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ABSTRACT 

This study tested the hypothesis that the level of arousal is an 

important determinant of memory formation. The experiments measured the 

amnesia caused in mice by ini1ibition of cerebral protein synthesis using 

anisomycin and cycloheximide. The level of arousal was rnadified either by 

varying the di ffi cul ty of the training task or by the use of excitant and 

depressant drugs. The pole-jump active avoidance task is intermediate in 

difficulty between the passive avoidance task and the T-maze. The duration 

of i~hibition of cerebral protein synthesis required after pole-jump ttaining 

to obtain amnesia is intermed1ate to that found for these other two tests. 

Post-training administration of stimulants--d-amphetamine, strychnine, 

picrotox1n, caffeine, or nicotine--counteracts the amnestic effects of 

protein synthesis inhibition, so that amnesia does riot occur unless the 

duration of inhibition is lengthened. Stimulants show a time dependency, 

since they are less effective when administered at longer intervals after 

training. Depressants enhance the amnesia_resulting from protein synthesis 

inhibition. Biochemical experiments showed that depressants alone had only 

slight effects on the rate of protein synthesis. In combination with anisomycin 

and cycloheximide, the depressants did not markedly prolong the duration or 

increase the degree of inhibition. Stimulants, either by themselves or in 

combination with the i nhi bi tors, had 1 ittle or no effect on. protein synthesis. 

Other alternative hypotheses are considered, but the results are all consistent 

with the hypothesis that the level of arousal following acquisition plays an 

important role in detennining the length of time ovet which the biosynthetic 

phase of memory fonnation will last. 
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Inhibition of protein synthesis during and after training has been found 

in. many cases to lead to a permanent amnesia (Barondes and Cohen, 1968; Cohen 

and Barondes, 1968; Roberts and Flexner, 1969; Quartermain et al., 1970; 

Geller et al~, 1970; Randt et ~' 1971; Squire 

and Barondes, 1972a ,b; Andry and Luttges, 1972; Flood et ~. 1972, 1973, 1974, 

l975a,b; Agranoff, 1972; Ungerer, 1973; and Mayor, 1973). Control over the para-

meters of acquisition is needed since it was shown that failure to do so can 

reduce or obliterate the amnesic effect (Flood et ~. 1972, 1974, Quartermain 

and Botwinick, 1975). Recently it was reported that as the duration of inhibi

tion of brain protein synthesis increased after passive avoidance training, the 

percentage of subjects classed as amnesic increased (Flood et ~. 1973, 1974). 

This was also reported for T-maze footshock avoidance training (Flood et ll:_, 

l975a), but the authors found that the parameters controlling acquisition of 

T-maze avoidance conditioning were too numerous and the duration of inhibition 

required for strong amnesic affects too long (14 h) for this task to be used 

regularly in studies of memory formation. 

In attempting to account for the differences in time of inhibition required 

to produce permanent amnesia in the passive avoidance task and the T-maze, 

Flood and Jarvik (1976) have hypothesized that the greater the number of 

training trials and the resulting stress, the longer the duration of protein 

synthesis inhibition required to obtain amnesia. In the present series of 

experiments, we have used the jump pole active avoidance training task which 

is intermediate in difficulty between the passive avoidance task and the 

T-maze task. It was hypothesized that the duratiori of inhibition required 

to obtain amnesia for the jump pole task would be intermediate between that 

required for the passive avoidance task and the T-maze avoidance training . 

. To test further the hypothesis that the number of training trials and 

the difficulty of the trai'hing task are related to the level and duration 
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of arousal. and stress that accompany and follow training, we have modified 

arousal by means of pharmacological agents. Decreased arousal, which is 

associated with training on easier_ tasks, might be mimicked by administering 

depressants after training on more difficult tasks. For a given duration of 

post-tr_aining inhibition of protein synthesis, amnesia should be greater with 

either an easier task or a pharmacologically induced decrease in post-training 

arousal. Sodium phenobarbital, chloral hydrate and meprobamate were used to 

test the hypothesis that decreasing post-training arousal will decrease the 

duration of inhibition of protein synthesis needed to cause amnesia. 

Further, it was hypothesized. that increased arousal, which is associated 

with training on more difficult tasks, might be mimicked by administering a

stimulant after training on a relatively easy task such as the one-trial, step

through passive avoidance task. For a given duration of post-training 

inhibition, amnesia should be less with either a more difficult task or 

a pharmacologically induced increase in post-training arousal. 

Evidence that stimulants administered during or shortly after training 

can facilitate memory has been provided by a number of investigations. Picro

toxin enhances retention for maze and shock avoidance tasks (McGaugh and 

Petri novich, 1965; Petri novi ch, 1967; Breen and McGaugh, 1961). Strychnine 

in low doses has been reported to facilitate habituation (Andry and Luttges, 

1971) and food motivated visual discrimination (McGaugh and Krivanek, 1970) and 

to improve passive avoidance (Duncan and Hunt, 1972; Gordon and Spear, 1973). _ 

Amphetamine administered after training facilitates a food-rewarded visual 

discrimination (Krivanek and McGaugh, 1969), active avoidance (Del Rio, 1971; 

Evangelista et al., 1970, 1971) andY-maze water escape task (Castellano, 1974). 

Post training injections of nicotine have been reported to facilitate retention 

of maze learning (Garg and Holland, 1969) and of active avoidance training 

{Oliverio, 1968; Erickson, 1971). Caffeine has not been studied much but Pare 
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(1961) reported facilitation of retention. A recent and noteable exception 

to these studies by Stripling and Alpern (1974) and Crabbe and Alpern (1973) 

reported disruptive affects of caffeine and nicotine. A possible reason for 

this discrepancy may be that appetitive conditioning was u£ed and the subjects 

were given several daily injections between training and testing (injections 

started 24 hrs after training and term1nated 48 hrs prior to testing). For 

more extensive reviews of the stimulant and depressant literature, see McGaugh 

(1973), Dawson and McGaugh (1973) and Jarvik (1964). Although positive effects 

have not been reported uniformly, the majority·of reports support the hypothesis 

that stimulants im~rove memory consolidation and depressants impair it. 
which 

Some evidence has already been obtained/shows that amphetamine administered 

after training can block the amnesia induced by inhibition of protein synthesis 

caused by cyclohex·.mide or acetoxycycloheximide (Serota et ~, 1972; Barondes 

and Cohen, 1968). The authors suggested that the mechanism responsible for 

preventing amnesia was arousal. We report here the effects of five stimulants-

~-amphetamine, strychnine, picrotoxin, nicotine and caffeine--, and the effects 

of three depressants--meprobamate, chloral hydrate, and phenobarbital--on amnesia 

induced by an inhibitor of brain protein synthesis, anisomycin. Anisomycin is 

far less toxic than cycloheximide and acetoxycycloheximide and has the important 

advantage in that it may be injected several times without causing death or 

severe illness. An injection of anisomycin causes inhibition at 80% or more for 

2 hr, so by employing a schedule of injections spaced 2 hours apart, it has been 

possible to control the duration of inhibition of protein synthesis (Flood et ~, 

1973) and thus show that amnesia increased as the duration of inhibition increased 

(Flood et ~, 1973, 1974, 1975a,b). 
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PROCEDURES 

GENERAL DESCRIPTION - BEHAVIORAL 

Animals . 
' The ~ubjects were Swiss Webster (CD-1) male mice, 60-80 days of age ~t 

training, obtained from Charles Rivers Breeding Laboratories at 6 weeks of age. 

