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ABSTRACT

.}.This study. tested the hypothesis that the'level qf_afousal is an

‘important determinant of memory formation. The experiments measured the

amnesiavcaused in mice by_ihnibition of cerebral protein synthesis.using
anisomycin and cyclohe*imide; The‘level of arousaI was mbdified-eﬁther by
vafying thé difficulty of the'training task or by the uée of excitant and
depressant drugs. Thé pole-jump active avoidance task is intermediéte in
difficulfy'between the passive avoidance task and the T-maze. The'duration
of inhibitibn of cerebral protein synthesis required after pole-jump training
to obtafh amnesia is intermediate to that foUnd for these other two fests.v
Post-trainingvadministration of stimulants--anmphétamine, strychnine,
picfotoxin,-cafféine, or nicotine--counteracts the amnestic effects of

protein synthesis inhibition, so that amnesia does not occur unless the

-durétion of inhibition is lengthened. Stimulants show a time dependency,

‘since they are less effective_when administered at longer interva1s after

training.. Depressants enhance the amnesia resulting from protein Synthesis

‘ fhhibition. Biochemi cal experiments showed that depressants-a]ohe had only

slight effects on the rate of protein synthesis. In combination with anisomy;in'
and cycloheximide, the depressants did hbt marked]yrprOTOng the duration or
increase the degree of fnhibition.' Stimu]ants, either by themselves or in
combinatioh with the inhibitors, had little or no effect oh.protein synthesis.
Other alternative hypothe$es are considered,»buf the results are al]zéonsistent N
with the hypothesis that the TeveI of arousal following acquisition plays an -

important role in determining the length of time over which the biosynthetic

~ phase of memory formation will last.
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Inh1b1t10n of protein synthe51s during and . after training has been found
in. many cases to Tead to a permanent amnesia (Barondes and Cohen, 1968 Cohen
and Barondes, 1968; Roberts and Flexner, 1969; Quartermain et al., 1970;
Geller et al., 1970, o | | - Randt et al. L 19715 Squire
and Barondes, 1972a,b; Andry and Luttges, 1972; Flood et al., 1972, 1973, 1974, |
1975a,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 al. 1972, 1974, Quartermain
and Botwinick, 1975) ~ Recently it was reported that as the duratian of inhibi-
tion of brain protein synthe51s increased after pa551ve avoidance training, the .
percentage of subJects classed as amne51c increased (Flood et a] , 1973, 1974).
This was also reported for T-maze footshock avoidance training (Flood et al.,
1975a), but the aufhors'found that the parameters controlling acquisition of .
T-maze avoidance conditioning were too numerous and the duration of inhibition
required for'strong amnesicvaffects too long (14 h) for this task to be used
regularly in siudies of memory formation. o

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, e
Flood and Jarvik.(1976) have hypothesized that the gfeater fhe number of
training tria]s‘and the resulting stress, the longer the duration'of protein
synthesis inhibition required to.obtain amnesia.. In-the-oresent SEfies of
experiments, we haQe ueed the jump pole active avoidance training task which
is intermediate in difficulty befween the-paSSive avoidance:task.and the
‘T-maze task. It was hypothesized that the duration 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 difficuity of the traihing task are related to the level and duration

57
L



Of'akousalland stress that'accombany and fo]]ow training, we have MCdified
arou531 by means of'phafmaco]ogica]'agents. Decreased arousal, whfch is
assbciatéd-wfth training'on easier‘taéks, might be mimicked by administering
:depressants after training on more difficult tasks. For a giveh duration of :
post-traihing inhibition of protein synthesis,‘amnesia shou]d»bé greater with
‘either an easief.task or a pharmaco1ogica11y induced'decrease,in pdSt-training
arousal. Sodium phenobarbité], ch1ofa1 hydrate and meprobamate were used to
test the hypothesis that decréasing posf-trafning_érousa] will decrease the
duration of inhibition of protein synthesis needed to cauée amnesia.

Further, it wasvhypothesized,that increased arousal, which is‘associated
“with trafning on mofe difficult tasks, might be mimicked by administering a -
Stfmu]ant'aftér'fraining 6n a relatively easy task such as the one-trial, step-
thrdugh passive avoidance task.  For a §iven durationjof'post-training |
-inhibition, amnesia should be 1ess witﬁ either a more'diffiéu]t tésk or
a pharmaco]ogiCa11y induced increase in poét—training arousal.

o Evidence‘that'stimu1ants administered during or shortly after training
cén.facilitate memory has been provided by a number of investigations. Picro—
toxin'enhances reteninn for méze and shock avoidance tasks (McGaugh and
Pefrinovich, 1965; Petrinovich, 1967; Breen and McGaugh, ]961). Strychnine
in lTow doses has been reported to faciiitate habituation (Andry-and Luttges,
1971) and food motivated visual discrimination (McGaugh and’Krivanek,‘1970) and
to.improve passive avoidancé‘(Duncan and -Hunt, 1972; Gordqn and Spear, ]973),_
Amphetéﬁiné administeréd'after training facilitates a food-rewarded visual
discrfminatioﬁ (Krivanek and McGaugh,'1969), active avoidance (Del Rio, 1971;
'-Evange1istarg§_gl;ﬁ ]970, 1971) and Y-maze water eséape task (Castellano, 1974).
Post training injections.of:nfcotine have been reported to facilitate retention
of maze learning (Garg ahd Holland, 1969) and of active avoidante training

(Oliverio, 1968; Ericksoh, 1971). Caffeine has not been studied much_but Pare
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(]961) reported faci]itation'of reteﬁtion.v-A'recént and nbteab]e exception
to these studies by Stripling and A]pern-(f974) and CfaBbe and A1pérnv(1973)
reported disruptive affects of caffeine and nicotine. A poséib}e'reason for
this discrepahcy'ﬁay'be that appetitive conditidhing was usedvand the subjects»
were given several daily injections betWeén training and testing (injeétions-
started 24 hrs after training and terminated 48 hrs prior to testing). For
more extensive reviews of the stimulant and dépressant literature, see McGaugh
(1973), Dawson and McGaugh (1973) and Jarvik (1964). >A1though positive effects
have not beéﬁ reported‘uhiform]y; the majority’of reports support the hypothesis
that stimulants imgrrove memory consolidation and depressants impair it.

