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It has been suggested that memory may be stored in the nervous system by the
synthesis of protein which alters the functional relationship between neurons. This
hypothesis has been tested by studying the effect of inhibitors of protein or RNA
synthesis on learning and memory. The rationale for this approach and some of its
limitations have been evaluated previously.! 2

Puromyecin, cycloheximide, and acetoxycycloheximide, all potent inhibitors of
cerebral protein synthesis, have been used in this work. Puromycin has been
shown to impair memory in mice® ¢ and goldfish.® However, we have recently
found that puromycin produces marked abnormalities of cerebral electrical ac-
tivity, whereas cycloheximide does not.® This profound disturbance of brain
physiology may be responsible for the effect of puromycin on memory. Therefore,
experiments with this inhibitor cannot be interpreted as providing reliable support
for the participation of protein synthesis in the memory storage process. Since
cycloheximide and acetoxyecycloheximide have no apparent effect on general cere-
bral function, we concluded that interpretable results could be obtained only with
these inhibitors.

It has been reported that acetoxycycloheximide-injected goldfish have impaired
memory of an avoidance response when tested three days after training.® This
work supports the hypothesis that protein synthesis is required for memory storage.
The studies which have thus far been reported of the effects of acetoxycycloheximide
and cycloheximide on memory in mice have produced results which are either
equivocal or negative. Flexner ef al.” found that administration of large doses of
acetoxycycloheximide produces a transient impairment of performance in mice
which were trained to avoid shock in a maze. However, the mice showed signs of
severe illness after this large dose of inhibitor was given. Since memory was clearly
normal soon after evidence of illness subsided, it is possible that the inhibitor im~
paired avoidance behavior by making the mice ill rather than by interfering with
the synthesis of protein required for memory storage. Certainly a permanent
effect on memory was not observed. Our studies® of the effects of cycloheximide
and acetoxycycloheximide in mice provided no evidence for the requirement of
protein synthesis for memory of an escape response in a maze.

In reviewing the studies of the effects of these inhibitors in mice, it was recognized
that because of convention, prolonged training was given in both our studies® and
those of Flexner et al.” despite the fact that mice learn the solution to a simple maze
in a small number of trials. In these studies, the mice were required to make 9 out
of 10 consecutive correct responses before training was terminated; they therefore
repeated the correct performance of the task many times after they had learned the
correct solution. It seemed that this repetition might obscure the effect of inhibi-
tion of protein synthesis on memory, particularly if some cerebral protein synthesis
escaped inhibition.
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The present experiments were designed to evaluate the effects of inhibition of
cerebral protein synthesis on memory in mice which received only brief training.
The data suggest that cerebral protein synthesis is not required for learning or
“short-term’” memory but may be necessary for ‘“long-term’’ memory storage.

M aterials and M ethods.—Adult male Swiss Albino mice (30-40 gm, Charles River Breeding Co.)
were injected intracerebrally in each ‘“‘temporal” site with 10 ul of 0.15 M NaCl containing 0-60
rg of acetoxycycloheximide, as described previously,* except that only ether anesthesia was used.
Injections were usually made 5 hr before training except as indicated in the text.

Cerebral protein synthesis was estimated at various times after administration of acetoxycyclo-
heximide by a modification of the method of Flexner et al.® Mice were injected subcutaneously
with 2 uc of valine-1-C'* (New England Nuclear Corp.) and sacrificed 40 min later. The whole
cerebrum was removed, homogenized in 5 ml of 0.1 N NaOH, and 3 vol of cold 129, trichloro-
acetic acid (TCA) were added to aliquots of the homogenate. The TCA precipitate was washed
twice with cold 109, TCA, drained, dissolved in 1 ml of 0.1 N NaOH, and counted in 10 ml of
Bray’s solution.?® Aliquots (0.5 ml) of the TCA supernatant were added to 10 ml of Bray’s solu-
tion and counted. It has been shown?® 1! that counts in the TCA-soluble fraction are proportional
to the specific activity of cerebral valine and the amount of valine incorporated into cerebral
protein was calculated in terms of this. The degree of inhibition produced by acetoxycyclohexi-
mide was estimated by comparison with the average incorporation in 10 uninjected mice. Results
from studies of the brains of 3-6 mice injected with acetoxycycloheximide were averaged for each
determination. There was very little variability in these results.

Mice were trained to escape shock by choosing the left limb of a T-maze as described previously.*
Either prolonged or brief training was given. Prolonged training was continued until the mouse
made 9 out of 10 consecutive correct responses. Brief training was continued until the mouse
made 3 out of 4 consecutive correct responses.