They were housed singly 24 hrs prior to training and remai~ed so housed until 

tested for retention 1 week after training. 

·Apparatus. and Training .Procedures 

Pole jump task: The.training apparatus for the pole jump task consisted 

of an alley 30 em long, 11.5 em wide and 18 em high divided into 2 compartments 

by a guillotine door. A brass grid floor was used to deliv.er footshock (0.35 rna) 

in both compartments. The smaller compartment (9 em long) was a start box. The 

other compartment (21 em long) contained a vertical plastic pole in the center. 

The pole (2.5 em diameter) was covered with l/2 inch wire mesh which started 

just above the shock grtd. The pole could be removed easily with the mouse 

on tt. The apparatus was built of black plastic except for the pole, which 

was white. A loud door bell buzzer was used as the CS. The training room 

was dark except for a bright Tensor lamp illuminating the apparatus. 

The training procedure consisted of placing the mouse in the small 

compartment and after approximately 15 sec lifting the guillotine door to 

give access to the pole compartment. Simultaneously with removing the 

guillotine door, the buzzer began to sound, and 5 sec later footshock was 

administered if the mouse had not climbed onto the pole. The buzzer and 

shock were manually terminated as soon as the mouse climbed onto the pole. 

An avoidance response was ~cored if the mouse climbed onto the pole within the 

5 sec safe period. 

· After each tria 1 the mouse was returned to its home cage from the po 1 e 
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compartment by carefully removing the pole (with th~ mouse on it) and placing 

th~ pole in the home cage. Most mice quickly c1i~bed off the pole, but 

occasionally a light touch to the hind quarters was used to encourage the 

mouse to dismount. Subsequent trials (training or testing) were run in the 

same manner .. The intertrial interval was about 45 sec. Subjects received 

only 2 training trials. : 

The retention test followed 1 week after training, and consisted of 

retraining a mouse until it made one avoidance res.ponse. The number of 

trials prior to making the first avoidance response ~as taken as a measure 

of retention. In this experim~nt, amnesia is defined as taking 3 or more 

test trials to make an avoidance response. This criterion was chosen because 

ii classified 79% of naive mice as amnesic, and 92% of previously trained 

NaCl-injected control mice as non-amnesic. (Fig. 1, panels A and B). Training 

and testing were always done between 8 a.m .. and 2 p.m. 

Ten of the saline-injected subjects were given 10 test trials each in 

order to test whether a s~bject continues to avoid after making its first 

avoidance response. The mean percent avoidance responses after each mouse 

made its first avoidance response was 97.5% across the 10 subjects. Only 2 

mice received additional shock--one a shock on the 6th trial and the other on 

the 7th trial. Thus retraining the mice to a 9 out of 10 criterion on the 

retention test would have provided little additional information. Also, more 

retention trials can confuse the distinction between retention of a habit vs 

mainte~ance of a habit. 

Step-through passive avoidance task: The procedure for training and 

testing mice for the one-trial step-through passive avoidance task has been 

described in detail previously (Flood et ~' 1972, 1974). In brief, the 

one-trial step-through passive avoidance apparatus consists of a black start 

compartment joined to a white shock compartment by a partition containing a 

mousehole. · Subjects were permitted to enter the white compartment through 
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, except as noted 

the mouse~ole 1vhere they immediately received footshock (0.30 mN) until they 

returned to the black compartment. On the retention test given one week 

after training, the mice were placed into the black compartment and the time 

required for the subjects to enter the white compartment was taken as a 

measure of retention. A latency-to-enter the white shock compartment on 
.. 

the test day of 20 sec or less was defined as amnesia. Most trained non-

amnesic animals did not enter the white compartment within three miDutes. 

Throughout, training and testing were done between the hours of 7:30 AM and 

2 PM. 

Drugs 

Anisomycin (Ani) was a gift from Charles Pfizer ~o., Groton, Conn., 

through the generosity of Dr. N. Belcher. In order to dissolve Ani, an 

approximately equal molar amount of dilute HCl was added, and the pH was 

finally adjusted to 6-7 .. The final solution was 2.0 mg/ml in 0.9% saline; 

0.25 ml was injected subcutaneously in the back. Cycloheximide (Cyclo), the 

depressants (sodium phenobarbital, chloral hydrate and meprobamate) and the 

stimulants (9_-amphetamine hydrochloride, strychnine sulphate, pi.crotoxin, 

nicotine hydrochloride, and caffeine citrate) were obtained from commercial 

suppliers. Meprobamate was obtained as a suspension (Equinil) from Wyeth Labs. 

The concentrations of the depressants and stimulants were such that the desired 

dose could be obtained by the intraperitoneal injection of 0.25 ml/25 g mouse. 

Jump Pole Task 

Experiment 1 

BEHAVIORAL .EXPERmENTS 

Design: The purpose of this experiment was to study the effect of 

duration of inhibition of protein synthesis on retention for jump pole 
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training. Two training trials were used because pilot work showed that 
{~ 

saline-injected controls performed equally well on the retention test whether 

given 2, 4 or 6 training trials. 'Four drug groups were used. These were 

Ani (single pretriining injection 15 min prior to training), and Ani 2 + Cyclo 

(a single pretraining injection of Ani followed 1-3/4 hrs after training by 

another injection of Ani and then an ir,jection of Cyclo 3-3/4 hrs after 

training). Another drug group, Ani 3 + Cyclo, received one injection prior 

to training, 2 Ani injections after training at 1-3/4 and at 3-3/4 hr, and 

Cyclo at 5-3/4 hrs c.fter training. The last dr-ug group received 2.5 mg of 

Ani 15 minutes prior to training. Three saline control groups were run; they 

received saline injections at the time the comparable drug groups received 

their injections. An eighth group was used to establish the performance of 

naive subjects. T~is naive baseline group was isolated at the time when the 

other groups were being trained and received no injections. The naive group 

was first trained when the other groups were being tested for retention. Ani 

was administered subcutaneously (s.c.) at a dose of 0.5 mg/mouse/injection 

(0.25 ml); Cyclo was administered s.c. at a dose of 2.5 mg/mouse (0.25 ml). 

The last drug group was given 2.5 mg of Ani (10 mg/ml) in a single injection 

(5 Ani). TheN's are given in Fig. 1. 

Results: The saline control animals combined (Fig. lB) and the group 

given a single 0.5 mg Ani injection (Fig. lC) showed good retention.· Only 8% 

and 9% of these groups, respectively, were classed as amnesic. Both groups 

differ clearly from the naive baseline group (Fig. lA) in which 79% of the 

subjects were scored as amnesic. Because some of the naive mice learned the v 

task in 1 or 2 training trials, the percent amnesia was not 100%. The Ani 2 + 

Cyclo group (Fig. lD~, which had 6 hrs of protein synthesis inhibition at 80% 

or greater, yielded 38% amnesic animals; this was significantly different from 

both the saline controls and the groups that received only a single pretrain

ing injection of Ani (P < .001, ~2 test. Sixty-six percent of the Ani 3 + Cyclo 
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group (Fig. lE), which had 8 hrs of inhibition of protein synthesis, were amnesic; 

this percentage of amnesic mice differed significantly from that of the Ani 2 

+ Cyclo group (P < .• 025) but did not differ significantl1y from the naive baseline 

group (P < .25). The 5 Ani group (Fig. lF) yielded 81% amnesia, which differed 

significantly from the Ani (P < .001) and Ani 2 + Cyclo groups (P < .001) but 

did not differ significantly from Ani 3 + Cyclo (P < .5, x.2 test). Thus, increased 

durations of inhibition of protein synthesis (6 or 8 hr) led to increased amnesia, 

and so did a large initial dose of Ani. 

