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A striking characteristic of this decade in biochemistry is the introduction of 
selective blocking agents as tools for research. A maior area of application has been 
in studies on nucleic acid and protein synthesis 1. As findings in diverse areas are corre- 
lated, the details of the selective nature of these toxic substances become known, add- 
ing to their value. 

The use of selective blocking agents in behavioral experiments has been reported 
by several laboratories. Dingman and Sporn s injected 8-azaguanine intracisternally 
into rats in an attempt to block learning. Chamberlain et a l :  reported that intra- 
peritoneally injected 8-azaguanine prolonged the time during which asymmetry of 
the limbs of rats became fixed following section of the spinal cord. Barondes and 
Jarvik 4 recently found that intracerebral injection of actinomycin D into mice had 
no specific behavioral effect. These reports were of interest because of the putative 
role of 8-azaguanine and actinomycin D in blocking the synthesis of RNA. In 1963, 
Flexner et al. 1° reported an effect of puromycin on memory in mice. This study wili 
be discussed later in connection with work in our laboratory with goldfish. Puromycin 
is a naturally-occurring nucleoside-amino acid which has been reported to block 
selectively protein synthesis. A mechanism has been proposed for its action which is 
based on the structural similarity between puromycin and the aminoacyl-adenosine 
terminus of transfer-RNA I~. Experimental results indicate th~,t the forming peptide 
chain combines with puromycin instead of the next aminoacyl-transfer-RNA and 
that the forming peptide is released from the ribosome prematurely as peptidyl puro- 
mycin12,x 3. 

Interest in memory at the biological laboratories of the Mental Health Research 
Institute was stimulated to a large extent by Ralph W. Gerard, former director of 
laboratories, whose continued interest in this work is gratefully acknowledged. For 
the past two years, we have been stitdying biochemical correlates of memory in 
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Carrassius auratus, the goldfish. From the literature, we learned that goldfish were 
capable of learning shock avoidance as well as other tasks, and appeared to have 
long-term memory of their training u .  This animal has several other experimental 
advantages. Since teleosts are poikilotherms, it becomes easy to investigate the effect 
of temperature on behavioral phenomena. The small size of the goldfish makes it 
potentially suitable for autoradiographic studies, since the exposure time for develop- 
ment of histologic sections is largely a function of the amount of isotope injected per 
unit body weight. The goldfish brain is easily exposed for surgical procedures, and 
surgery is well-tolerated. We were able to devise a simple technique a for the rapid 
injection of drugs intracraniaily rover, not into the brain) without the use of anes- 
thetics. 

In the experiments presented here, we used a shuttle box similar to one described 
by Bitterman". Goldfish are placed in individual tanks divided into two compartments 
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Fig. 1. Diagrammatic representation of goldfish shuttle box and trial sequence. 

by an underwater barrier (Fig. 1). At the start of a trial, a light is turned on at the end 
of the tank in which the fish has been placed. Twenty seconds later, an intermittent 
electric shock is applied to the illuminated end of the tank for an additional 20 sec. 
During this period, fish that have not already swum over the barrier, do so, escaping 
further shock. Forty seconds after the start of the trial, light and shock are both 
terminated. After 20 sec of intertrial interval, in which there is no light or shock, the 
opposite end of the tank is illuminated and the procedure is repeated. Fish receive 
5 trials in 5 rain. A block of 5 trials as outlined in Fig. 1 is followed by 5 rain of rest 
in darkness. In this way fish receive 20 trials in 40 min on the first day of the experiment. 
If a fish swims over the barrier with the light stimulus alone and thus avoids being 
shocked, a correct response is scored for that trial. Groups of fish usually score up to 
30% correct responses during the first 10 trials, and improve during the second 10 
trials. If they are immediately given an additional set of 10 trials, they do still better. 
If we now interpose a time interval between trial 20 and 21 such as an hour, a day, 
a week, or a month, there is little effect on the scores for the last 10 trials. Thus we see 
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that the goldfish has good memory of the task. In our experiments, we use an interval 
of 3 days between trial 20 and 21. Fish receive 20 trials on day I and 10 trials on day 4. 
In our initial studies, we compared the effect of electroconvulsive shock and intra- 
cranial injections of puromycin following the 20 trials on day 1 on the performance 
observed on day 4. We found that each of these agents produced a partial memory 
deficit if given immediately after trial 20, but had no effect if given 2 h later e,7. In 
each instance, memory was measured as the performance for the 10 trials on day 4. 
Using electroconvulsive shock as the agent which blocks memory fixation, we studied 
the effect of water tel~perature during the period immediately following trial 20 on 
the rate of memory fixation. We found that cooling extended the period of time during 
which electrocovvulsi~e shock can block memory 6,7. This result is similar to that 
reported in mammals 14, but is of particular interest in that we used a poikilotherm, 
simplifyiag interpretation of the results. 