Some evidencé has ﬁ]ready been obtainedygagas'that amphétamine administered
after trainihg can block the amnesia induéed by inhibition ofvprotein synthesié v
caused by cyc1ohexﬁmide,or acétoXycyc]oheximide (Serota g;,gl;k 1972, Barondes
and Cohen, 1968). The. authors suggested that the mechanism responsible for
preventing amnesia was arousal.  We report here the effects of fiVe.stimuTants—-
d-amphetamine, strychnine, picrotoxin, nicotine and cafféjne--, and thé effecté
of three depréssant;-emeprobamaté, ch]dra]‘hydfate, and phénobarbita]--on amnesia
induced by an inhibitor of brain protein'synthésis, anisomycin. Anisomycin is
far‘Iess toxic than .cycloheximide and'écétoxycyc]oheximide and has thé.fmportant
advantage in that'it may be injected sévera] timeé without causing death or
severe’i1]neSS: An injectioh of anisomycin’causes inhibition at 80% or more for
2 hr, so by employing a schedule of injectiohs_spaced 2 hours apart, it has Eéen'
possible to control the duration of inhibition of protein synthesis (Flood gg_gl;.
1973) and thus show that amnesia increased as the duration of inhibition inéreased

(Flood et al., 1973, 1974, 1975a,b).
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~ PROCEDURES
GENERAL DESCRIPTION - BEHAVIORAL

Animals

The subjects were Swiss Webster (CD-1) male miéé, 60-80 days of age at:

training, obtained from Charles Rivers Breeding Laboratories at 6 weeks of agé;

’They were housed singly 24 hrs prior to tfaining and remained so housed ﬁnti]

tested for retention 1 week after training.

'~Apparatus‘and Training Procedures

| Pole juMp task: The.training apparatus for the pd]e:jump task consisted
of én‘a11ey 30 c¢m long, 11.5 cm wide and 18 cm high‘diVided-into.Z compértments
by é guillotine door. A brass grid floor was used to,de]ivér footshock (0.35 ma) ‘
in.bothVCOmpartmehts.. Thé smai1er compartment (9 cm long) was a start box. The \

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

The pole (2;5-cm diameter) was covered with 1/2 inch wire mesh which started'

juétlabove_the shock grid. The pole could be removed easily with the mouse
on it. The appafatus 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 aftér approximately 15 sec ]ifting 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. Thé buzzer and -

shock were manually terminated as soon as the mouse climbed onto the pole.
An avoidance response was scored if the mouse c]imbedvonto the pole within the
5 sec safe period.

~ After each trial the mouse was returned to its home cage from the pole
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Compartmeﬁt by'carefu]iy removing the pb]e (with the mouse on it) and pTacihg
the pole {n.the héme*tage; Most.mice'quick1y c1imbed'6ff the pole, but ;
occasionally é light touch to the ‘hind quartehs was used to encourage the
mouse fo dismount. SUbseQuent trials (training_or testing) were run in the
same manner. The intertrial.interval was about 45 sec. Subjects received
onjy 2 training trials. |

The retention teét fé]ioﬁed 1 week after training, and consisted of
retrainihg a mouse until it made one avoidancé'reépthe. The number of
trials prfor to making the first avoidance response Was taken as a measure
of retention. In this experimént, amnésia is defined»és takingb3 or more
test trials to make an avoidance respdnse.' This critefion was chosen because
,it‘c1assified.79% of naivé mice as amnesic, and 92% of previously trained
NaC]-injected control mice as non-amnesic (Fig. 1; pane]s.A and B). Training
aﬁd testing wére always done between 8 a.m. and 2 ptm.

. Ten of the saline-injected subjects'were given‘10 test trials each in
order to test whether a subject continues to avoid after making its first
avoidance response. The mean percent avoidanée responses after each mouse
made its first avoidance reéponse.wés 97.5% across the 10 subjects. '0n1y 2
mice received additfona]vshocké-one a shdck on the 6th trial and the other on

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

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

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

mainterance of a habit.

Step-through passive avoidance task: The.procedure for'training and
testing mice for the oné—trié] step-through passive avoidance task has beén 
described in detail previously (Flood et al., 1972, 1974). In brief, the
one~tria1'step—through passive avoidance.apparatus consists of a b]ack start
compartment joined to a white shéck.compartment by a partition containing a

mousehole. Subjects were permitted to enter the white compartment thrbugh

*a
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the mouseho]e where they immediately received footshock (0.30 mA/) until they
returned to the black compartmént._ On ;he retention test given one week
after training, the mice were placed into the'b1ack compaktment aﬁd 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 orileés was defined as amnesia. Most trained non-
'amﬁesic animals didinot,enter the white cpmpartment within three minutes.

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

2 PM.

Drugs

Anisomycin (Ani) was a gfft from Charles Pfizer Co., Groton,'Cohn.,
through the generoSity‘of Dr. N. Belcher. In order to disso1Vé.Ani, an
approximately equal molar amount df dilute HC1 was added, and the pH was
finally adjusted to 6—7.;'The final solution was 2.0 mg/ml in 0.9% $a]ine;

0.25 ml wasvinjected subcutaneously in the back. Cycloheximide (Cyclo), the
depressants (sodium phénobarbita], chloral hydrate and meprobamate) and the
stimulants (d-amphetamine hydrochloride, strychnine'sulphate, picrotoxin,
nicotine hydrochloride, and caffeine cjtrate).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 m1/25.g mouse.

BEHAVIORAL .EXPERIMENTS

‘Jump Pole Task

Experiment 1

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 tfia]s.were Used because pilot work showed that“
saline-injected ﬁohtroié performed equally we]i,;;.the retention test whether
given 2, 4 or 6 training trials. Four drug groups Were used. These were ‘
Ani (single pretréinfng fnjettion 15 min prior to training),'and Am’2 + Cyclo
(é-sing]e pretraining injection of Ahi followed 1-3/4 hrs aftef training by
another injectibn of Ani ‘and then an injeciion of Cyclo 3-3/4 hrs after

training). Another drug group, Ani3

+ Cyclo, received one injection prior
to training, 2 Ani injections after tra{ning at 1-3/4 and at 3—3/4 hr, and

- Cyclo at 5-3/4 hrs efter training. The last drug group received 2.5 mg of
Ani 15 minutes price to training. Threé 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 estab]iﬁh the performance of
naive §ubjects. This néive 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 fdr reténtion. Ani
was adminiStered subcutaneously (s.c.) at a dose of 0.5 mg/mouse/injection
(0.25 m1); Cyclo was administered s.c. at a dose of 2.5 mg/mouse (0.25 m]).
The last drug group was given 2.5 mg of Ani.(lo'mg/ml) in a single injection
(5 Ani). The N's are given in Fig. 1.