Experiment 2 

Design: The purpose of this experiment was to determine if depressants 

(sodium phenobarbital, chloral hydrate, meprobamate) administered after train

ing on the pole jump task would influence the amnesia caused by protein 

synthesis inhibition. The experiment tested the hypothesis that a decrease 

in post-training arousal will reduce the duration of inhibition of protein 

synthesis required to produce a high degree of amnesia. 

The mice, training, and testing on the pole jump task were as in Experiment 

1. The doses of depressants were these: sodium phenobarbital (Pheno)~ 125 

mg/kg; chloral hydrate (CH), 300 mg/kg; meprobamate (M), 150 mg/kg as Equanil 

suspension. For the control group that received saline ins.tead of a depressant 

drug, Ani was injected 15min prior to training, saline was injected IP 30 min 

after training, Ani was again injected 1-3/4 hrs after training and Cyclo 

3-3/4 hrs after training; this group is therefore designated as Ani(Sal) 

Ani+Cyclo. For the experimental groups-- Ani{Pheno)Ani+Cyclo, Ani(CH)Ani+ 

Cyclo, and Ani{M)Ani+Cyclo -- the Ani and Cyclo injections were given sub

cutaneously at the s!me times as for Ani(Sal)Ani+Cyclo, and ip injections of 

depressants were given 30 min after training. The doses of Ani (0.5 mg/mouse) 

and Cyclo (2.5 mg/mouse) were as in Experiment 1. Amnes.ia was again defined 

as _requiring 3 or more trials to make an avoidance response. N per group was 20. 
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Results: Ani 2+Cyc1o of Experiment 1 and Ani(Sal)Ani+Cyclo of Experiment 

2 caused amnesia in about the same percentage of animals (38% and. 30% . . 

respectively). All three of the groups given depressants yielded a significantly 

higher p~rcent amnesia than the Ani(Sal)Ani+Cyclo control group (Fig. 2). 

Ani(Pheno)Ani+Cyclo yielded 65% amnesia (P < .05); Ani(CH)Ani+Cyclo, 80% 

amnesia (P < .005), and Ani(t1)Ani+Cyclo, 75% amnesia {P < .005, x_2 Test). 

The depressant groups showed ab.out the same level of amnesia as Ani 3+Cyclo 

or the naive group of Exp. l· The results are consistent with the hypothesis 

that lower arousal after training impairs memory formation .. 

Step-Through Passive Avoidance Task 

Experiment 3 

In Experiment 2, depressants were shown to increase the amnesia caused 

by a given duration of inhibition of protein synthesis in an active avoidance 

task (Pole Jump). Depressants were used on the active avoidance task because 

this type of training has always been more resistant to amnesic treatments 

than passive avoidance. In this experiment, the effects of two of the depressants 

were studied in passive avoidance. Chloral hydrate and sodium phenobarbital 

were administered 30 min after training at the doses given in Experiment 2. 

The footshock intensity was 0.32 rna. The injections of Ani or saline were administered 
and 

15 min prior to training,jl-3/4 hrs after training; when a third injection was 

used, it was given 3-3/4 hrs after training. 

Results: Under these conditions of training, three successive injections 

of Ani caused greater amnesia than two successive injections (74% vs 10% amnesia). 

The groups given the depressants and two injections of Ani differed significantly 

from those receiving only the two injections of Ani and a control injection of 

saline 30 min after training {Fig. 3). Chloral hydrate and phenobarbital 

increased the amnesia by 60. to 70 percent and the resulting amnesia was equivalent 

to that obtained with three successive injections of Ani. Thus the effects of . i ' . . 
I 

r -
. : 
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depressants on retention reported in Experiment 2 were not unique to active 

avoidance. 

Design: Experiments 4 through 7 use the step-through passive-avoidance task 

to determine if the stimulants .9_-amphetamine (2 mg/kg), strychnine (0.1 mg/kg) 

or picrotoxin (1.0 mg/kg) would block amnesia for a one-trial step-through 

passive avoidance task induced by injection of anisomycin (0.5 mg/mouse/injection). 

The hypothesis tested is that increased arousal lengthens the period of time over 

which the capacity for memory related protein synthesis in the CNS can occur; 

that is, arousal extends the lerigth of time that inhibition of protein synthesis 

is required in order to obtain a high degree of amnesia. Therefore, stimulants 

will reduce amnesia. 

Experiment 4 

The following injection schedule was used for Experiment 4: Ani or Sal, 

15min prior to training; Sal or one of the stimulants, 30 min after training; 

and Ani or Sal 1-3/4 hrs after training. Ani was administered subcutaneously,· 
- . ' 

while the stimulants were administered intraperitonea lly. To control for the 

stress of the injecti~ns, Sal was administered as appropriate in place of Ani 

or any of the stimulants. To control for non-specific effects of the injections 

or material injected, 8 mice in each of the 5 conditions received pseudo-training 

in which they were injected and allowed to step into the white box, but were 

not shocked. 

Results: Two successive injections of Ani with an ip injection of 

saline--Ani(Sal)Ani (N=44) caused significant amnesia compared to the saline

injected group (N=51) (73% versus 8%; P < .001, x2 Test). Any of the. stimulants 

administered 30 min after training significantly decreased the percentage of 

amnesia of Ani-injected subjects . .9_-Amphetamine caused the· biggest decrease 

in amnesia: Ani(Sal)Ani = 73% amnesia (N=44); Ani(Amph)Ani = 7% amnesia (N=30), 

P < .001, x2 Test. Strychnine [Ani(Stry)Ani] (N=38) and. picrotoxin [Ani (Pic)Ani] 
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(N=47) reduced amnesia to 18% and 17% respectively and differed significantly 

from Ani (Sal)Ani, P < . 001. 

In addition, the groups injected and given pseudo-training showed TOO% 

amnesia; that is, 100~ stepoed into the white box on the retention test within 

20 sec. Thus non-specific effects of the injection procedure or the material 

injected~ g_ did not influence the latency to enter the shock compartment at 

the time of the retention test. 

Experiment 5 

Design: The purpose of this experiment was to test the time-dependency of 

the effect ob'served in Experiment 4 by varying the time when the ip injections 

of ~-amphetamine, strychnine, or picrotoxin were given after passive avoidance 

training. The stimulants or a control saline ip injection were given at 30, 

90~ 150, or 210 min after training. The subcutaneous injections of Ani or saline 

were given as before at 15 mtn prior to training and then again 1-3/4 hrs after 

training, Other conditions are as in Experiment 4. The N was 20 per group. 