Memory was estimated for each mouse at one time after training by determining the number
of trials required to reach criterion at that time. Per cent savings is: [(I — C) — (R — C)/
I — ()] X 100 where I = total number of trials required to reach criterion on initial training;
R = total number of trials required to reach criterion on retraining; C = criterion (3 or 9).
Occasionally, mice trained to the criterion of 3 out of 4 consecutive correct responses reached cri-
terion in initial training in only 3 trials. If they reached criterion in 3 trials on retesting they were
considered to have 1009, savings. There was considerable variability in the savings of mice which
received brief training. Therefore, fairly large numbers of animals were used to ensure reliable
results. Statistical comparisons were made with ¢ tests and, in some cases, with Mann-Whitney
U tests, using significance levels of P < 0.05.

Results.—The mice tolerated the intracerebral injections extremely well. Both
saline-injected and acetoxycycloheximide-injected animals recovered rapidly from
ether anesthesia and were fairly alert within 1 hour after injection. Although diar-
rhea developed within 3—4 hours of injection of 120 ug of acetoxycycloheximide,
this was rarely observed with doses of 20 ug or less.

Acetoxycycloheximide was found to be a highly potent inhibitor of cerebral pro-
tein synthesis over a wide concentration range (Fig. 1), and for a substantial period
after injection (Fig. 2).

Mice injected with 20 or 120 ug of acetoxycycloheximide 5 hours before training
learned the T-maze in the same number of trials as mice injected with saline. When
trained to a criterion of 9 out of 10 consecutive correct responses (prolonged train-
ing), a total of approximately 16 trials were required to reach criterion. When
trained to a criterion of 3 out of 4 consecutive correct responses (brief training), an
average of only 6 trials was needed (acetoxycycloheximide: 6.0; NaCl: 6.2).

The effect of acetoxycycloheximide on memory at a number of times after brief
training is shown in Figure 2. Injection of 20 ug of acetoxycycloheximide 5 hours
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before brief training had no effect on re- ' )
tention 3 hours after training (Fig. 2). Six (ﬁ INHIBITION OF PROTEIN SYNTHESIS
hours after training retention was, how- )
ever, markedly impaired. This impair-
ment was sustained over the ensuing week
(Fig. 2). Furthermore, 20 acetoxycyclo-
heximide-injected mice tested 6 weeks after
training had an average of 27 per cent
savings, whereas 15 saline-injected mice
had 73 per cent savings at that time. L1
The effect of a number of other doses of o 120
acetoxycycloheximide on cerebral protein TOTAL MICROGRAMS ACETOXYCYCLOHEXIMIDE
synthesis and on memory after brief train-
ing s shown in Figure 1. Memory was Fio. 17 Telationsip o dose of intr-
markedly impaired only by doses which  tion of brain protein synthesis and reten-
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protein synthesis. in a total volume of 20 ul of 0.15 N NaCl.
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brief training was markedly impaired by jection. Mice were trained to a 3 out of 4
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effects on memory after more prolonged
training. In these experiments the largest tolerable dose, 120 ug, was administered.
The effect of administration of this dose 5 hours before prolonged training on mem-
ory at a number of times after training is shown in Figure 3. Slight impairment of
performance was observed 1 day after prolonged training but this is believed to be
due to illness which the mice manifested at this time. When illness had subsided,
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F1c. 2.—Effect of 20 ug of acetoxycycloheximide on cerebral pro-

tein synth%ls and retention. Inhibition of protein synthesis was
determined in 3-6 mice at the indicated times. Inhibition at the
time of training was 97%. Training was to a criterion of 3 out of 4
consecutive correct responses. Comparisons of retention in acetoxy-
cycloheximide- and saline-treated mice by the ¢ test: 3 hr, not
significant; 6 hr, P < 0.005; 12 hr, P < 0.05; 24 hr, P < 0001 7
days, P < 0.001.



160 PSYCHOLOGY: BARONDES AND COHEN Proc. N. A. S.

100 SALINE 100
(10)  (9) v
o ———_ __ (10) ___._.—93) l—SAUNE an
N . ° o v L -
75 [12) \b- ___________ (10) (15) 75 & TT——
o - & ACETOXYCYCLOHEXIMIDE o A
<>( 50 E S50+ ‘\ _________________________ (13)
b7y P b-="""4_ACETOXYCYCLOHEXIMIDE ©
[()
e 9/10 CRITERION 3 °
25|~ 25 ¥ “CRHE
3/4 CRITERION]
[ I | [ | 1
0 o]
3 24 96 168 3 24 96 6
HOURS AFTER TRAINING 168

HOURS AFTER TRAINING

F1e. 3.—Retention after training to a 9 out of 10 or 3 out of 4 criterion. Mice were trained to
the indicated criterion 5 hr after injection of either saline alone or with a total of 120 ug of acetoxy-
cycloheximide and tested at the indicated times after training. The number of mice in each
group is indicated in parentheses. Acetoxycycloheximide-treated mice did not differ signifi-
cantly (¢ test) from saline-treated mice at any time after training when the criterion was 9 out of
10. For 3 out of 4 criterion: 3 hr, not significant; 24 hr, P < 0.01; 4 days, P < 0.1, > 0.05;
7 days, P < 0.02.