Results: The saline control animals combined (Fig. ]B} and the group
given a single 0.5 mg Ani injection (Fig. 1C) showed good'retenfion;" Only 8%
and 9% of these groups, fespective]y; Were classed as amnesic. Both groups
differ clearly from the naive base]ine>group.(Fig. ]A)‘in'which 79% of the -

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

2

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

Cyclo group (Fig. ]D}, which had 6 hrs of brotein synthesis inhibition at 80%
or greater, yielded 38% amnesic animals; this was significantly different from

both the saiine controls and the groups that received only a single pretrain-

ing injection of Ani (P < .001,'X? test. Sixty-six percent of the_Anis + Cycio



group (Fig. 1E), which had 8 hrs of inhibition of protein synthesis, were amnesic;
this percentage of amnesic mice differed sighificanf]y from that of the Am‘2
+ Cyclo group (P < .025) but'did_not differ significantlly from the naive baseline

_: grbup (P-< .25). The 5 Ani group (Fig. 1F) yielded 81% amnesia, which differed -i‘

2 + Cyclo groups (P < .001) but

+ Cyclo (P < .5, x? test). Thus, increased

significantly from the Ani (P < .001) and Ani
_did not differ significantly from Ani
durations of inhibitioh of protein synthesis (6 or 8 hr) led to increased amnésia,

and so did a large initial dose of Ani.

'Expériment.é

| Qggigg: The purpose_of this experiment was to'determfne_if depressants
(sodium bhenobérbfta], chloral hydrate,vmeprobémate) administered after train-
ing on the pole jump task would influence the amnesia caused by‘proteiﬁ
synthesis iﬁhibition._ The experiment tested the hypothésis that a decrease
in post-training arousal will reduce the duratidn of ihhfbition of protein’
.synthesis required to produce a high degree of amnesia.

The mice, training, and testing on.thevpo]e jump task were as in Experiment

1. The doses of depréssants were these: sodium phenobarbfta] (Pheno) , 125
mg/kg; Ch]ofa] hydrate (CH), 300 mg/kg;‘meprobamate (M), 150 mg/kg as Equanil
suspension. For the control groupkthat received saline jnstead of a depressant
drug; Ani w&s injected 15 min prior to trafning, saline .was -injected IP 30 min
after trainihg, Ani was again injected 1-3/4 hrs after tkaining and Cyclo
3-3/4 hrs after fraining; this group. is therefore desighated as Ani(SaI)
Ani+Cyclo. -For the experimental Qroups -~ Ani(Pheno)Ani+Cyclo, Ani(CH)Anj#».
Cyclo, andvAni(M)Ani+Cyc1o -- the'Ani and Cyclo injections were given sub-
cutaneously at the same times as for Ani(Sa])Ani+Cyt1o,,and ip injections of
dépressants,were given 30 min after training. The doses of Ani (0.5 mg/mouse)
and Cyc]ov(2.5 mg/mohse) were as in Experiment 1. Amnesia was again defined

as requiring 3 or more trials to make an avoidance responsg. N per grqup was 20.
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Results: An1 +Cyclo of Exper1ment 1 and An1(Sa])An1+Cyc]o of Exper1ment
2 caused amnes1a in about the same- percentage of an1mals (38% and: 30% -
respect1ve1y) A11 three of the groups g1ven depressants yielded a s1gn1f1cant1y
.h1gher percent amnesia than the Anw(Sa])An1+Cyc10 control group (Fig. 2).
Ani(Pheno)Ani+Cyclo y1e]ded 65% -amnesia (P < .05); Ani(CH)Ani+Cyclo, 80%
amnesia (P < ;005), and Ani(M)Ani+Cyclo, 75% amnesia (P < .005, X?'Test).
The depressant groups showed about the same level of amnesia as'Ani3+Cycld
dr the naive group:of Exp. 1. 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 1ncrease the amnes1a caused
by a given duration of 1nh1b1t1on of prote1n synthe51s in.an act1ve avo1dance
task (Po]e Jump). Depressants were used on the active av01dance 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 passTve'avoidanee. Chloral hydrate and sodium phenobarbital
were administered 30 min after training at- the doses given in Experiment 2.
The footshock intensity was 0.32 ma. Thevinjeetions of Ani or saline were administered
15 min prior to tra1n1ng,??d3/4 hrs after training; when a third injection was )
used, it was given 3-3/4 hrs after tra1n1ng.

Results: Under these cond1t1ons of tra1n1ng, three success1ve injections
of Ani caused greater amnesia than two successive 1n3ect1ons (74% vs 10% amnes1a)
The groups given the depressants and two injections pf Ani d1ffered significantly
from those receiving only theitwo injections of Ani and a control injection'of
sa]inet30'min atter training,(Fié. 3). Chloral hydrate and phenpbarbita1
increased the amnesia by 6ﬁTto 70 percent and the resu]tfng amnesia_was eqdivatent

to that obtained with three'successiVe injections of Ani. Thus the effects of
| L TER R AL ,‘ o o

I
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depressants on retention reported in Experiment 2 were not unieue to_actite
~ dvoidance. | . |

Design: Experiments 4 through / use the step-through passive-avoidance task
to determ1ne 1f the st1mu1ants d- amphetam1ne (2 mg/kg), strychn1ne (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 (O.SAmg/mouse/injection).
The hybothesis 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, arohsa] extends the length of time that inhibition of protein synthesis
is reqdired in order to obtain a high degree of amnesia. Therefore, stimulants

will reduce amnesia.