Results: The longer after training each of the stimulants was injected, 

the less effectively they reduced amnesia (Fig. 4). None of the stimulants 

significantly reduced amnesia when given at 210 min after training. The clearest 

example of time-dependent effect was obtained with ~-amphetamine. When·~

amphetamine was injected 30 min after training to Ani-injected subjects 

[Ani(Amph 30)Ani] 20% amnesia occurred, at 90 min 15% amnesia, at 150 min 50% 

amnesia, and at 210 min 80% amnesia (Fig. 4A). The time-dependent effect had a 

shorter gradient with strychnine and picrotoxin in that injections given 150 

and 90 min respectively after training failed to reduce the amnesia caused by 

the two successive Ani injections (Fig. 48 and C). 
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Experiment 6 

Design: This experiment tried to establish a relation between the effect 

of behavioral and pharmacologically induced arousal on amnesia. The results of 
ed 

Experiment 5 suggest/that pharmacologically induced arousal can reduce the 

effectiveness of Ani as an amnestic agent. These results mimicked the finding that 

greater training strength (i.e., more or stronger footshock, more tri.:ining 

trials),which prob9.bly involved greater arou~al, can de~rease the.amnestic 

effectiveness of a/ given number of Ani injections (Flood et ~, 1973, 1974, 

l975a) . .However, increasing the number of Ani injections and thus the duration 

of inhibition.can reestablish a high level of amnesia in spite of increased 

training strength (Flood et ~. 1973). The purpose of Experiment 6 was to 

see if longer durations of inhibition o~ protein synthesis (accomplished by 
· · that were 

giving more Ani injections) would block the effect of the sti~ulants I reported 

in Experiments 4 and 5. 

The subjects, training conditions and apparatus were as for Experiments 4 

and 5. The ip injection of saline or one of the stimulants was administered 

at 30 min after training. The number of subcutaneous Ani or saline injections 

was varied as follows: Ani was administered 2, 3 or 4 times. The first 

injection was 15 min prior to training, the 2nd injection 1-3/4 hrs after 

trainin~, the 3rd injection, if given, 3-3/4 hrs after training, and the 4th 

injection, if given, at 5-3/4 hrs after training. 

Thus there were 9 experimental groups: the 3 stimulant drugs (d-amphetamine, 

strychnine·, picrotoxin) by 3 durations of 1nhibition (produced by either 2, 3, 

or 4 successive injections of Ani giving durat~ons of 4, 6, or 8 hr inhibition). 

ln addition, the possible extent of Ani-induced amnesia without the stimulants 

was measured in two groups: A(Sal)A, and A{Sal)A+A+A. Saline controls were 

run only for the extreme numbers of injections: Sal(Sal)Sal and Sal(Sal)Sal+

Sal+Sal. 
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Results: The results showed that, as the number of Ani injections increased, 

th.e effectiveness of the stimulants in preventing amnesia decreased. As had 

been found in Experiments 4 and 5, sL-amphetamine was the most effective of the 

three stimulants in overcoming the amnesia produced by Ani since inhibition of 

protein synthesis had to be maintained for 8 hrs by 4 injections of Ani to obtain 

ahigh degree of amnesia (Fig. SA). Strychnine was the next most effective, 

and a clear gradient of increasing amnesia with increased duration of inhibition 

of protein synthesis was obtained (Fig. 58). Picrotoxin had the shortest post

training gradient, and its effect was blocked by a third inject-Ion of Ani 

(Fig. 5C). 

Experiment 7 

A further test of the effects of stimulants on anisomycin-induced amnesia 

was carried out using low doses of caffeine citrate (20 mg/kg) and nicotine 

hydrochloride (0.5 mg/kg) administered 30 min after passive avoidance training. 

The experimental design combines those of Experiments 4 and 6 in that the effect 

of caffeine and nicotine on retention were assessed in subjects given two versus 

three successive injections of Ani. The first Ani injection was given 15 min 

prior to training, the second 1-3/4 hrs after training; when a third injection·. 

was used, it was given 3-3/4 hrs after training. The footshock was 0.35 ma. 

Results: Nicotine and caffeine, when administered 30 min after training 

to mice given two successive injections of Ani, produced significantly less 

amnesia than was observed in the comparable Ani(Sal)Ani group (Fig. 6) . 

. Ani (Caf)Ani vs Ani (Sal )Ani yielded 22% vs 74% amnes·ia (P < .001, x2 Test); 

Ani(Nic)Ani vs Ani(Sal)Ani, 21% vs 74% (P < .001, x2 Test). Giving an additional 

Ani injection to these groups blocked the anti-amnesic effect of caffeine and 

nicotine. Ani(Caf)Ani differed from Ani{Caf)Ani+AAi. at P < .005, 22% vs 67%, 

Ani(Nic)Ani differed from Ani(Nic)Ani+Ani at P < .001, 21% vs 76%. Thus, these 

two additional stimulants demonstrate an abiliti to block amnesia induced by 
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protein synthesis inhibition~ But the amnesic effect was regained by giving 

only one additional injection of Ani which extended the duration of inhibition 

by two additional hours; whereas with ~-amphetamine and strychnine, two 

additional injections of Ani extending the inhibition four ·hours were required 

to block the effects of the stimul~nts. 

. \ 
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BIOCHEMICAL EXPERIMENTS 

The purpose of the biochemical experiments was to determine to what extent 
; 

the behavioral results described above might be explained by modification of 

cerebral protein synthe~is from depressants or stimulants alone or in combina

tion with the protein synthesis inhibitors, anisomycin and cycloheximide. 

The first series of experiments tested the effects of depressants; the second 

series tested stimulants. 

PROCEDURES 

GENERAL DESCRIPTION - BIOCHEMICAL 

Animals 

The mice used for the biochemical experiments were male Swiss Webster mice; 

they were first or second generation of a stock obtained from the Charles Rivers 

Breeding Laboratories and raised at the Lawrence Berkeley Laboratory; recent 

behavioral comparisons of our own bred Swiss Websters and those obtained directly 

from Charles Rivers showed no significant differences. At testing the mice 

were 60-80 days of age and weighed 30-35 g. 

Drugs 

The inhibitors, stimulants, and depressants were obtained from the same 

sources and used in the same manner as described in Behavioral Procedures. 

[ 14c(U)~~L-Valine was obtained from New England Nuclear Corp. 

Determination of Protein Synthesis 
(a) 

Protein synthesis was determined by the ratio of/radioactivity resulting 

from incorporation of subcutaneously administered [14c(U)]-L-valine into the 
. (b) . 

trichloracetic acid insoluble fraction to/the total activity in the 

The r~dioactive amino acid was injected 20 min prior to sacrifice. 

brain sample. 

The percent 
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inhibition or stimulation was determined by a comparison of this ratio in the 

control and experimental mice. The experimental procedures have been described· 

in detail (Flood et ~' 1972). Duplicate fractionations and determina

tions of radioact·ivity were made for each mouse brain. 

Experimenta 1 Series 1 : Effects of Dept·essants 

Design: A large number of experiments were carried out to demonstrate the 

effects of inhibitors, depressants, and inhibitors plus depressants on inhibition 

of protein synthesi:;. In these experiments~ we determined (a) the inhibition 
at several intervals during 

due to a single inj~ction of Ani I the time period 1/2 hr to 4-1/2 hr follow-

ing the injection, (b) the inhibition caused by the depressant alone from 1/2 

.. to 9 hr after administration, and (c) the inhibition caused by Ani plus the 

depressant over the same time period. In addition, the inhibition produced by 

the series of injections Ani(Sal)Ani, Ani(Sal)Ani+Cyclo, Ani(depressant)Ani, 

and Ani(depressant)Ani+Cyclo was determined over the time interval 4 hr to 9 hr 

after the initial injection of Ani. 