During the course of these experiments, we introduced a regression analysis for 
the evaluation of memory on day 4. The regression of the total day 1 score on the 
day 4 score, derived from data for 129 control fish, is used to predict day 4 scores for 
experimental fish. The predicted score (P) of a fish is subtracted from the score the 
fish achieves (A) on day 4, and the result is called the retention score (A-P); a retention 
score of zero signifies normal memory. This technique compensates for uncontrolled 
differences in levels of responding between fish. Conclusions reached by evaluating 
retention scores or raw day 4 scores have been identical, but the retention scores 
have been more consistent. 

We have recently found 2 that by increasing the amount of puromycin injected 
we can obliterate memory of the avoidance response on day 4 (the score for the 10 
trials on day 4 is not significantly different from the score in the first 10 trials on day 1). 
Injection of 170 pg of puromycin immediately after trial 20 on day 1 produces a 
complete memory deficit on day 4. If we wait 1 h after trial 20 before injecting, the 
drug has no detectable effect on memory (Table [). The dramatic change in sus- 
ceptibility of memory on day 4 to puromycin injected during the hour following the 
trials on day 1 is indicated by the graph of retention scores in Fig. 2A. These results 

TABLE i 

EFFECT OF PUROMYCIN INJECTED AFTER TRAINING ON MEMORY 

No. Trials day 1 Treatment Trials day 4 

1-10 11-20 21-30 21-30 Retention 
A P score 

( A - l )  

72 
36 

35 

2.3 3.4 Uninjected 5.3 5.3 0 
2.5 3.8 Puromycin dihydrochloride 2.7 5.4 --2.7 

170 pg, immediate 
2.5 4.6 Puromycin dihydrochloride 5.5 5.6 .--0.1 

!70 pg, 60 _re_in delay 
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Fig. 2. (A) Effect on the retention score of the time of injection of 170 ~g of puromycin following 
trial 20. (B) Effect on the retention score of the dose of puromycin injected immediately after trial 20. 

indicate that memory on day 4 depends on a fixation process occurring after the trials 
on day 1 which is disrupted by puromycin. The effect of different amounts  of puro- 
mycin injected immediately after trial 20 is shown in Fig. 2B. Injection of  50/~g or less 
has no significant effect, while 90/~g or more produces memory deficits. Memory is 
not affected by injection of physiological saline, nor is it affected by puromycin 
aminonucleoside or O-methyltyrosine (methoxyphenylalanine), two moieties which 
comprise the puromycin molecule (Table II). 

Puromycin can be injected into fish rapidly and without anesthesia. There is no 
transient drowsiness or other evidence of  neurological disorder. We have found that  
fish ~ven puromycin shortly before the 20 trials on day 1 show the usual increase in 

TABLE II 

EFFECT OF PUROMYCIN MOIETIES ON MEMORY 

No. Trials day I Treatment Trials day 4 

• 1-10 11-20 21-30 21-30 Retention 
A P score 

(A-~)  

23 2.0 3.2 Puromycin aminonucleoside 5.1 5.0 ÷ 0.1 
90/tg, immediate 

81 2.5 3.5 O-Methyltyrosine hydrochloride 5.2 5.4 ---0.2 
70/~g, immediate 
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TABLE HI 

EFFECT OF PUROMYCIN INJECTED BEFORE TRAINING ON MEMORY 
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No. Trials day 1 Trealment 

1-10 11-20 

Trials day 4 

21-30 21-30 Retention 
A P score 

(A-P) 

39 3 ~0 3.8 

35 2.4 3.3 

Puromycin dihydrochioride 3.3 5.5 --2.2 
170/tg, 1 min pretrial 
Puromycin dihydrochloride 4.2 5.2 --1.0 
! 70/tg, 20 min pretrial 

correct  responses f rom trials 1-10 to 11-20, while their  m e m o r y  on day 4 is deficient 

(Table I l l ) .  Thus  puromycin  does not  affect that  aspect o f  m e m o r y  which is manifes t -  

ed in the i m p r o v e m e n t  in per formance  on day 1 ; what  we define as short- term memory .  

