2 , 10 ] .  The m a x i m u m  rate of p ro te in  synthes is  
occurs  in a med ium tha t  most  resembles  ex t race l lu la r  fluid,  
suggesting tha t  the ionic effects  on p ro te in  synthes is  are 
th rough  a t r anspor t  mechan i sm linked to the  sodium pump .  
Coupled  t r anspor t  sys tem for amino  acids and sodium may 
not  be di rect ly  l inked to energy-yie lding me tabo l i c  pro- 
cesses ( for  review see: Schul tz  and Curran  [ 3 2 ] )  bu t  the 
sodium pump ,  in ma in ta in ing  an e lec t rochemica l  gradient  
across the cell m e m b r a n e ,  may be the  source  of me tabo l i c  
energy for the  active t r anspor t  of  amino  acids. Whatever  the  
processes involved in the  t r anspor t  of  amino  acids across 
cell m e m b r a n e s ,  it appears  to be involved wi th  the  Na/K 
ATPase act ivi ty and is inh ib i t ed  by drugs which  inhibi t  
sodium t ranspor t .  Inh ib i t ion  of p ro te in  synthes is  in the 
hear t  by ouaba in  has also been  repor ted  [17]  and in this 
tissue also it appears  to  be due to a r educ t ion  in m e m b r a n e  
t ranspor t  of  amino  acids [ 1 8] .  

In a p repa ra t ion  of  highly purif ied synap t ic  m e m b r a n e s  
Ramirez,  Levitan and Mushynski  [29] have shown that  
leucine i nco rpo ra t i on  in to  p ro te in  is sensi t ive to CAP and 
removal  of  Na, K ions or bo th ,  bu t  not  to CXM or ouabain .  
It appears  tha t  there  is a CAP sensitive p ro te in  syn thes iz ing  
sys tem located  in the m e m b r a n e s  of  s y n a p t o s o m e s  as well 
as in the  m i t o c h o n d r i a .  However,  they found  whole  synap-  
tosomes  to be insensit ive to removal  of Na and K ions. 
CXM and ouaba in  which  may reflect  the  long and some- 
t imes unphys io logica l  p repa ra t ion  [ 1 9 ] ,  bu t  on the o the r  
hand  the c o n c e n t r a t i o n  of  ouaba in  was ten t imes less than  
the c o n c e n t r a t i o n  used in the  present  exper imen t s .  

Recent  work [34]  has shown sensi t ivi ty of  Na/K 
ATPase, Na and K con t en t  in guinea pig cor tex  to in viro 
ouaba in  t r e a t m e n t  (0.1 rag). In the  in tac t  bra in  where  
m e m b r a n e  t r anspor t  t h rough  b o t h  glial cells and neurones  
might  be t hough t  to be of  great i m p o r t a n c e  for pro te in  
synthes is ,  ouaba in  was found  in the present  expe r imen t s  to 
inhibi t  the i nco rpo ra t i on  of ' 4 C-leucine into pro te in .  

Relationship of  these Results to a Working llypothesis o f  
Biochemical Mechanisms o f  Memory 

Recent ly  active neu rones  accumula te  Na ions. the  active 
ex t rus ion  of  which  may well a l ter  e lec t rophys io logica l  
proper t ies ,  pe rhaps  by hype rpo la r i za t ion  of the  m e m b r a n e  
which may render  it less exci table  [ 3 0 ] .  The  process may 
also be associated in t ime wi th  the  post-act ivi ty  increase in 



INHIBITION AND SHORT- AND LONG-TERM MEMORY 699 

"FABLE 5 

INHIBITION OF Mg ~ ATPASE AND Na*/K * ATPASE ACTIVITIES IN THE SYNAPTOSOMAL 
FRACTION FROM CHICKEN FOREBRAIN 

lnhibitors Mg *~ ATPa~ Activity 

U Moles Pi/mg/hr % Inhibition 

Na÷/K * ATPase Activity 

t~ Moles Pi/mg/hr % Inhibition 

Control 2.33 -t 0.39 2.21 * 0.12 

Ouabain 2.24 _~ 0.10 3.9 0.57 ± 0.07 74.2 
(1.0 mM) 

Copper 1.23 e 0.20 47.2 0.22 ± 0.11 90.1 
(0.05 mM) 

Lithium 2.20 :~ 0.45 5.6 0.93 ± 0.19 57.9 
( 1.5 mM) 

Cycloheximide 2.19 :~ 0.59 6.0 2.35 ± 0.92 -6.33 
(0.1 mM) 

Puromycin 2.24 ~- 0.26 3.9 2.04 ± 0.18 7.7 
(0.05 mM) 

Chloramphenicol 2.06 _~ 0.27 I 1.6 1.90 ± 0.36 14.0 
(0.3 mM) 

Inhibition of Mg *+ ATPase and Na*/K ÷ ATPase activity in the synaptosomal fraction from chicken 
forebrain. Activities in each fraction presented as ~ moles of inorganic phosphate released/rag protein/ 
hour. Medium - TRIS (30 mM) pH7.1; ATP (5 mM); MgCI 2 (7.5 mM) for Mg ATPase; plus NaCI 
(120 raM) and KCI (20 raM) for total activity. Na÷/K ~ ATPase activity being the difference between 
total and Mg ~ ATPase activities. Means and standard deviations from 4 determinations. 