Results: The experimental results for this series of experiments, which 

used over 500 mice, are given for Ani (Fig. 7), meprobamate (Fig. 8), chloral 

hydrate (Fig. 9), and sodium phenobarbital (Fig. 10). After an injection of 

Ani, the inhibition of protein synthesis rises rapidly to 90%, and falls to 80% 

after 2 hr. ·A subsequent injection of AnA results in an· inhibitioh curve similar to 
. <+'the rirst'one. 

The inhibition obtained by an injection of Cyclo falls to 80% more quickly than 

does the inhibition obtained.with Ani, but the subsequent decay is less rapid. 

The curve for Ani+Ani is a composite curve incorporating data from both c57Bl/Jf 

and Swiss male mice. vie have found that c57Bl/Jf and Swiss mice have essentially 

identical inhibition resulting from a single dose of Ani and similar degrees of 

inhibition at the 4 hr and 5 hr Ani+Ani data points shown in Figure 7. The 

inhibition curves for Ani and Ani(Sal)Ani+Cyclo are repeated on each figure. 

The number of mice used to obtain each data point is indicated on the figures. 
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lt should be noted that training of mice occurred in th~ behavioral experiments 

15 min after the first injection of Ani or saline. 

No depressant exerted a large effect on protein synthesis, either by itself 
in combination 

or/with the protein synthesis inhibitors. The maximum inhibition caused by a 
th~ ~~probamate; this occurred 

depressant alone was/30%.found with/approximately 2-l/4 hr after admini-
of meprobamate 

stration/(Fig. 8). Protein synthesis inhibition by meprobamate pers·;sted no 

more than 5 hr after its initial administration. Meprobamate in combination 

with Ani increased the protein synthesis inhibition at 2 hr from 80 to 90%. 

No significant increase in inhibition was found at 4 hr from Ani(Mep)Ani when 

compared with Ani lSal )Ani.· In addition, the duration of inhibition above 80% 

obtained with Ani(Mep)Ani+Cyclo was not extended beyond the 6 hr above 80% · 

obtained with Ani(Sal)Ani+Cyclo. 

Chloral hydrate (Fig. 9) produced a maximum of 30% inhibition of protein 

synthesis 1-1/4 hr after its injection. The inhibition persisted for no more 

than 3 hr after administration. In combination with Ani an increase of 12% in 

inhibition was noted 2 hr after administration of Ani (l-1/4 hr after administra

tion of chloral hydrate), but not at the later time points. 

Phenobarbital (Fig. 10) gave results very similar to chloral hydrate and to 

meprobamate in that only slight and brief inhibition was found when it was 

administered by itself, and an increase in inhibition 2 hr after Ani injection 

(1-l/2 hr after phenobarbital administration), but no significant increase in 

inhibition at the later time intervals. 

Experimental Series 2: Effects of Stimulants 
- -

Design: The effects o·f the stimulants amphetamine, strychnine, picrotoxin, 

caffeine, and nicotine on protein synthe~is, both in the presence and absence of 

anisomycin was investigated. The effects on protein synthesis were determined 
· 2hr _ l-l/4hr 

l-l/4 hr/ and 3 hr after ad~1inistration of Ani, and l/2 hr,;and 2-1/4 hr after tt1e. 
[14c(U)l-L-Valine was administered 20 min prior to ~acrifice. 

administration of the stimuiant.; Three mice were used for eacti data po1nt. 
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Results: The results are summarized in Table l. Somewhat surprisingly, 

the stimulants produced either a slight inhibition of protein synthesis or no 

effect on protein syn~hesis. That is, although they reduced amnesia, whate~er 

effect they had on protein synthesis was in the same direction as anisomycin. 

Stimulants did not modify the inhibition produced by anisomycin. 

DISCUSSION 
dt.~ri ng . 

The importance of arousal I acquisition of a habit has been recognized for 

some time. More recently it has been suggested 'that arousa 1 that follows the 

acquisition of a habit plays an important role in memory formation. The physio

logical mechanisms which mediate post-training arousal may involve norepinephrine 

and other biogenic amines (Kety, 1976; Stein, 1975), hormones such as ACTH and 

vasopressin (Rigter·, Van Riezen and deWied, 1974), and adrenergic and cholinergic 

neurotransmitters (~1cGaugh, 1973)·. We hypothesize that the more difficult a 
after the training. 

task, the longer the period of arousal that persists/ In the case of many standard 

laboratory tasks, greater difficulty is associatedwith more training trials 

and with a greater total exposure to shock. In order t~ prevent the formation 

of memory, protein synthesis must be prevented until such time as the neuro

physiological effects of the arousal have ceased or considerablY diminished: 

The neurophysiological effects (e.g., hormone release, increase in neurotrans

mitter release, increased activation of RNA, prolonged periods of memory-related 

protein synthesis) wil.l diminish as the time from training increases. Let us 

note how the present experiments relate to this hypothesis and point out some 

problems of interpretation and some areas requiring furthe~ research. 
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Primary Tests of the Arousal Hypothesis 

The present experiments give considerable support to the hypothesis that 

arousal following training affects the formation of long-term memory. Experiment 

2 demonitrated that administering depressants (sodium phenobarbital, chloral 

hydrate, or meprobamate) after training on the pole jump task significantly 

increased the amnesia caused by i nhi biti on .of protein synthesis that resulted 

from administration of Ani. Experiment 7 showed that the depressant effect was 

not task dependent in that similar results were obtained with passive avoidance. 

Experiments 4 through 7 showed that administering stimulants (£-amphetamine, 

strychnine, picrotoxin, nicotine, caffeine) after passive avoidance training 
;f 

significantly reduced the amnesia caused by inhibition of protein synthesis. 

Experiment 5 showed that th~ effect of administering stimul~nts was greater the 

closer the stimulants followed upon training; therefore, this was not a proactive 

effect on retrieval during the retention test. Experiments 6 and 7 showed that 

the effect of post-training stimulants was not absolute--it could be blocked by 

further increases in the duration of inhibition of protein synthesis (i.e., 

additional Ani injections). All of these results are consistent with the 

arousal hypothesis and suggest that arousal promotes memory formation. 

Some Alternative Interpretations 

In order to properly interpret the behavioral results and to evaluate some 

alternative explanations, a brief review of the modes of action of the drugs 

used in these experiments is desirable. 

It is generally accepted that the excitants and depressants act by modify

ing the action of the various neurotransmitter systems in the central and 

peripheral nervous system. The actions of the neurotransmitters are complex, 

and in many cases they are localized in discrete anatomical ateas. Nevertheless, fo;· 
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the present purposes it suffices to indicate that the transmitter functions 

are frequently grouped by such classifications as cholinergic, adrenergic, 

excitatory, and inhibitory. An excellent review of the actions of neurotrans

mitters has recently appeared (Krnjevic, 1974) and hence no attempt will be 

made here to summarize their actions. 

The excitants and d~pressants used in this study were chosen to act on a 

variety of neurotransmitter systems in order to assess whether the effects on 

memory are specific to certain neurotransmitter systems or are generel to 

excitation or depression. These agents exert their influence in the CNS by a 

variety of actions. The principal modes of action of the stimulants appear 

to be better defined than those of the depressants. At the risk of·over

simplification, their actions are summarized below. 