4 and 7 days after training, memory was essentially normal. In contrast, sustained
impairment after brief training was again observed. It should also be noted that
memory 3 hours after brief training was again found to be retained despite ad-
ministration of this very large dose of acetoxycycloheximide. Therefore, memory
3 hours after brief training as well as at all times after prolonged training appears
to be refractory to the largest tolerable dose of the drug.

Acetoxycycloheximide produces systemic illness, particularly in large doses. To
evaluate the relationship of systemic illness to the amnesic effect of the drug, the
effect of subcutaneously administered acetoxycycloheximide on memory after
brief training was studied. After administration by this route, one would expect
at least as much systemic effect but less cerebral effect than after intracerebral
administration of the same dose. Subcutaneous administration of 20 ug of acetoxy-
cycloheximide inhibited 79 per cent of cerebral protein synthesis, measured 5 hours
after injection. Mice trained at this time to a criterion of 3 out of 4 consecutive
correct responses learned normally. When tested 24 hours later they had 82 per
cent savings, whereas mice injected subcutaneously with saline had 76 per cent
savings (17 mice in each group). Therefore, the systemic toxicity which acetoxy-
cycloheximide produced is not responsible for the amnesic effect which we observed
after intracerebral administration of this dose.

Having established that the cerebral action of acetoxyecycloheximide is responsible
for its amnesic effect, we attempted to evaluate the possibility that this may be due
to a general cerebral abnormality produced by inhibition of cerebral protein syn-
thesis for 5 hours before training, rather than to interference with the synthesis
of protein specifically required for memory storage. To test this, we trained mice
at a time when cerebral protein synthesis had been inhibited for a long time but
was returning to normal. The brains of these mice would be expected to manifest
many of the general abnormalities which might be produced by sustained inhibition
of cerebral protein synthesis; but inhibition would no longer be extensive enough
to prevent the synthesis of sufficient protein to store memory, if indeed this occurs.
We trained mice 18 hours after intracerebral injection of 20 ug of acetoxycyclo-



VoL. 58, 1967 PSYCHOLOGY: BARONDES AND COHEN 161

heximide. As shown in Figure 2, this dose produced extensive inhibition for 18
hours, yet, at this time, inhibition has been reduced to a level which was not cor-
related (Fig. 1) with impairment of memory. We found that mice treated in this
manner learned normally and had normal memory 24 hours later (Table 1). There-
fore, the impairment of memory by acetoxycycloheximide appears to be correlated
with very extensive inhibition of cerebral protein synthesis at the time of training
and, perhaps, in the ensuing few hours.

Since the amnesic effect of acetoxycycloheximide does not become manifest
until some time between 3 and 6 hours after training, we determined whether in-
jection of the drug immediately after training had any effect. Injection of 20 pg
immediately after training had only a slight (not statistically significant) effect
when the mice were tested 24 hours later (Table 1). Injection of 120 ug imme-
diately after training had no effect (Table 1) when the mice were tested 4 days later
to allow for recovery from the toxic effects of this large dose of drug. Therefore,
administration of the drug prior to training is necessary for demonstration of its
amnesic effect. This is in contrast with the finding that acetoxyecycloheximide im-
pairs memory in goldfish® if given immediately after training. It should be noted
that maximal inhibition does not develop until some time between 3 and 5 hours
after injection of the drug (Fig. 2). This suggests that if protein synthesis is in-
deed required for memory storage, such protein has probably been synthesized be-
fore the drug has diffused sufficiently to interfere. Establishment of maximal in-
hibition at the time of training or shortly thereafter is apparently of great im-
portance in demonstrating the effect of acetoxycycloheximide on memory in the
situation which we studied.