TABLE 6 

I N  V I F O  INCORPORATION OF ~4C-LEUCINE INTO CHICK 
FOREBRA1N FRACTIONS 

Fraction 

4 C-Leucine Incorporation 

counts/min/fraction 

Nuclear 19,029 ~ 3293 

Microsomal 17,934 ±6502 

Soluble 33,400 ±5259 

Myelin 1,841 ±1130 

Synapt osomal 5,058 :~ 1315 

Mitochondria 5,337 ± 1079 

~*C-leucine incorporation into fractions of chick forebrain 
following injection of 1.0/aCi leucine 0.05 ml as a pulse label 5 min 
before sacrifice. Means (and standard deviations) of 7 experiments. 

eff icacy o f  synapt ic  t ransmission through the parallel 
accumula t ion  of  calcium ions J15] .  Whatever the mech-  
anism of  exci tabi l i ty  or synapt ic  changes which may 
underl ie  shor t - te rm memo ry ,  the ex ten t  o f  impulse activity 
of  neurones  will de te rmine  the e lect rophysiological  conse- 
quences  including the activation of  Na ex t rus t ion  over a 
period of  minutes ,  ex tend ing  perhaps  for half  an hour  [7 ] .  
These are the effects  that  are blocked by ouabain and such 
changes could con t r ibu te  largely to shor t - te rm memory  
storage that  is not  b locked by prote in  synthesis  inhibi tors .  

Na pump activity and leucine uptake  are bo th  blocked 
by ouabain and l i thium and the incorpora t ion  of leucine 
into prote in  suffers cor respondingly ,  if the converse holds 
and amino  acid t ranspor t  is facili tated by Na pump activity 
then the accumula t ion  of  Na could contro l  the avilability of  
amino acids for prote in  synthesis .  

Neuronal  prote in  synthesis  may be modif ied by the type  
or amoun t  of  amino acid t ranspor t  into those recently 
active neurones  that  are in the process of  ex t rud ing  accum- 
ulated sodium ions. It has been shown that  the highest 
specific radioactivi ty fol lowing the incorpora t ion  of  label- 
led amino acids into brain appears in membrane  fract ions 
[4, 5, 6, 26 ] .  Perhaps some prote ins  whose  synthesis  may 
be modula ted  by the availability o f  intracellular amino  
acids through a mechanism linked to the sodium pump are 
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T A B L E  7 

INHIBITION OF I,~C_LEUCINE INCORPORA'IION IN VIVO INTO CIIICKF.N FOREBRAIN PROTF, IN 

1 ractions 

% Inhibition of ('ontrc~l 

Cycloheximide Ouabain Lithium ('hloramptaenicol 

I0 rain 30 rain 60 rain I(I rain 30 min 6(1 rain I0 min 311 rain 6ll min I0 rain 30 rain 6(1 rain 

Nuclear 90.1 94.0 87.5 84.2 82.3 87.3 72.1 36.2 57.3 49.6 51.9 56.4 

Microsomal 96.2 97.6 94.7 95.9 91.1 94.5 85.7 68.0 82.8 49.9 55.2 79.9 

Soluble 99.1 99.5 98.4 96.8 94.2 96.3 87.3 77.4 87.1 85.7 77.7 74.3 

Myelin 95.6 97.7 92.2 91.4 85.6 91.6 68.1 36.5 66.2 7.9 -35.1 3IL0 

Synaptosomal  95.5 97.5 95.3 96.2 91.1 94.4 81.5 63.7 84.7 52.3 55.4 73.3 

Mitochondria 87.7 97.4 9[).1 86.1 68.8 79.7 75.3 68.3 77.2 58.2 57.4 65.1 

lnbibi tkm of ~ 4('-leucine incorp~ration into fractions of chicken forbrain by cych~hcximide 0.13 raM; ouabain --('1.75 ,uM; lithium 
5.8 raM; and chloramphenicol  -- (1.15 mM at 10, 30 and 60 min after the injection of the inhibitor. 1.0 uCi leucine/0.05 ml injected as a pulse 
label 5 rain before sacrifice. 

T A B I , E  8 

INHIBITION OF Na+/K ÷ ATPASE ACTIVITY IN VIVO BY 
OUABAIN 

Time After 
Injection ~. Moles/ml I'ixtract/hr '~ of  Control 

l) 19.7 t 1.1 

5 Min 9.6 e. 1.9 48.7'.~ 

30 Min 11.3 : 2.8 57.4'3 

60 Min 11.5 :,. 11.2 58.4',: 

Na+/K * ATPase activity and ';,; of control activity after adminis- 
tration of 0.365 ,ug of ouabain in rivo. Means and standard 
deviations of 4 determinations.  The activity was measured in the 
total bomogenate .  

c o m p o n e n t s  o f  m e m b r a n e s  t h a t  m a y  p lay  s o m e  role  in t h e  
long  t e r m  r e g u l a t i o n  o f  s y n a p t i c  c o n n e c t i v i t y  [ 2 4 ] .  T h i s  
w o u l d  p r o v i d e  a l ink b e t w e e n  t h e  ion ic  m e c h a n i s m s  o f  

ini t ia l  m e m o r y  a n d  t he  s t r u c t u r a l  c h a n g e  o f  p e r m a n e n t  
m e m o r y .  
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