The primary-effect of d-amphetaniine appears to be that of increasing the 

release and blocking the reuptake of catecholamines (Besson et ~' -1971; 

Glowinski and Axelrod, 1966; VonVoigtlander and Moore, 1973). The actipns of 

d-amphetamine are on the dopaminergic (Chiueh and Moore, 1973; Thornburg 

and Moore, 1973; Costa, Groppetti and Naimzada, 1972) and perhaps the noradrenergic 

systems (Snyder et ~' 1970). Leonard (1972) suggested that the predominant 

effects of d-amphetami n·e are on the adrenergic system. 

As its primary action, strychnine appears to act as an antagonist to 

glycine, thereby affecting the postsynaptic glycine receptor and sel~ctively 

blocking inhibition (Curtis, Duggan, and Johnston, 1971; Curtis~ 1969; Franz, 

1975; Dreifuss and Andrews, 1972). However, the action of strychnine is not 

~ntirely specific (see Krnjevic, 1974, p. 459; Phillis, 1~70). 
. . . . . 

Picrotoxin, by interaction with the GABA receptor, blocks presynaptic 

inhibition and affects all portions of the CNS. It is of interest that Snyder 

has estimated that as many as 30% of the brain synap~~s are GABAnergi~ (1975). 

Since the main action of GABA is to increase the membrane permeability to small 
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anions, especially chloride, picrotoxin ultimately will modify membrane 
, 

permeability (Krnjevic, 1974, p. 448 et ~). 

Nicotine acts on the nicotinic acetylcholine receptors in brain. These 

nicotinic cholinergic cells are predominantly excitatory when activated 

(Krnjevic, 1974; p. 435 et ~). The CNS effects of nicotine appear to 

result from the activation of these cholinergic receptors and appear to be 

partially dependent on ~ndogenous catecholamine interactions. The presence 

of nicotinic acetylcholine receptors in brain has recently been demonstrated 
. / 

(Moore and Loy, 1972; Salvaterra, Mahler, and Moore, 1975; Eterovic and Bennett, 

1974). The CNS effects of nicotin~ appear to be partially dependent upon 

endogenous catecholamine interactions (Sabelli and Giardine, 1972). 

Caffeine excites the CNS at all levels, acting first on the cortex and 

then on the medulla (Ritchie, 1975). The mode of action of caffeine appears 

to be by inhibition of cyclic nucleotide phosphodiesterase (Fuxe and Ungerstedt, 

1974). The inhibition of the phosphodiesterase leads to an increase in the 

cyclic M1P concentration of the brain. Waldeck (1973) has suggested that cyclic 

AMP is involved in central catecholamine receptor mechanisms. Greengaard (1976) 

has suggested multiple roles for cyclic nucleotides and protein phosphorylation 

in neuronal function. Caffeine has also been reported to raise the brainstem 

level of serotonin by 40- 100%, either by preventing its releaseor by increasing 

the rate of serotonin synthesis (Berkowitz and Spector, 1973). It has also been 

shown to increase the conversion rate of tyrosine to noradrenaline and dopamine 

{Waldeck, 1971; Waldeck~ 1972). A marked increase in the accumulation 
r 

of labeled catecholamine from DOPA was also stimulated by caffeine. 

Surprisingly little information appears to exist on the mode of action of· 

the depressants. Sodium phenobarbital, in common with other barbiturates, 

appears particularly to affect synaptic transmission across neuronal and neuro

effector junctions (Harvey: 1975). It has been shown to decrease the turnover 
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of brain dopamine and serotonin (Corradi, Fuxe, and Hohfe1t, 1966, 1967) and 

lead to~ reduction in the turnover of noradrenaline in cortical noradrenergic 

nerve terminals (Corradi et ~' 1971; Lidbrink et ~' 1972). A number of 

rather non-specific actions are attributed to sodium phenobarbital such as a 

general reduction in the energy yielding and synthetic reaction of the brain 
'· 

(Harvey, 1975). While the locus and mode of action of meprobamate are not 

established, the pharmacological effects of meprobamate appear to be very 

similar to those of the barbiturates (Byck, 1975). · Corradi, Fuxe, and Hohfe lt 

·(1966) have reported that meprobamate reduces the utilization of forebrain 

dopamine but that it does not decrease the turnover of noradrenaline in the 

cortical noradrenergic nerve terminals. The CNS depression produced by chloral 

hydrate is believed to be caused by its reduction product trichloroethanol 

(Harvey, 1975). This reduction in brain is carried out by aldehyde reductase. 

Tabakoff et ~ (1974) have suggested that one of the effects of chloral hydrate 

may be an increased steady state of the biogenic amine metabolism. 

A paucity of literature exists on direct effects of acute administration of 

etther excitants or depressants on protein synthesis. Jaboubek and Semi gi nov sky 

(1970) revi'ewed the literature and concluded that it is likely that there is a 

correlation between increased functional activity produced by a number of stimuli 

such as motor activity, electrical stimulation, narcotics and excit~nts, and 

protein and nucleic synthesis. Satake (1972) similarly concluded that trans

synaptic stimulation seems to activate protein metabolism in the neuron. With 

respec~ to specific experiments utilizing the drugs discussed abov~, Von Voigtlander 

(1974) has shown in the frog that d-amphetamine reduces the rate of transport in 

the nigrostriatal pathway, but no evidence was presented that it reduced the 

rate of protein synthesis. He ascribed the reduced rate of transport to the 

reduced rate of firing of neurons. McMahon and Blaschke (1971) have found that 

chloral hydrate inhibits protein synthesis in Chlamydomonas reinhardii. However, 
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it should be noted that high concentrations (0.01 M}.were required to achieve 

greater than 90?1o inhibition. With longer exposure, cell division is inhibited, 

but this observation would not appear to be relevant for understanding the 

mechanism of actio;1 for the present studies. Edstrom and Larsson (1974) showed 

that high conceMtrations of barbiturates were relatively ineffective in inhibit

ing protein synthesis in vitro in the 5ciatic system of the frog. 

In our ~xperiment, we have found that each of the depressants caused a 

modest inhibition of protein synthesis which was of relatively brief duration. 

The stimulants did not cause any marked increas-e in protein synthesis; on the 

contrary in severa·, cases slight inhibition was noted. Neither the depressants 

nor the stimulants markedly altered the inhibition of protein synthesis produced by 

ani somyci n. 

Few studies have been made of the side effects of anisomycin on brain 

neurochemistry, especially on the neurotransmitter systems. Flexner and 

Goodman (1975) have raised questions about the interpretation of experiments 

using inhibitors of protein synthesis. They pointed out that important side 

effects on the central adrenergic system appear to be common to all inhibitors 

of protein synthesis and that these side effects may contribute to the amnesia. 

Indeed, they conclude that the behavioral manifestations may not be attritutable 

solely, or at all, to inhibition of protein synthesis. They showed that protein 

synthesis inhibitors--cycloheximide, puromycin, anisomycin, and acetoxycyclo

heximide--had the common property of depressing the rate of accumulation of 

norepinephrine, dopamine, and total catecholamines and at the same time markedly 

elevating the levels of tyrosine. However, in the/case of anisomycin, Flexner and 
date 

Goodman presented I for only one dosage and one time point after administration 

(2 h), and until more complete data are available, it is difficult to evaluate 

the significance of these results for the interpretation of.our behavioral 

experiments. Squire, Kuczenski; and Barondes (1974) have studied the inhibition 
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of brain tyrosine hydroxylase activity by cycloheximide and anisomycin, and 

by doses of a-methyl-p-tyrosine which depressed tyrosine hydroxylase activity 

as much as or more than either cycloheximide or anisomycin. They concluded 

that the effect o: protein synthesis inhibition on brain tyrosine hydroxylase 

activity is not sufficient to explain the amnesic effect. Unpublished experi

ments (Flood et al.) which have used d···ugs which specifically modify the levels 

of catecholamines have shown that these agents are much less effective than 

anisomycin as amnesic agents. Other experiments (Flood et al., in preparation) 

have demonstrated that anisomycin is effective_ as an amnestic agent within minutes 

after its administrltioh. No rapid effects of anisomycin on neurotransmitter 

systems have yet been reported; however, we are now investigating this possibility. 