It has been shown that if animals are trained while under the influence of a de-
pressant drug, retention is most apparent when they are tested while under the
influence of this drug and may be somewhat impaired when they are tested in its
absence.!? It seemed possible that our mice which were trained while acetoxycyclo-
heximide was present in the brain in high concentration and tested after this drug
was eliminated might be performing poorly because of this process of “‘state-de-
pendent learning.” To evaluate this, 17 mice were trained 5 hours after intra-
cerebral injection of 20 ug of acetoxycycloheximide. Four days later they were

TABLE 1
EFFECT OF INTRACEREBRAL INJECTION OF ACETOXYCYCLOHEXIMIDE AT TIMES
BEFORE AND AFTER TRAINING ON RETENTION

Injected

Time injected (ng) Time tested Per cent savings
18 hr before 0 24 hr 79 (10)
20 71 (14)
5 hr before 0 24 hr 79 (23)
20 31 (26)
0 24 hr 82 (13)
Immediately after 20 24 hr 61 (22)
120 4 days 74 (12)
4 days after 0 24 hr 78 (11)
20 73 (23)

Mice were injected at the indicated times relative to training, and tested at the indicated times
after training to a criterion of 3 out of 4 correct responses. The number of mice in each group is
indicated in parentheses. Statistical comparisons of the scqtoxi\lrcyclohex.m.nde-lmected mice with
appropriate saline controls showed significant differences only in the group injected 5 hr before train-
ing.
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reinjected intracerebrally with the same dose and tested for retention 5 hours there-
after. These mice had an average of 23 per cent savings. Therefore, the impair-
ment of performance observed in mice trained while under the influence of acetoxy-
cycloheximide is not due to “state-dependent learning” but rather to some effect
of the drug on the memory storage process.

We have previously studied the effects of actinomycin D, a potent inhibitor of
DNA-dependent RNA synthesis on learning and memory,'* !4 to evaluate the pos-
sible role of RNA synthesis, in memory storage. These studies were limited by the
fact that doses of actinomycin which inhibit 95 per cent of cerebral RNA synthesis
produce profound and irreversible toxicity within 10 hours of injection, and death
within 24 hours. Therefore, we could study the effect of this dose of the drug with
some confidence only within 4 hours of training and could study later effects only
after administration of a smaller dose. Actinomycin D produced no effect on
learning or memory under the conditions in which it was studied. Because the
acetoxycycloheximide effect on memory was only found after brief training, it
seemed possible that an effect of actinomycin D could be found after brief training.
Although we used brief training in our studies of the effects of actinomycin on pas-
sive-avoidance training,'® prolonged training was used in our studies of the effects
of this drug on learning and memory of a maze.!* To further evaluate the effects
of actinomycin D, 21 mice were injected in the temporal region with a total dose
of 20 ug. This inhibits approximately 75 per cent of whole brain RNA synthesis!?
but the degree of inhibition near the injection site may be substantially higher.
Such mice are extremely weak and sluggish 12-24 hours after injection and die
within 48-72 hours. They were trained to a criterion of 3 out of 4 correct responses,
5 hours after injection. When tested 24 hours later they had an average of 70 per
cent savings despite obvious signs of illness. Therefore, we again could not demon-
strate a requirement for RNA synthesis for memory storage. However, a definitive
experiment with more extensive inhibition was again not possible because of the
profound toxicity of the drug.

Discussion.—The present experiments support our previous finding® 8 that
learning and “short-term’’ memory may occur normally despite almost total in-
hibition of cerebral protein synthesis. Since the acetoxycycloheximide-injected
mice learn in the same number of trials and remember as well as saline-injected
mice 3 hours after training, the sustained abnormality first observed at 6 hours is
apparently due to impairment of a discrete ‘“long-term’’ memory storage process.

The effect of acetoxycycloheximide on ‘“long-term’”” memory can only be demon-
strated under certain conditions. It is not readily apparent with doses of acetoxy-
cycloheximide which inhibit less than 95 per cent of cerebral protein synthesis.
It is only observed after brief training and is almost completely obscured after
prolonged training. It is probably not due to systemic illness produced by the drug,
nor does it seem to be due to a “state-dependent” learning process. Rather, the
data suggest that it may be due to interference with the synthesis of protein which
is specificially needed to produce prolonged facilitation of the neuronal relation-
ships which mediate “long-term’” memory storage. However, the possibility that
this drug is impairing cerebral function in a less specific manner has certainly not
been excluded.

The most prominent findings of this study are the delayed effect of acetoxyey-
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cloheximide on memory and the requirement for both very extensive inhibition of
protein synthesis and brief training to demonstrate this effect. Both the long
delay and the relative insensitivity which were found might appear puzzling if
“long-term” memory is truly dependent on the synthesis of protein. Although
these findings may provoke some reservations in drawing conclusions from these
experiments, analysis of the phenomena of ‘“consolidation” and ‘“redundancy”
suggests that the data may well be consistent with the requirement for newly syn-
thesized protein for ‘“long-term’” memory storage.