E*periment 4 _

The following injection schedule was used for Experiment‘4; Ani or Sal,
15 min briorlto training; Sal or one of the stimu]ents, 30 min after training§
and Ani or'Se1 1-3/4 hrs after trainjng. Ahi was administered subcutaneously,
while the stimu]ants were administered intraperitoneally. To centro]'for the
stress of the injections, Sal was administered as appropriatevih place of Ani
~or any of the stimulants. To'COntrol for hon-spectftc effects of the injections
or material injected, 8 mice in each of the 5 cond1t1ons rece1ved pseudo- tra1n1ng
in which they were 1n3ected and allowed to step 1nto the wh1te box but were |
not shocked.

Results: Two success1ve 1n3ect1ons of An1 w1th an ip 1nJect1on of
sa]ine--An1(Sal)An1 (N= 44) caused s1gn1f1cant amnes1a compared to the saline-
injected group (N 51) (73% versus 8%; P < .001, x Test) Any of the st1mu]ants
administered 30 min after training significantly decreased the percentage of
amnesia of Ani-ﬁnjetted sdbjects. Q;Amphetamtne caused the-biggest decrease
in amnesia: Ani(Sal)Ani = 73% amnesia (N=44); Ani(Amph)Ani = 7% amnesia (N=30),

P < 001, x? Test. Strychnine [Ani(Stry)Ani] (N=38) and picrotoxin [Ani(Pic)Ani]
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(N=47) reduced émnesia to 18% and 17% réspective]y and differed significantly
© from Ani(Sa1)Ani; P < .001. . : :
In addition, the groqpé injected and givgn pseudo—trajning showed 100%
vamnesia; that ié,']OO% étepoéd into the white box on.the'retention test within'
20‘sec{ Thus non-specific effects of the 1njection»procedure'of the material
injectedvggg_§g_did not influence the latency to enter fhe shock'cdmpartment'atr

the time'of the retention test.

Experﬁment'5 ‘ v

- Qggigg; Thé purpQSe of this-experiment was to test the time-dependency of
the effect.obéérved_in Experimentk4;by,yaryihg.the time when the ip fnjections

of gfambhetamine,_strychniné, or picrotoxin were. given after passive avoidance
training. The-étimulénts or a control saline ip iﬁjection wére given at 30,
90,‘150, or 210 min after traininé. The subcutaneous injections of Ani or saline
were giVen as before at 15 min prior to training and then again 1-3/4 hrs éfter
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 amnesfa (Fig. 4). Nohe,of the stimulants
significantly reduced amnesia whén éiven at 210 min after training. The clearest
example of time-dependent effect wés obtafned with g;amphetamine. ~When d-
amphetamine was injected 30 min aftér training to_Ani—injected subjects
[Ani(Amph 30)Ani] 20% amnesié occurred, at 90 min-15% amnesia, at 150 ﬁin 50%
amnesia, and at 210 min 80%'amnésié (Fig. 4A). The time-dependént'effecﬁ had a
‘shorter grédient With'strychnine And picrotoxin fn fhét injeétions given 150

and 90 min respectively affer_training failed to reduce the amnesia caused by

the two successive Ani injections (Fig. 4B and C).
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~ Experiment 6

‘ ‘Design: This experiment tried to establish a reiation between}the effect
of behavioral and pharmacolog1ca11y 1nduced arousal on amnes1a The reseltS'of
Exper1ment 5 suggest?ihat pharmaco1og1ca11y 1nduced arousal can reduce the
effectiveness of Ani as an amnestic agent. These results: m1m1cked the finding that
greater training strength (i.e., more or stronger footshock, more trcining
trials), which probebly involved greater arougaT, can decrease tﬁe‘amnestic
effectiyeness of a’given number of Ani injectioﬁs (Flood éﬁﬁél;; 1973, ]974,

1975a). However, increasing the number Of'Ani-injections and thus the duration
of inhibition can reestab]tsh a high level of amnesia in spite of increased -
‘trainfng strength (Flood et al., 1973). “The burpose of Experiment 6 was:to
see if 1onger durations of 1nh1b1t1on of protein synthes1s (accomp11shed by
that were

giving more Ani 1n3ect10ns) would block the effect of the stimulants/ reported
in Exeeriments 4 and 5, |

The subjects, trainiﬁg'conditions and apparatus were eé for Eiperiments 4
and 5. The ip injection of saline or one of the stimelants was adminietered.
ét_30,min after tfaining. .The number of subcutanedus Ani or saline injections
was vafied_as fo]iows:: Ani was administered 2, 3 or 4‘timest vfhe first
injection was 15 min'prior-to treinfng, the 2nd injection 1-3/4 hrs eftef
tra1n1ng, the 3rd 1nJect1on, 1f given, 3-3/4 hrs after tra1n1ng, and the 4th
injection, if given, at 5-3/4 hrs after tra1n1ng o

Thus there were 9 exper1menta]_groups. the 3 stimulant drugs (d- amphetam1ne,
strychnine, bicrotoxin) by é durations of inh1b1t1on (produeed by,e1ther 2, 3,‘
_or.4 successive ihjeétidns]oflAnf{giving durations of 4,A6, ef78 hr inhibition).
In addition, the possib]e‘extent of Ani-induced amnesia_withoqt the_stimulants
was measured in twd groups:_‘A(Sal)A, and'A(Sal)A+A+A. Sa]ine controls were
kun'only'for_the extreme ﬁumbers of injections: Sa1(Sa1)$el and Sal(Sal)Sal+-

Sa1+Sa]f
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Resuits: The results Showed’that, asrthebnumber of Ani.injections increased,
the effectiveness of the stimulants in preventing'amnesia deoneased. “As had
been found in Experiments 4 and 5, d-amphetamine wes.the.most effective of the
three stimulants in overcoming the amnesia produced by Ani since inhibition of
protein syntnesis had ‘to be maintained for 8 hrs by‘4 injections of Ani to obtain
a'high-degree of amnesia (Fig. 5A). Stnychnine was the nextvmost effective, |
and a clear gradient of inCreasing amnesia with increased durdtion of inhibition
of prote1n synthes1s was obta1ned (F1g SB) Picrotoxin had the shortest post-
tra1n1ng grad1ent and its effect was b]ocked by a th1rd 1nJect1on of An1

(F1g. 5C).