All five stimulants enhanced memory formation in that they blocked or 

reduced the. amnesi:;. induced by the anisomycin injections. The results ·of the 

biochemical experiments summarized in Table 1 showed th.at the stimulants did 

not significantly affect protein synthesis nor did they decrease significantly 

the inhibition produced by Ani. 

The extensive biochemical tests reported in this paper showed that none of 

the depressants affected protein synthesis to any important extent. Since all 

three depressants had similar effect~ in enhancing ~mnesia, it appears that 
general 

the effect of these drugs on memory is due to the/pharmacological actions of 

these ag~nts as depressants rather than to the~r more specific effects. 

Therefore, at the present time, we prefer to believe that the neurological 

actions commonly referred to·as 11 arousal 11 provide a mechanism by which protein 

synthesis is rapidly modified in "activated pathways .. leading eventually to 

long-lasting anatomical-~synaptic and/or dendritic--changes. Many factors, 

including shock i nteJ'Sity and duration, excitant and depressant and drugs, may 

serve to modify the degree of arousa 1 of the anima 1 and th4s· the magnitude of 

the'protein synthesis evoked and eventually the strength of the memory formation. 
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A question frequently asked is whether the injection of Ani 15 min before 

training was sufficient to disrupt learning or to impair memory formation. 

Figure lC demonstrated that the group given only a pretrial injection of Ani 
as . as did saline-injected controls (Fig. lB). 

showed/good retention I Thus, unless the inhibition is maintained by subsequent 

post-training injections of Ani, memory formation is not impaired (Flood et ~, 

1973, l975a, b). 

Type of Learning Task and Amnesia 

Different types of training seem to require shorter or longer periods of 

inhibition of p~ote~n synthesis to induce amnesia. We believe that these 

observations can be related to the arousal hypothesis. 

Passive avoidance can be learned in a single trial, and 75-85% amnesia can 

be induced by one cr two injections of Ani (2-4 hrs of inhibition) depending on 

the degree of training (Flood et ~' 1973, 1974). The jump pole task is learned 

well in two trials, and it required 8 hr of inhibition to yield 66% amnesia. 

We have previously shown that T-maze avoidance conditioning can be acquired in 

5 trials, but production of an amnesic effect required 14 hrs of inhibition of 

protein synthesis. Using a still more difficult rod-discrimination task involving 

20 training trials, Squire and Davis (1975) failed to produce substantial amnesia 

with about 10-11 hrs of inhibition. These tasks can also be compared in terms 

of the duration of footshock that the subjects received during training: passive 
pole, 

avoidance, 1-:4 sec; jumpfl2-20 sec; T-maze, 20-45 sec; and the rod-discrimination 

task, at least 60 sec. Thus ·among these training procedures employing shock, 

the length of inhibition ~equired to produce amnesia is related to both the 

number of trials and the duration of shock received. Consistent with this is 

the fact that within a given tas~ greater shock strength reduces the likelihood 

of amnesia (Flood et ~' 1972, 1973, 1974). 
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Further evidence on this question comes from the studies in which shock was 

not employed for training and Ani was used to induce amnesia. Squire and Becker 

(1975) found that a single, .immediate low dose injection of Ani impaired retention 

for habituation t~ a novel sound~ the measure was the degree of drink suppression 

when the so~nd was subsequeritly presented. Also we have recently found that 

retention for learned extinction of an active avoidance response was very poor 

1n Ani-injected animals. Although the initial training in this case involved 

shock, no shock was employed during the extinction trials. 

number of trials to reach extinction criterion ·was relatively large (8-10), 
(2-4 hrs) . . 

only relatively shcrt duration of inhibitiori/was needed to disrupt ~etention for the 
learned extinction that did not · 
involve shock. Thus it seems that retention for non-shock motivated le~rning tasks 

is retention for 
may be more susceptible to Ani interference than/shock-motivated l~arning tasks. 

Considering both shock-motivated and non-shock-motiva~ed tests, it appears that 

the differing degrees of arousal may be the important factor in determining how 

susceptible the formation of memory is to inhibition of protein synthesis. 

Anomalous Effects with Large Doses 

A large dose of Ani when given prior to training, but not when given after 

training, results in far greater amnesia than one would expect on the basi~ of 

the duration of inhibition (Flood et ~' 1973, Exp. 7; 1975a). In the present 

E:xp. 1, 5 Ani (5 times the amount normally given) results in about 3 hrs of ,· 

inhibition at 80% or greater yet caused significantly greater amnesia than a 

single low dose of Ani. However, we previously found that the same large dose 

given after training (e.g. Ani+5Ani) did not cause any greater 

amnesia than would be expected on the basis of the resulting duration of inhibi

tion of protein synF:esis (Flood et al., 1975a). Squire and Davis (1975) have 

also observed that a large pretraining dose of Ani (equivalent to 9 Ani) produced, 

greater amnesia than a low dose ~f Ani on the rod~discrimination task. 
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They suggested that the slightly higher inhibition of protein 

synthesis at the t'ime of training--and therefore less 11 leakage 11 of continuing 

synthesis--might account for the greater effectiveness of large doses of Ani. 

However, if "leakage 11 of protein synth£:·3is occurred throughout the multiple

injection Ani experiments, then the later injections of Ani should ·not have 

caused amnesia since the protein would already have been synthesized by this 

time. Another possibility may be that such lar~e doses not only affect protein 

synthesis but also produce substantial side effects which are insignificant when 

smaller doses of Ani are given. It may well be that there are such side effects 
, since 

on acquisition but not on memory formation /large doses administered before 

training increased amnesia whereas large doses given posttrial did not cause any 

greater amnesia than would be expected on the basis of the resulting duration of 

inhibition of protein synthesis. 

Proposed Relation between Stimulants, Depressants and Memory-Related Protein 

Synthesis 

Since our results show clear effects of depressants and excitants on 

establishment of long-term memory, we should inquire about the mechanisms or 

processes whereby these drugs affect memory. Several alternative routes migh,t 

be possible, and our experiments allow us to exclude some of these. First, 

the drugs might affect protein synthesis directly or might modulate the inhibi

tion caused by Ani. Our biochemical experiments rule out this route, since 

the drugs did not affect inhibition of protein synthesis markedly. Secondly, 

the depressants and e·,~citants could act by altering the initial acquisition. 

