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FLEXNER, J. B. AND L. B. FLEXNER. Puromycin's suppression of memory in mice as affected by caffeine. PHARMAC. 
BIOCHEM. BEHAV. 3(1) 13-17, 1975. - It has previously been shown that expression of maze-learning in 
mice is blocked for long periods of time by puromycin injected intracerebrally one or more days after the training 
experience. Treatment with caffeine after training has now been found to reduce greatly the amnestic effects of puro- 
mycin. With a high dose of caffeine (200 mg/kg) this reduction is evident 6 days after treatment with puromycin. With a 
lower dose of caffeine (25 mg/kg) the effect becomes evident only after a more extended period of time. In view of control 
experiments, we suggest that caffeine modifies factors necessary for the expression of memory and that this alteration 
makes puromycin relatively ineffective in blocking memory. 

Memory Puromycin Caffeine 

S E V E R A L  biochemical  actions of  caffeine make it po ten-  
tially interest ing in a s tudy of  memory .  It  inhibits cyclic 3' ,  
5 ' -nucleot ide  phosphodies terase  [5] and thus may  lead to 
an increase in cyclic adenosine-3 ' -5 '  m o n o p h o s p h a t e  which,  
among o ther  effects,  may be concerned in synapt ic  trans- 
mission [ 17,20].  Caffeine increases the rate of  synthesis of  
norepinephr ine  f rom tyrosine in brain, one o f  several obser- 
vations consistent  with the conclusion that  it increases the 
turnover  and release of  this t ransmit te r  [2, 7, 31] which 
has been implicated in m e m o r y  processes [24, 26, 28] .  
Finally,  caffeine causes a marked release of  Ca ++ from intra- 
cellular pools  [3] with the possibil i ty that  in this way it 
indirect ly alters the physical  propert ies  o f  membranes ,  
among them those of  the synapse [6,25 ]. 

Numerous  studies have been made of  the  effects  o f  caf- 
feine on l o c o m o t o r  activity,  on maze learning and on the 
acquisi t ion and expression o f  condi t ioned  reflexes (see 
review [8]) .  The results of  these studies are diff icul t  to 
interpret  since they  are f requent ly  compl ica ted  by the 
opposi te  effects  of  high and low doses, by the nature of  the 
learning procedure  and by variat ions in dose-response inter- 
vals. Coffee  has been repor ted  to increase the persistence of  
m e m o r y  in man. Excep t  for one s tudy,  however ,  the effect  
of  caffeine on a condi t ioned  avoidance response does no t  
appear to have been investigated. Par6 [23] found in rats 
trained in an avoidance-discr iminat ion task that  caffeine 
(30 mg/kg) injected 5 sec after massed training trials im- 

proved re tent ion  tested 48 h later but  that  inject ions 2 or 
more minutes  after training were ineffective.  

Our approach with caffeine depends  upon  the finding 
that  expression of  maze-learning in mice is blocked for long 
periods of  t ime by the intracerebral  inject ion of  puromycin  
one or  more  days after  the training exper ience [ 11]. We 
have found that  the analog of  lysine vasopressin, deglycin- 
amide9-1ysine vasopressin, which facilitates acquisi t ion of  a 
condi t ioned-avoidance  response in hypophysec tomized  rats 
and inhibits ex t inc t ion  [ 19],  has the addit ional  p roper ty  of  
protect ing m e m o r y  against puromycin ' s  suppression [ 18].  
We interpret  this result to mean that  this vasopressin analog 
modif ies  m e m o r y  consol idat ion in such a way that  the 
expresssion of  m e m o r y  becomes  insensitive to puromycin .  
We have used this same approach with  caffeine. Caffeine 
also reduces puromycin- induced  amnesia al though,  unlike 
vasopressin, this effect  may not  be maximal ly  evident  unti l  
several weeks after t rea tment .  

METHOD 

Animals and Procedure 

Male and female Swiss-Webster mice (6 to 7 months  old, 
3 0 - 3 5  g) f rom our  inbred co lony  were housed four  to a 
cage at room tempera ture  and were placed in individual 
cages the day before  use. They were trained in a single 
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session in a Y-maze to a criterion of 9 out of 10 correct 
r e s p o n s e s .  Intermittent foot-shock, manually applied 
(0 .2-0 .4  mA from a d.c. source; 2 sec on, 2 sec o f f )was  
given for failure to move from the stem of the Y within 
5 sec and for errors of left-right discrimination. Shock was 
adjusted with individual mice to the minimal level con- 
sistent with the desired behavioral response. After entering 
the correct side of the maze and remaining there for 10 sec, 
the mouse was allowed to climb up a ladder and was rested 
for about 30 sec before starting the next trial. The same 
procedure was used in tests for retention of memory of the 
training experience. These tests were made 7 or 31 days 
a f t e r  learning, depending upon the purpose of  the 
experiment. A final test of retention of relearning was made 
1 to 2 weeks after the first retention test. 