Experiment 7

A further‘teSf Of the effeCts of‘stimu1ants on anisomycin-induced amnesia s d
was carried out using 1ow doses of caffe1ne citrate (20 mg/kg) and n1cot1ne |
hydrochloride (0.5 mg/kg) administered 30 min after pass1ve avoidance training.
The experimental des1gn}comb1nes 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 tréining. The footshock was 0;35 ma.

Resolts: Nfcofine and caffeine, when administered 30 min after training
to mice given two successive injections of Ani, broduced significantiy less -
amnesia than was.observed in the comparabie Ani(Sal)Ani group (Fig. 6).

2

Ani(Caf)Ani vs Ani(Sal)Ani yielded 22% vs 74% amnesia (P < .001, x Test);

 Ani(Nic)Ani vs Ani(sal)Ani, 21% vs 74% (P < .001, X Test). Giving an additional
Ani injection to these groups blocked the anti-amnesic effect of caffe1ne and
nicotine. An1(Caf)An1 differed from An1(Caf)An1+An1 at P < .005, 22% vs 67%,
Ani(Nic)Ani differed from_An1(N1c)An1+An1 at P < .00], 21% vs ' 76%. Thds,'theSe

two additional stimulants demonstrate an ability to block amnesia induced. by
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.’prdtein synthesis 1nhibition; But the amnesic efféct was regained by giving‘
only one additional iﬁjeétion of Ani which extended the duratibn of inhibition
by th'additionaT hours;'whekeas with d-amphetamine and étrychniné, two
additiéna] inject{oné of Ani extending the inhibition'féur-hdurs were required

to block the effects of the stimulants.
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- BIOCHEMICAL EXPERIMENTS

THevpurpose of the biochemical éxperiments'was to determine to what’éxtent}
the behavi@ra]lresu1ts described abové hidht‘be ekp]ained by modification of
cerébra]lprotein synthesis from depressants or stimuiants alone or in_combina;
tion with the protein synthesis inhibitbrs,'anisomycin and cycloheximide.

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

'séries tested stimu]ants.

* PROCEDURES |
GENERAL DESCRIPTION - BIOCHEMICAL

Animals

~The hice uSed‘forithe bidéhemi§a1 experiments were male SwiSs Webster mice;
they were>fir$t or Secohd genefétion of a'stoék obtained froh the Charles Rivers
Breeding Laboratories and raised at the Lawrence Berkeley Labdratory; recent
behavioral comparisons Qf.our own bred Swiss Websteré and those obtained diréct]y
from Charles Rivers showed no,significént 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.

,[]4C(U)J¥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 admi?istered []4C(U)]—L—va1ine into the
' o ‘ b) . _ ‘ _

trichloracetic acid insoluble fraction to/the total activity in the brain sample.

The radioactive amino acid was injected 20 min prior to sacrifice. The percent
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1nh1b1t1on or stimulation was determined by a compar1son of this rat1o in the
control and exper1menta1 mice. The experwmenta] procedures have been described
~in | detail (Flood g}_gl;, 1972). Duplicate fractionations and determ1na-

tions of radioactivity were made for each mouse brain.

Experimenta1 Series 1: Effects of,Depressants

_§§jg_j A large number of experiments were carried-out to demonstrate the’
effects of inhibitors, depressants, and inhibitors plus depressants on 1nh1b1t1on
of prote1n synthes1, In these experiments, we determined (a) the 1nh1b1t1on

. at several intervals during
due to a s1ng]e 1nuect1on of Ani / the time per1od 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 thc same time period In addition, the"inhfbftion'produced by
the series of 1nject10ns An1(Sa1)An1, An1(Sa1)An1+Cyc]o An1(depressant)An1,
and An1(depressant)An1+Cyclo was determined over the time interval 4 hr to 9 hr
after the initial injection of Ani.

ResuTts; The experimental results for this series of-experiments, which
usedvover 500 mice, are given for Ani (Fig. 7),:meprobamate (Fig;>8), chloral
hydrate (Fig. 9), and sodium phenobarbitol (Fig. 10). After an:injection-of
Ani, the inhibition of protein synchesis.rises rapidly to 90%, and falls to 80%
after 2 hr. A subsequent 1nJect1on of Ani resu]ts in an 1nh1b1t1on curve s1m11ar to.

- <3 the first one.
The 1nh1b1t1on obta1ned by an 1nJect1on of Cyclo falls to 80% more quickly than :
does the inhibition obta1ned with Ani, but the subsequent decay is less rapid.
The curve for Ani+Ani is .a composite curve incorporatingidata from both_C57B]/Jf -
and Swiss male mice. We have found that Cg,B1/Jf and Swiss mice have eSSentially
identical inhibition resu]ting from a sing]e dose of Ani.and'similar degrees of
inhibition at the 4 hr and 5 hr An1+An1 data points shown in Figure 7. The

1nh1b1t1on curves for Ani and An1(Sa1)An1+Cyclo are repeated on each f1gure

The number of mice used to obtain each data point is indicated on the figures.
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1t should be noted that training of mice occurred in the behav1ora1 exper1ments
15 min after the first injection of An1 or saline.
- No depressant exerted a 1arge effect on protein synthes1s, either by itself

in combination
or/with the protein synthesis inhibitors. The maximum 1nh1b1t1on caused by a

the meprobamate; this occurred

depressant alone was/30% found w1th/approx1mate]y 2-1/4 hr after admini-

of meprobamate
stration/(Fig. 8). Protein synthesis inhibition by meprobamate pers;sted no
more than 5 hr after its initial adm1n1strat1on. Meprobamate in combination
with Ani increased the protein synthesis inhibition at 2 hr from 80 to 90%.
No eignificant increase in inhibition wés found~at 4 hr from Ani(Mep)Ani when
compared with.Ani(SaT)Ani.' In addition, the duration of inhibition abovev80%
- obtained witﬁ Ani(Mep)Ani+Cyclo was not eXtended beyond the 6 hr above 80%°
obtained w1th An1(Sa1)An1+Cyc1o |

Chloral hydrate (Fig. 9) produced a maximum of 30% inhibition of prote1n
synthesis 1—1/4_hr after its injection. The 1nh1b1t1on persisted for no more
than 3 hr after administration. _In-combination with Ani an increase of 12% in
inhibitien was noted 2 hf'aftef administration of Ani (141/4 hr'efter administra-
tion of chloral hydrate), but not at the 1ater>time points.