In the present experiments, however, the drugs were given after training, so 

that they could not have affected learning. Some of the excitants promoted 
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memory formation even.when administered 90 min after training. Third, the 

drugs might operate by modifying the level of arousal during the post-training 

period and thus altering the excitability of tissues involved in memory forma

tion; this may change the capacity for the CNS to direct memory-related p~otein 

synthesis. More specifically, we suggest that the mechanism by which stimulants 

improve retention is by prolonging the period of time over which the !':NS has 

the capacity to synthesize memory-related protein(s). This is inferred from 

the results of Exp. 6 and 7 which showed that additional hrs of protein synthesis 

inhibition were required to yield amnesia when the excitants were used. Further

more, the excitants differed in effectiveness, since 4 hrs of additional 

inhibition was required after d-amphetamine, whereas an additional 2 hrs of 

inhibition sufficed with the other stimu·lants tested. 

The depressants on the other hand reduce the time during which the CNS 

retains the capacity for such protein synthesis. This is inferred from the 

observation that injecting a depressant in these experiments made it possible 

to produce the same degree of amnesia with 2 hrs less inhibition of protein· 

synthesis than would otherwise have been necessary. 

Another relevant finding previously reported is that permitting a brief 

pulse of protein synthesis produced greater retention the closer to training 

it occurred (Flood et al., l975b). From this and other results it was inferred 

that the rate of memory-related protein synthesis decreased as the time since 

training increased. The modulation of protein synthesis resulting from training 

must wane during a period of hours; stimulants may maintain such modulation for 

a longer period of time, while depressants accelerate the decay. 

Our results are all consistent with the hypothesis that the level of arousal 

following acquisition plays an important role in determining the length of time 

over which the biosynthetic phase of memory formatiqn will last. 
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Table 1 

EFFEC~ OF STIMULANTS ON CEREBRAL PROTEIN SYNTHESIS 

Saline or Anisomycin 

Stimulant 

Stimulant 

None 

d-Amphetamine 
2 mg/kg 

Strychnine sulfate 
0.1 mg/kg 

Picrotoxin 
1 mg/kg 

Caffeine citrate 
20 mg/kg 

Nicotine hydrochloride 
0.5 mg/kg 

Saline Injected Mice Anisomycin Injected Mice 

75 

30 

9 + 12 

20 + 8 

5 + 4 

Time Administered Prior to Sacrifice (min) 

120 

75 

180 

135 

75 

30 

120 

75 

180 

135 

% Inhibition of [14c]-Valine Incorporation 

93 + 2 77 + 5 56 + 8 

26 + 10 92 + 1 88 + 2 

2 + 5 91 + 2 76 + 3 

5 + 6 92 + 3 76 + 4 

5 + 7 45 + 8 

6 + 5 50 + 8 

* [14c]-Valine was administered 20 min prior to sacrifice. 
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FIGURE CAPTIONS 

Figure 1. ·Effects of duration of inhibition of protein synthesis on retention 

for ju~ip pole training (Exp. 1). As the number of injections of 

inhibitor increased from one to three (Ani, Ani 2, Ani 3), increasing 

the duratiDn of inhibition, the percentage of mice showing amnesia 

increased. The amnesia resulting from a high dose (5 ANI) is 

unexpectedly large, since the duration of inhibition resulting from 

this dose is not much longer than tbat from a single dose. 

Figure 2. The effects bf depressants (phenobarbital, chloral hydrate, 

meprobamate) on the level of anisomycin-induced amnesia for the 

pole jump task (Exp. 2; N/group = 20). Each depressant significantly 

enhanced the amnesic effects of the inhibition of protein synthesis. 

Figure 3. Effect of chloral hydrate and phenobarbital on anisomycin-induced . 

amnesia for passive avoidance training [Exp. 3; N's: Sal(Sal)Sal, 20; 

Ani (Sal )Ani, 20; Ani(Sal)Ani+Ani, 23; Ani(CH)Ani, 31; and Ani (Pheno)-

Ani, 21]. The depressants increased amnesia, and the resulting 

amnesia was equivalent to that obtained with three injections of 

Ani. 

Figure 4. Time-dependent effects of stimulants on anisomycin-induced amnesia 

(Exp. 5; N = 20/group). A. d-Amphetamine blocked amnesia caused by 

anisomycin when given 30 or 90 min after passive avoidance training. 

d-Arnphetamine failed to block amnesia when given 210 min after 

training. Thus proactive effects of d-amphetam~ne cannot explain 

the effect obtained with a 30 min post-training injection of 

d-amphetamine. B. Amnesia was blocked with a 30 min post-training 

.. 
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injection of strychnine, and a slight effect was present with a 90 

min post-training injection. Strychnine did not block ani"somycin 

induced amnesia when given 15'0 or 210 min after training. 

C. ~icrotoxin only blocked amnesia when administered 30 min after 

training. 

Figur~ 5. Effect of the number of anisomycin injections {duration of inhibition 

of protein synthesis) on amnesia blocked by stimulants (Exp. 6). 

A. Four successive injections of anisomycin were required to regain 

the high percent amnesia lost by injecting d-amphetamine 30 min after 

training. Thus the capacity for memory related protein synthesis 

extends 3-4 hrs longer in A(Amph-30)A than in A(Sal)A mice (N/group = 

15). B. Three successive injections of anisomycin were required to 

regain the high percent amnesia lost by injecting strychnine 30 

min after training. Thus the capacity for memory related protein 

synthesis exte.nds 1-2 hrs longer in A(Stry)A than in A(Sal)A mice 

(N/group = 20). C. Three successive injections of anisomycin were 
. I 

required to regain the high percent of amnesia 1ost by injecting 

picrotoxin 30 min after training. The capacity for memory related 

protein synthesis extends 1-2 hrs longer in A(Pic)A than in A(Sal)A 

mice {N/group = 15 except for the A(Sal)A and A(Sal)A+A+A where 

N = 10. 

Figure 6. Effectofcaffeine and nicotine on Ani-induced amnesia (Exp. 7). An 

additional injection of Ani was requ1red to overcome the amnesia

blocking effects of the stimulants. 
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Figure 7. Inhibition of cerebral protein synthesis in Swiss Webster male mice 

obtained by subcutaneous injections of Ani, Ani+Ani, and Ani+Ani+ 

Cycle. The number of mice and the standard deviation are shown for 

each data point where more than two mice were used. The doses 

(0.5 mg Ani, 2.5 mg cycloheximide) and the injection schedule were the 

same as used for the behavorial experiments. Two major s2ries of 

experiments done two years apart are represented by 0 and c. 

Figure 8. The inhibition of protein synthesis by meprobamate alone ( a---- o) 

or meprobamate and Ani+Ani+Cyclo ( a---- a). The inhibition by 

protein synthesis inhibitors without meprobamate ( -- · -- ·-- ) is 

redrawn from fig. 7. The number of mice and standard deviation are 

shown for each data point. Administering meprobamate with the 

inhibitors neither increased the maximum inhibition nor prolonged its 

duration. 

Figure 9. The inhibition of protein synthesis by chloral hydrate alone (D---<J) 

or phenobarbital and Ani+Ani+Cyclo ( • ---- • ) . The inhibition by 

protein synthesis inhibitors without chloral hydrate (- · - • -)· is 

redrawn in Fig. 7. The number of ~ice and standard deviation are 

shown for each data point. 

Figure 10. The inhibition of protein synthesis by phenobarbital alone (D---o) 

or phenobarbital and Ani+Ani+Cyclo (•--·-- •). The inhibition by 

· protein synthesis inhibitors without phenobarbital (- • - • -) is 

redrawn from Fig. 7. The number of mice and standard deviation are 

shown for each data point. 
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..---------LEGAL NOTICE----------.. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights . 
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