1. The phenomenon of “consolidation”: It is generally believed that memory
storage may be mediated by two processes, one for ‘‘short-term” memory and
another for “long-term’” memory. Evidence for this comes largely from experi-
ments on the effect of electroconvulsive shock on memory.’* 1f seizures are
produced shortly after training, amnesia is subsequently found, whereas if they are
produced long after training, memory is not affected. At the time when memory is
no longer affected by electroconvulsive shock, it is said to have been ““consolidated.”
This time varies with the task studied and with the method of production of the
seizure. It has been found to vary from seconds to a number of hours. We have
observed that administration of electroconvulsive shock 15 minutes after training
has no effect on memory of the task which we studied. This suggests that ‘“con-
solidation’ has occurred during this interval. We were, therefore, initially puzzled
when we found that although retention was normal in acetoxyeyecloheximide-
treated mice 3 hours after training, it became markedly impaired subsequently.
If “consolidation” had already occurred 15 minutes after training, why was no
abnormality of memory observed at 3 hours? This question was based on the
assumption that when the ‘“long-term’ process has been established by the process
called “consolidation,” the ‘“short-term’ process disappears simultaneously. In-
deed, in the descriptive jargon used in such discussions, it is generally stated that
the “short-term” process is converted to the ‘“long-term” process. On more care-
ful analysis of the phenomena which are observed, it was recognized that this formu-
lation could well be incorrect. Resistance to electroconvulsive shock may indeed
indicate that the ‘“long-term’’ process, which is not disruptable by this treatment,
has been established. It need not, however, imply that the ‘“‘short-term’ process
has subsided. Rather, it is quite possible that the “short-term” and ‘‘long-term”
processes may exist simultaneously for some time until the former disappears. This
interpretation is suggested by our findings. In the situation which we studied, the
“long-term” process has apparently been established within 15 minutes of training.
Therefore, electroconvulsive shock administered at this time does not have an
amnesic effect. Yet the “short-term’ process apparently persists for more than
3 and less than 6 hours. In mice treated with acetoxycycloheximide the impair-
ment of the “long-term’ process becomes apparent only at 6 hours after training.
Amnesia is said to have developed. In reality, “long-term” amnesia may have
been present already for a considerable period of time but may have been masked
by the persistence of the “short-term’ process. Such an early onset of the “long-
term’’ process, suggested by the early resistance of electroconvulsive shock, is con-
sistent with our finding that inhibition of cerebral protein synthesis must be estab-
lished at the time of training and that administration of acetoxycycloheximide im-
mediately after training has little or no effect.
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2. The phenomenon of redundancy: It is well known that functionally identical
information may be stored at multiple sites in the nervous system so that the system
can function extremely well despite extensive ablation. This property of the ner-
vous system is referred to as ‘“‘redundancy.” Storage of information about maze
learning in the mouse may be particularly redundant, since one of his major modus
operands is finding his way through tunnels and alleys. Therefore, if one inter-
prets the findings with acetoxycycloheximide to mean that protein synthesis is
required for “long-term” memory storage, one could explain the relative inefficacy
of doses which inhibit less than 90-95 per cent of cerebral protein synthesis by
postulating that the residual protein synthesis is sufficient to store the information.
Likewise, a small amount of intact protein-synthesizing capacity might be sufficient
to mediate memory storage if prolonged repetition rather than brief training is
given. Only slight sparing of a critical process might permit memory of the solu-
tion of a maze to which the nervous system of the mouse seems particularly well
adapted.

The simplicity of performing maze-learning experiments in the mouse has been
a major reason for studying this task. But the adaptation of this species to learn
such a task makes demonstration of the amnesic effects of drugs difficult and sug-
gests that considerable additional information will be obtained when different
training procedures are used.

Summary.—Mice were trained to escape shock in a T-maze 5 hours after intra-
cerebral injection of acetoxycycloheximide in doses which produce more than 95
per cent inhibition of cerebral protein synthesis. If brief training was given,
learning and memory 3 hours after learning were normal; but 6 hours after train-
ing a marked impairment of memory was observed which persisted thereafter.

Acetoxycycloheximide was obtained through the courtesy of Dr. T. J. M¢Bride, John L. Smith
Memorial for Cancer Research, Charles Pfizer and Co., Maywood, N.J. (supported by NIH
contract PH-43-64-50).

* This work was supported by grant MH-12773 and by Career Development Award K3MH-
18232 from the U.S. Public Health Service. Dr. Cohen is an Interdisciplinary Fellow supported
by grant 5 TI-MH-6418 from the U.S. Public Health Service.
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