Phenobarbitol (Fig. 10) gave results very Simi1ar to chloral hydreterand to
meprobamate.in that only slight and brief inhibition was found when it was
administered by -itself, and ehlincfeaSe in inhibitipn 2 hr afterlAni injection
(1-1/2 hr'after phenobarbitol administration), but no significant increase in

inhibition at the later time intervals.

,Experimental'Series:Z: _Effects of Stimulants
Design: The effects of the stimuTants amphetamine, strychnine,.picrotoxin, ‘
caffeine, and nicotine on protein synthesis, both in the presence and absence of

anisomycin was investigated. The effects on protein synthesis were: determined

2 hr 1-1/4 h '
1-1/4 hn/and 3 hr after administration of Ani, and 1/2 hn/and 2~ ]/4 hr after the

C(U)% -L-Valine was administered 20 min aor to sacrifice.
adm1n1strat1on of the st1mu ant / Three mice were used for each data po1nt

i o
. d
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‘Results: -The resu]ts are summar1zed in Table ] Somewhat'surprisingly,'
' the st1mu1ants produced either a slight 1nh1b1t1on of prote1n synthe51s or no -
effect on protein synthe51s. That 15,7a1though they reduced amnesia, whatever
effect they:had_on profein synthesis was‘fn.the same direction as anisomycin.
Stimulants did nei modify the inhibition produced by anisomycin. | |
DISCUSSION
: dur1ng

The 1mportance of arousal / acqu1s1t1on of a hab1t has been recognized for
some time. More recently 1t has been suggested\that arousal that - follows the»'”
acquiéitioh of a habft plays -an important role in memory formation. The phyeio—
1091ca1'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 cho]inergic
neurbtransmitters (McGaugh ‘1973)‘v We hypothesiZe'that the more difficult a o

after the training.

task, the longer the per1od of arousal that persists/ In the case of many standard :
1aboratory tasks, greater d]ff1cu]ty is associated with more training trials |
and with a greater total exposure to shock. In order to prevent the formation
of memory, protein»synthesis‘must be prevented until such time as thedneuro- |
physiological effects.of the arousal have ceased orvcdnsiderably dfminjshed:
The neurdphysioTogica] effects (e g., hormone reTease,vincrease in neurotrans-
mitter release, increased act1vat1on of RNA, pro1onged perlods of - memory- re]ated
‘protein synthes1s) W111 d1m1n1sh as the time from training 1ncreases Let us
note how the present experiments relate to this hypothesis and point out some

problems of interpretation and some areas requiring further research. ,

\-
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Primary Tests of the Arousal Hypothe51s

The- present experiments give con51derabie support to the hypothesis that
.arousai following training affects the formation of long- -term memory Experiment-
2 demonstrated that administeringvdepressants (sodium phenobarbitoi, chloral
_hydrate,VOr meprobamate)'after training on the pole jump task significantly
increased the amnesia caused by'inhibitioncpf protein synthesis that resul ted
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 (g;amphetamine,

- strychnine, picrothin; nicotine; caffeine) after passive_avoidance training
significantly rédhced the amnesia éapsed'by inhibition of protein gynthesis.
Experiment 5 showed that the effect pf administering stimuiants was greater the .
c]oser 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_stimuiants was not absoidtef-it could be biocked by
further increases in thevduration of inhibitionvof prptein,synthesis (i.e., .
additionai Ani injections). A1l of these results are consistent with the

arousal hypothesis and,suggest that arousal promotes memory formation.

Some Alternative Interpretations

In‘Order‘tovproperiy interpret the behavioral resuits and to evaluate some"
alternative expianations, a'brief.review of the modes of'action of the drugs
used in these erperiments 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 anatomicai areas. Nevertheiess, fpr

-
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the- present purposes 1t suff1ces to 1nd1cate that. the transm1tter funct1ons
are frequent]y grouped by such c]ass1f1cat1ons as’. cho11nerg1c adrenerg1c, n
-_exc1tatory, and 1nhjb1tory.--An excellent review of the actions of neurotranS—,
:mftters‘has reCent]y appeared (KrnjeViC5_1974)'and hence.nO-attempt'will be
made here to- summarize their actions o |

The excitants and depressants used in th1s study were chosen to act‘on a

var1ety of neurotransm1tter systems in- order to assess whether the effects on
memory are specific to certaln neurotransm1tter»systems or are general to

' excitation‘or.depression. These agents'exert the%r inf]uencevin the CNS by a
: yarietyvofvactions. The principal modes of action of the_stimu]ants appear
 to be‘better defined than those of the depressants. At the risk of over-
simp]ification, their actions are summarfzed below. =~ = | |

The primary effect of d-amphetamine appears to be that of}incréasfng the.
~release and blocking the reuptake of catecholamines (BeSson et;gl;g 1971;
G]owinski and Axelrod, 1966; VonVoigtlander>and Moore'1973). ‘The actions of
d-amphetamine arevon the dopaminergic (Chfueh‘and Moore, -1973; ThornbUrg B
and Moore, 1973; Costa, Groppetti and Naimzada, 1972) and perhaps the noradrenergic
systems (Snyder et al., 1970) Leonard (1972) suggested that the predom1nant _
effects of d- amphetam1ne are on the adrenergic system.

As its primary act1on, strychn1ne appears to act as an antagon1st to
glycine, thereby affecttng the postsynaptic glycine receptor and se]ectlvely
blocking inhibition (Curt1s, Duggan, and Johnston, 1971 Curtxs, 1969; Franz, -
1975; Dre1fuss and Andrews, 1972). However, the act1on of strychn1ne is not
ent1re1y specific (see Krnjevic, 1974, p 459 Ph1111s, ‘970) |

P1crotox1n by 1nteract1on with the GABA receptor b]ocks presynaptic.

' inh1b1t1on-and affects all portions of the CNS. It is of interest that Snyder
'hasfesttmated that as many as ‘30% of the brain synapses are GABAnergic (1975).