Total errors were the sum of latencies greater than 5 sec 
and of incorrect choices, i.e., all mistakes were added until, 
in 10 consecutive runs in the maze, the mouse had per- 
formed correctly in 9 of them. Memory was evaluated in 
the retention tests in terms of the percentage savings of 
trials and errors. These percentages were calculated by sub- 
tracting the number of trials and errors to criteron in the 
retention tests from the number to criterion in training, 
dividing by the number in training and multiplying by 100. 
Savings of 100% indicate perfect memory; zero savings, 
complete loss of memory. 

The intracerebral injection technique has been fully 
described [11]. Mice were lightly anesthetized with evipal 
(150 mg/kg). When treatment with puromycin was limited 
to bitemporal injections, each injection contained 90 ~g of 
the dihydrochloride (neutralized with NaOH) dissolved in 
12 ~1 of water. As judged by their inhibition of protein 
synthesis, these bitemporal injections primarily affect the 
hippocampi and entorhinal cortices. Bitemporal plus biven- 
tricular plus bifrontal injections contained 30 ~g of puro- 
mycin in 12 ul of water per injection site. Again as judged 
from their inhibition of protein synthesis, these multiple 
injections lead to high concentrations of the antibiotic 
throughout the neocortices, corpora striata and thalami in 
addition to the hippocampi and entorhinal cortices [13]. 
All injections of puromycin were made 1 or 2 days after 
training. Each injection required about 2 sec for delivery; 
multiple injections were made with an interval of less than 
one minute between injections. 

Caffeine hydrate was dissolved in water and injected sub- 
cutaneously after training in a volume of 0.2 ml per site. 
One subcutaneous site was used with caffeine at a concen- 
tration of 25 mg/kg; two sites were used with a concen- 
tration of 200 mg/kg. 

Experimental Plan 

After finding that treatment with caffeine 1 to 24 hr 
after training does not impair memory, we planned experi- 
ments to answer the following questions: 

(1) Does a relatively low dose of caffeine (25 mg/kg) 
protect memory against puromycin? Mice were treated with 
caffeine within an hour after training, one day later injected 
bitemporally with puromycin and then retention-tested 
either 6 or 30 days later. Choice of the 30 day interval was 
made after noting in preliminary experiments that savings 
improved with increase in time between treatment with 
puromycin and testing of retention. 

(2) Does a high dose of caffeine (200 mg/kg) protect 
memory against puromycin? The same procedure with bitem- 

poral injections of puromycin was used as with the low dose 
except that an estimate was made of the duration of 
the interval after training during which the high dose was 
protective. 

(3) In the presence of caffeine, does memory develop 
resistance to bitemporal injections of puromycin more 
rapidly than in normal mice? In a normal mouse, bi- 
temporal or bitemporal plus biventricular plus bifrontal 
injections are consistently effective in suppressing memory 
for 3 days after training, whereas at later times bitemporal 
injections are ineffective and the 6 combined injections are 
necessary [ 11 ]. These observations raise the possibility that 
in the presence of caffeine memory develops resistance to 
bitemporal injections of puromycin more rapidly than in 
untreated mice. Accordingly, one group of mice treated 
with the high dose of caffeine received one day later the 6 
combined injections of puromycin. 

RESULTS 

Mice treated with caffeine were normal in appearance 
and cage behavior. Treatment with puromycin gave the 
same symptoms as in normal mice - about two days of 
lethargy, reduced intake of food and water and occasional 
convulsions. 

The effects on memory of the basic control procedures 
are given in Table 1. In Table 1, arrows separate sequential 
procedures with the time between two procedures given 
over the arrows. Thus, in Group l a, mice were trained, 
24 hr later injected bitemporally with puromycin and 30 
days later retention-tested. These experiments resulted in 
the consistent amnesia previously observed [14]. Treat- 
ment with 200 mg/kg of caffeine from 1 to 24 hr after 
training, followed one day later by bitemporal injections of 
saline gave a normally high level of savings 6 and 30 days 
later (Groups lb, c and d). 