We see then that  puromycin  produces deficits in memory  on day 4 by acting speci/ic- 

ally on the process by which long- term m e m o r y  is fixed. A s u m m a r y  of  these experi- 

ments  is seen in Fig. 3. 
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Fig. 3. Diagrammatic summary of our experiments on memory. (A) Fish are given 20 trials on day 1 
in blocks of 5 and 10 trials on day 4. The shaded areas represent each 10 trials for which means and 
standard errors are determined. A predicted score for trials 21-30 is subtracted from the achieved 
score. (B) Puromycin injected immediately following trial 20 reduces performance on day 4 to the 
naive level. Puromycin injected 1 h later, has no effect. (C) Puromycin injected immediately before 
trial 1 appears to have no effect on the increase in performance on day 1 (short-term memory), but 
nevertheless blocks memory fixation. When puromycin is injected 20 rain before trials, short-te .rm 
memory is unimpaired, and some fixation occurs, 
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A question before us is what is the relationship between the behavioral effect of 
puromycin and its role as an inhibitor of protein synthesis? We have performed 
experiments in which puromycin was inje:ted intracranially into groups of fish and 
then at various times later, leucine-aH was injected intraperitoneaily. Thirty minutes 
after the ieucine injection, the brains were removed and analysed for protein radio- 
activity. While we see a marked inhibition of leucine incorporation into brain protein 
for hours after the puromycin injection, we cannot as yet claim a simole correlation 
between the biochemical and behavioral effects of puromycin. These experiments must 
be tempered by such questions as whether puromycin acts at a specific locus, and 
whether a specific protein mediates the behavioral effect. We measure total acid- 
precipitable protein, and do not see the dynamic effect of the drug on the family of 
proteins turning over in the brain, each with a unique time constant. We have evidence 
that another in vivo inhibitor of brain protein synthesis, acetoxycycloheximide, also 
causes a memory deficit (Table IV). 0.1 /~g of the drug produces a partial memory 

TABLE IV 

EFFECT OF ACETOXYCYCLOHEXIMIDE* INJECTED AFTER TRAINING ON MEMORY 

No. Trials day 1 Treatment Trials day 4 

1-10 11-20 21-30 21-30 Retention 
A P score 

(A-P) 

30 1.7 2.7 Acetoxycycloheximide 3.2 5.1 n1.9 
0.1/~g, immediate 

36 0.89 2.2 Acetoxycycloheximide 4.8 4.7 +0.1 
0.1/~g, 6 h delay 

* Generously donated by Dr. T. J. McBride, Chas. Pfizer & Co., Maywood, N. J. (U.S.A.). 

deficit, but blocks incorporation of leucine-3H into protein more profoundly than 170 
pg of puromycin. This apparent difference between two potent inhibitors of protein 
synthesis may prove to be an important tool in the elucidation of the behavioral 
effect of puromycin. 

More significant is the fact that two structurally unrelated substances, both of 
which exert their antibiotic effect by selectively blocking protein synthesis, affect 
memory. Thus protein synthesis is further implicated as an obligatory step in memory 
formation. 

A few words about memory and time constants. In studies with mice, Flexner 
et al. report that recent, or short-term memory can be destroyed by bilateral temporal 
injections into the brain substance of puromycin 3-6 days after a learning experience, 
while older memory can be destroyed 6 weeks after learning by injections into bi- 
lateral frontal and ventricular sites as well9,10. Comparison of these studies with our 
work on goldfish are complicated by differences between the mouse and goldfish 
nervous system, the mode of injection, and the training tasks. In the mouse, short- 
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and long-term memory are distinguished by differences in the effective site of puro- 
mycin injection. Both short- add long-term memory are reportedly destroyed by 
puromycin. Short- and long-term memory in the goldfish are distinguished by puro- 
mycin susceptibility during formation. Short-term memory may be measured in 
days, but it cannot be transferred to long-term memory after an hour following 
training. Formed long-term memory does not appear to be puromy¢in-susceptible in 
our experiments. Long-term memory in goldfish, once formed, does not appear to 
turn over, but rather like genetic and immunological information, it is stored in what 
appears to be a metabolically inert form. 

SUMMARY 

Puromycin and acetoxycycloheximide, antibiotics known to block selectively 
protein synthesis, also block the formation of memory of shock avoidance in the 
goldfish. 
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