S1nce the main act1on of GABA is to increase the membrane permeab1]1ty to small
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anions, especially cH]dride, picrotoxin u1t1mate1y wi]i modify membrane
permeabi]ity (Krnjevic: 1974 pb’448 et-_:l;)

N1cot1ne acts on the nicotinic acety1cho]1ne receptors in brain. These
n1cot1n1c cho11nero1c cells are oredom1nant1y excitatory when activated
(Krngev1c, ]974 p. 435 et seq.). The CNS effects of n1cot1ne appear to
result from the activation'of these cho]1nerg1c receptors.and appear to be
partially dependent on endogenous catecho]aminevinteractions. Tne nresence
of nfcbtinic acety1choline receptors in brain has recently been demonstrated |
(Moore and Loy, 1972; $a1vaterra, Mahler, and Moore, 1975; Eterovic/and Bennett,
1974). The CNS effects of nicotine appear to be partially dependent upon
endogenous catecho1amfne interactions (Sabelli and Giardine, 1972).
| Caffeine excites the CNS at all 1eve]s, act1ng f1rst on the cortex and,
then on the medulla (Ritchie, 1975). The mode of action of caffe1ne appears
to be by fnhfbition of cyc]ic nucleotide phosphod1esterase (Fuxe and Ungerstedt,
1974) The 1nh1b1t1on of the phosphodiesterase leads to an increase in the
cyc11c AMP concentrat1on of the brain. Waldeck (1973) has suggested that cyc]ﬁc
AMP is involved in central catecho]am1ne receptor mechanisms. Greengaard (]976)v
has suggested mu]t1p1e roles for cyclic nucleotides and prote1n phosphory]at1on
in neuronal function. Caffeine has also been reported to raise the brainstem
level of serotonin by 40 - 100%, either by preventing its re]ease,or.by'increasing'
the rate of serotonin synthesis (Berkowitz and Speccor, 1973). It has also been
shown to increase therconversion ratevpf tyrosine»to'noradreneline and dopamine'
”(we1deck; 19713 : Waldeck, 1972). A marked increase in the accumulation
of Jabeled catecho]am1ne from DOPA was a]so stlmu]ated by caffeine. |

Surpr151ngly little 1nformat1on appears to exist on the mode of act1on of
the depressants. Sodium phenobarb1ta1,.1n_common with other barb1turates,
appears partftular1y to affect synaptic transmission acnoss neuronal and neuro-

effector junctions (Harvey: 1975). It has been shown to decrease the turndver'



0 0.

L.

-23-

of‘brafn dopamine and serotonin (Corrodi, Fuxe, and Hdhfe]t: ]966 ]967) and
lead to a reduct1on in the turnover of noradrena11ne in cort1ca1 noradrenerg1c
nerve term1na]s (Corrod1 et al. 1971 L1dbr1nk et al. 1972) A number of
rather non- spec1f1c act1ons are attr1buted to sodium phenobarb1ta] such as a
general reduct1on in the energy y1e1d1ng and synthet1c react1on of the brain:
(Harvey, 1975) While the 10cus and mode of act1on of meprobamate are not
:.estab11shed the pharmaco]og1ca1 effects of meprobamate appear to be very
s1m11ar to those of the barb1turates (Byck 1975) Corrodi, Fuxe, and ‘Hohfelt
{1966) have reported that meprobamate reduces the utilization of forebra1n
edopam1ne but that it does not decrease the turnover ofvnoradrena]1ne in the |
cortical noradrenergic nerve terminals. The CNS depression produced by chloral
hydrate is be]ieved to beacaused by its reductton product.trich]oroethanol
(Harvey, 1975). This reduction in brain is carried out by aldehyde reductase
Tabakoff et a] (1974) have suggested that one of the effects of chlora] hydrate
may be an increased steady state of the b1ogen1c am1ne metabo11sm
A paucity of literature exists on direct effects of acute adm1n1strat1on of

elther excitants or depressants on prote1n synthes1s Jaboubek and Sem1g1novsky
(1970) rev1ewed the 11terature and conc]uded that it is likely that there is a
correlation between increased functional aet1v1ty produced by a number of stjmuli
such_asdmotor activity, e]ectrica] stimulation, narcotics and.excitants, and
protein and nucleic synthesis Satake (1972) simiTar]y concluded that trans-
synaptic st1mu1at1on seems to activate. prote1n metabo]1sm in the neuron With
respect' to specific experlments ut1]1z1ng the drugs dlscussed above Von VoigtTander
(1974) has shown in the frog that d- amphetam1ne reduces the rate of transport 1n _
the’ n1grostr1ata] pathway, but no ev1dence was presented that it reduced the
rate of prote1n synthes1s He ascribed the reduced rate of transport to the

reduced rate of f1r1ng of neurons. McMahon and B1aschko (]971) have found that

chloral hydrate inhibits protein synthesis in Chlamydomonas reinhardii. However,
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it should be hoted that hfgh«gongentrations (0.0]vM),were required to aéhieve
greafer than 90%[inhfbition; With longer exposure, cell division is.fnhibited,
but this Qbservation would not appear to be relevant for understanding the |
‘mechanism of éctioh for the present stqdiés, Edstrom and Larsson (1974) showed
that high concentrations of barpjturates'were relatively ineffective in 1nh{bit-
ing protein synthesis in vitro in the sciatic system of the frog. |
In>our.experiment;'we have found that each of the debressants caused a
modest inhibition of protein synthesis which was of felatively brief duration.
The stimulants did not cause any:marked;increaSe in protein synthesis; on thé
contrary in severa} cases s]ight.inhibition was noted. Neither the depressénts :
nor the stimulants markedly altered the inhibition of proteihlsynthesis produced by
anisomycin. | | |
Few studies have been made Qf'the side-efféCts of anisomycin on brain .
neurochemistfy, especia]]yvbn thevneurotranSmftter systéms. Flexner and
Goodman (1975) héve raised questions about the interpretation of experiments |
using inhibitofs of rrotein synthésis.v 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 coﬁtfibute to the amnesia.
Indeed, they conc]ude that the behavioral manifestations may not be'attritutable
solely, or at:all, to inhibition of.protein éynthesis. They showed that protein
synthesis.inhibitors--cyc]oheximide, puromyéin, anisomycin, and acetoxycyclo-
/heximide-—had the common.property of depressing the rate of accumulation of
norepinephrine, dopamine, énd‘tota] cétechb]amines and at the samé time marked]y»‘
elevating the 1e9é]s of'tyrosine. However,_in the ‘case of anisomycin, Flexner and
Goodman présented ?a§2r only one dosage and one time point after administration
(2 h), and until morz complete data are available, it is difficult to evé]uate
the sighificancé of these results for the interpretation of. our behavioral