The results of the experimental procedures are also given 
in Table I. Statistical significance was calculated by the 
t-test, 2-tailed. Treatment with 25 mg/kg of caffeine up to 
1 hr after training gave insignificant protection against the 
effects of puromycin when retention was tested at 6 days 
(Group 2a). At 30 days (Group 2b), however, savings of 
both trials and errors were significantly higher (p<0.001) 
than in puromycin controls and only marginally signifi- 
cantly lower (p<0.05) than in the controls treated with 
caffeine and injected intracerebraUy with saline (Group 1 c). 

In contrast to 25 mg/kg of caffeine, treatment after 
training with 200 mg/kg of caffeine up to 6 hr (immedi- 
ately, n = 8; 1 hr, n = 10; 6 hr, n = 10) or at 16 hr gave a 
highly significant (p<0.001) degree of protection against 
the effects of bitemporal injections of puromycin when 
retention was tested at 6 days (Groups 3a and b). Savings of 
mice in these two groups as well as those treated 1 hr after 
training with the 6 combined injections of puromycin 
( G r o u p  3c) were essentially equivalent. At 30 days 
(Group 3d) savings of errors were only marginally higher 
(p<0.05) than at 6 days, there was no significant differ- 
ences (p> 0.1) in savings of trials, and there was no signifi- 
cant difference (p>0.1) from the controls treated with caf- 
feine and injected bitemporally with saline (Group 1 c). All 
protection against the effects of puromycin was lost when 
treatment with caffeine was delayed until 24 hr after 
training (Group 3e). 

An effort was made to improve memory by making 
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TABLE 1 

EFFECT OF CAFFEINE ON SUPPRESSION OF MEMORY BY PUROMYCIN 
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Groups and Procedures 
Group % Savings 

Means ± S.E. 
Trials Errors 

1. Controls 

24 hr 30 days 
a. Train ) Puro (T) ) Test (n = 10) 0.0-+ 0.0 0.0 +- 0.0 

1-24 hr 24 hr 6 days 
b. Train ) Caffeine 200 mg/kg ) Saline (T) ) Test (n = 14) 86.4 +_ 4.15 92.4 -+ 2.25 

1 hr 24 hr 30 days 
c. Train ) Caffeine 200 mg/kg ) Saline (T) ) Test (n = 8) 82.0 _+ 6.05 87.5 -+ 4.42 

24 hr 6 & 30 days 
d. Train ~ Saline (T) ) Test (n = 8) 87.5 _+ 4.77 89.0 +- 3.60 

2. Caffeine 25 mg/kg 

0-1 hr 24 hr 6 days 
a. Train ) Caffeine. ) Puro (T) ~ Test (n = 10) 2.5 _+ 2.25 7.9 ÷ 5.15 

0-1 hr 24 hr 30 days 
b. Train ) Caffeine ) Puro (T) ) Test (n = I0) 46.7 _+ 11.30 56.6 -+ 12.80 

3. Caffeine 200 mg/kg 

0-6 hr 24 hr 6 days 
a. Train ) Caffeine ) Puro (T) ) Test (n = 28) 48.9 _+ 9.04 54.0 + 7.84 

16 hr 24 hr 6 days 
b. Train ) Caffeine ) Puro (T) ) Test (n = 7) 49.7 +- 18.10 51.0 -+ 18.30 

1 hr 24 hr 6 days 
c. Train ~ Caffeine ) Puro (T+V+F) ) Test (n = 6) 51.6 +- 17.40 53.8 -+ 18.10 

0-1 hr 24 hr 30 days 
d. Train ) Caffeine ) Puro (T) ) Test (n = 13) 64.8 + 9.00 76.2 + 6.80 

24 hr 24 hr 6 days 
e. Train ) Caffeine ) Puro (T) ) Test (n = 12) 0.0 _+ 0.0 0.0 -+ 0.0 

Time between procedures indicated over arrows. Puro = puromycin. 2HC1 neutralized with NaOH. T = bitemporal, and T+V+F = 
bitemporal + biventricular + bifrontal injections. In Group ld savings at 6(n = 4) and 30 days (n = 4) were practically equivalent. 

mult iple  in ject ions  of  caffeine after  training. Three  in- 
jec t ions  of  25 mg/kg each of  caffeine given immedia te ly  
and then  at 3 hr  intervals af ter  t raining failed to reduce the  
amnesia caused by p u r o m y c i n  when  m e m o r y  was tes ted 
at 6 days af ter  t raining (n = 4) or at 30 days (n = 4). A 
second in jec t ion  of  200 mg/kg of  caffeine was lethal.  

Twelve of  the  mice d is t r ibuted  among  the  d i f fe ren t  
groups had impaired m e m o r y  on their  final r e t en t ion  tests;  
the  remainder  showed  r e t en t ion  of  relearning at a high 
level. 

DISCUSSION 

Numerous  observat ions ,  no t  all o f  t h e m  cons is ten t ,  have 
been made  on the  effects  o f  central  nervous sys tem sti- 
mulants  o the r  than  caffeine on  learning, m e m o r y  and the  
a t t enua t ion  of  amnesia  caused by drugs. Evidence has been  
repor ted  that  post- t ra ining in jec t ions  of  s t rychnine ,  pen ty -  
lenete t razol ,  a m p h e t a m i n e  and n icot ine  facil i tate one  or 
ano ther  of  a variety of  tasks and these facilitative effects  
have suggested tha t  these drugs enhance  storage processes  

(see review [21 ] ). The adrenergic s t imulants ,  amphe t amine  
a n d  meta raminol ,  reduce the  amnesia which fol lows 
training in the  presence  of  cyc lohex imide  and ace toxy-  
cyc lohex imide  [1 ,29] .  Adrenergic  s t imulants  and the 
m o n o a m i n e  oxidase inhibi tor ,  t r any lcypromine ,  have been  
shown to remove the  b lock to m e m o r y  caused by puro-  
mycin  [26] .  

The b lood-bra in  barrier  is highly permeable  to  caffeine.  
Olendor f  [22] found  that  85% of  the caffeine injected 
rapidly in to  a carotid artery of  a rat was taken up by the 
brain in what  was es t imated to  be a single microc i rcula tory  
passage. Burg and Werner [4] repor ted  that  5 rain af ter  an 
oral dose in mice,  caffeine reached its maximal  concent ra-  
t ion in the brain and tha t  this concen t ra t ion  was main-  
ta ined for  at least an hour.  They  also found tha t  
1 ,7 -d imethylxan th ine  is the major  tissue metabo l i t e  o f  
caffeine. It reached its highest  concen t r a t ion  (30% that  o f  
caffeine) 30 min af ter  adminis t ra t ion  of  caffeine,  decreasing 
to half  this value at one hour.  

We have previously considered several possibili t ies to 
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explain results  o f  the  k ind we have ob t a ined  wi th  caffe ine  
[10 ] .  Three  of  these  deserve c o m m e n t  here.  The re  is the  
possibi l i ty  tha t  caffe ine alters the  cellular i n t e rac t ions  of  
p u r o m y c i n  r a t h e r  t han  processes  conce rned  wi th  m e m o r y .  
This  hypo thes i s  appears  u n t e n a b l e  in view of  the  drast ic  
loss of  m e m o r y  observed in mice t rea ted  w i th  caffe ine 
24 hr  a f te r  t ra in ing  and wi th  p u r o m y c i n  one  day later ,  t he  
same interval  of  t ime  b e t w e e n  the  two  in jec t ions  t h a t  was 
used in the  expe r imen t s  in which  p u r o m y c i n  failed to b lock  
m e m o r y  af te r  t r e a t m e n t  wi th  caffeine.  Secondly ,  there  is 
the  possibi l i ty  t ha t  mo t iva t i ona l  or  o the r  fac tors  p resen t  at  
the  t ime of r e t e n t i o n  tes t ing and  no t  a par t  of  the  m e m o r y  
process  i tself  might  a ccoun t  for  the  results. This  expla- 
na t ion  has been  ruled ou t  in view of  the  f inding tha t  treat-  
m e n t  wi th  caffe ine  up  to 16 hr  a f te r  t ra in ing  pro tec t s  
m e m o r y ,  whereas  caffe ine  is ineffec t ive  w h e n  its in j ec t ion  is 
de layed unt i l  24 hr  a f te r  t raining.  Final ly ,  we found  no 
suppor t  for  the  poss ibi l i ty  t ha t  caf fe ine ' s  p r o t e c t i o n  is 
l imi ted  to b i t e m p o r a l  in jec t ions  of p u r o m y c i n  since t reat-  
m e n t  wi th  the  6 c o m b i n e d  in jec t ions  also failed to suppress  
memory .  

Our  results  suggest t ha t  caffe ine causes a change  dur ing  
conso l ida t ion  of  m e m o r y  t h a t  leads wi th  a h igh dose to an 
e a r l y  and  sus ta ined  r e d u c t i o n  of  p u r o m y c i n - i n d u c e d  
amnesia  similar to  tha t  resul t ing f rom over- t ra in ing  [ 1 4 ] ,  
and vasopressin  [ 1 8 ] ,  and wi th  a low dose to  part ial  
recovery of m e m o r y  af te r  an initial per iod of  amnesia .  
Several f indings are cons i s t en t  wi th  the  view t h a t  the  
amnesia  fol lowing p u r o m y c i n  is d e p e n d e n t  u p o n  the  
pers is tence of  p u r o m y c i n  above a cri t ical  level at  cri t ical  
sites. Thus  p u r o m y c i n ' s  b lock  of  m e m o r y  is dose d e p e n d e n t  
[ 151 and res to ra t ion  of  m e m o r y  by in t race rebra l  in jec t ion  
of saline [9] or per iphera l  in j ec t ion  of  adrenergic  sti- 
mu lan t s  [26]  is a ccom pan i ed  by  selective loss of puro-  
mycin  f rom s y n a p t o s o m e s  [ 1 6 ] .  F u r t h e r m o r e ,  p u r o m y c i n  
persists for  at least two  m o n t h s  in bra in ,  decreasing f rom its 

init ial  high c o n c e n t r a t i o n  to a value at  31 days af te r  injec- 
t ion  tha t  is l i t t le  d i f fe ren t  f rom tha t  one  m o n t h  la ter  [12]  
when  amens ia  is still present .  We suppose  t ha t  a h igh dose 
of caffe ine  makes  p u r o m y c i n  ineffect ive e i the r  by  increa-  
sing the  n u m b e r  of  cri t ical  sites fo rmed  dur ing  consol ida-  
t ion  or by  mod i fy ing  sites so tha t  b inding  of  p u r o m y c i n  is 
reduced.  The  low dose of  caffeine acts s imilarly bu t  wi th  
the  i m p o r t a n t  d i f fe rence  tha t  its e f fec t  is smaller  and is no t  
clearly evident  unt i l ,  w i th  t ime,  suff ic ient  p u r o m y c i n  is lost  
to  fall be low the  level necessary for  amnesia .  

The  m e c h a n i s m  of  ac t ion  of  caffe ine wh ich  accoun t s  for  
its r educ t ion  of  p u r o m y c i n - i n d u c e d  amnes ia  is u n k n o w n .  
Its i n t e r ac t i on  wi th  the  general  arousal  p roduced  by  
t ra in ing  c a n n o t  be  ruled ou t  nor  can m i n o r  effects  which  
might  b e c o m e  i m p o r t a n t  wi th  the  larger o f  the  2 doses we 
have used. It appears  i m p r o b a b l e  tha t  cyclic adenos ine  
m o n o p h o s p h a t e  is involved since Sa t t in  [27]  found  no 
increase in its concen t ra t ion  in mouse  brain  fo l lowing t reat-  
m e n t  w i th  100 mg/kg of  caffeine and Vernikos-Danie l l i s  
and Hatxis [30]  repor ted  t ha t  pharmacolog ica l ly  active 
doses of caffe ine  (20  mg/kg)  failed to change the  p h o s p h o -  
diesterase act ivi ty  of  rat  cerebral  cor tex .  There  is no  di rec t  
evidence available to evaluate  the  possibi l i ty  t ha t  the  in- 
crease in in t race l lu lar  Ca ++ caused by  caffeine might  provide  
p r o t e c t i o n  by mod i fy ing  the  proper t i es  of  cen t ra l  synap t i c  
membranes .  Caffe ine  appears  to  decrease the  t u r n o v e r  of 
s e ro ton in  and d o p a m i n e  [7] while increasing the  t u rnove r  
and release of  n o r e p i n e p h r i n e  [2, 7, 31 ] .  A t  present  the  
mos t  a t t rac t ive  possibi l i ty  is based u p o n  this  increase in 
t u rnove r  and release of  no rep inephr ine .  Pr incipal  suppo r t  
for this  possibi l i ty  comes  f rom observa t ions  tha t  suggest 
n o r e p i n e p h r i n e  is involved in the  m e m o r y  process [24,  26, 
28 ] .  R e d u c t i o n  of  the  avai labi l i ty  of n o r e p i n e p h r i n e  dur ing  
t ra in ing a n d / o r  conso l ida t ion  leads to amnes ia ;  pe rhaps  an 
increase in its release dur ing conso l ida t ion  leads to  the  for- 
m a t i o n  of  a more  s table  m e m o r y  trace. 
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