experiments.  Squire, Kuczenski; and Barondes (1974) have studied the inhibition
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of hrain tyrosine hydroxylase activity by cycloheximide and anisomyoin; and
by doses of a-methy1-p-tyrosine whioh_depressed tyrosine hydroxylase.activity
" as much as or more than'either cyc]oheximide'orlanisohycih. They concluded
that'the_effect oj'protein synthesis inhibition on brain tyrosine hydroxy]ase
activity is-not,SUfficient to explain the'amnesic‘effect. jUnpub]ﬁshed.exoeri-
ments'(Fiood et al.) which have used d:ugs which soecificaliy 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 anamnestic agent within minutes
| after its administration. No rapid effects of'anisomycin on neurotransmitter
systems'have yet been reported; however, we are now investigating this possibility.
A1 fire stfmu]ants enhanced'memory formation in that they blocked or |
reduced the amnesi: induced by the an1somyc1n 1nJect1ons The results of the
b\ochem1ca1 experlments summar1zed in Tab]e 1 showed that the stimulants did
not s1gn1f1cant1y affect prote1n}synthes1s nor did they decrease s1gn1f1cant1y
‘the inhibitibn‘produced:by Ani. |
The extensive biochemicai'tests reported in this.paper‘showedlthat none of
the depressants affected'protein'Synthesis to any important'extent. Since aTT
three depressants had similar effects in enhahctng amnesia, it appears that
the effect of these drugs on memory is due to the?ggg:;lcolog1cal actions of-
these agents as depressants rather than to ‘their more spec1f1c effects
Therefore, at the present time, we prefer to believe that the neurolog1ca]
actions.commonly referred to-as "arousal® provide a mechan1sm_by which protein
synthesis.is rapidly modified in "aCtirated pathhays" leading eventually to
]ong—tasting anatomical--synaptic and/or dendritic--changes. Many factors,
including shock intersity and duration, excitant and depressant and drugs, may
serve to mod1fv the degree of arousa] of the an1ma] and thus the magn1tude of

the prote1n synthesis evoked and eventually the strength of the memory format1on.
-
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A quest1on frequent]y asked is whether the injection of Ani 15 min before
tra1n1ng was suff1c1ent to d1srupt 1earn1ng or to 1mpa1r memory format1on
Figure 1C demonstrated that the group given only a pretr1a1 injection of Ani

as _ as did saline-injected controls (Fig. 1B).
showed/good retention / Thus, unless the inhibition is maintained by subsequent
post-training injections of Ani, memory formation is not tmpaired (Flood et al.,

1973, 1975a, b).

Type of Learn1ng Task and Amnes1a

D1fferent types of tra1n1ng seem to require shorter or 1onger per1ods of
1nh1b1tlon of protein synthes1s to induce amne31a We believe that these
observations can be related to the arousa] hypothes1s

Passive avoidance can be learned in a single trial, end 75-85% amnesia can
be induced by one or two injections of Ani (2-4 hrs of_fnhibition)'depehding on
the degree of training (Flood et al., 1973, 1974). Theijump 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 cen be acquired in

5 trials, but production of an emnesic effect‘required 14 hrs of ihhibition of
protein synthesis. Using a still more difficult rod-discrfmination task involving
20 training trials, Squire ahd Datis (1975) failed to produce substantia1 amnesia
with aboot 10-11 hrs of inhibition. These tasks can also be comoared in terms

of the duration of footshock that the subjeEts'received during training: passive
avoidance, 1- -4 sec; Jump7%£eéo sec; T-maze, 20-45 sec; and the rod-discrimination R
task, at least 60 sec. Thus among_these training procedures employing shock,
the Tength of ihhibition‘required to produce amnesia is related to both the
number of tria]s and the duration of shock received. Consistent with this is

the fact that w1th1n a given tasK greater shock strength reduces the 11ke11hood

of amnesia (Flood et a al., 1972, 1973, 1974)
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Further ev1dence on th1s quest1on comes from the stud1es in which shock was
" not emp1oyed for training and An1 was used to induce amnesia. Squ1re:and Becker
(1975) found that a single, immediate low dose injection of An1iimpaired retention
for: hab1tuat1on to a novel sound the measure: was the degree of drink’ suppress1on
when the sound was subseouent]y presented Also we have recent]y found that
retent1on for learned extinction of an active avoidance response was very poor
“1in 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 cr1ter1?g ‘was re]at1ve1y 1arge (8 10),
4 hrs
only re]at1ve1y sheyrt duration of 1nh1b1t1on/was needed to disrupt retention for the
learned extinction that did not
1nvo]ve shock. Thus it seems that retent1on for non-shock motivated learning tasks
' is retention for
may be more susceptible to Ani 1nterference than/shock—mot1vated learning tasks.
Considering both shock—mot1vated and non—shock—mot1vated 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 hhen given prior to traintng,_but'not when given after
training, results in far greater amnesia}than one would expect on the basis of
the duration of inhibition (Flood et al., 1973, Exp. 7;,1975a). In the present
Exp. 1,.5 Ani (5 times the’amount hormally given) results in about 3 hrs of
inhfbition at 80% or greater yet caused significantly greater ahnesia than a :
single low dose-of_Ani;-:However, we previously found that the same large dose
given after training (e.q. Ani+5Ani) | o did'not'eaOSe any greater
amnesia than would be ekpected on the basis of the resulttngrduration of inhibi?

~“tion of protein synthesis (Flood et al., 1975a). Squire and Davis (1975) have |
also observed that a large pretraining dose of Ani (eooivalent to 9 Ani) prbduoed =

greater amnesia than a low dose of Ani on the rod-discrimination task.
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They ) suggested that the slightly higher inhibition of protein
synthesis at the time of training--and therefbre less "leakage" of continuing
synthesis—-hight account‘for the greater effectiveness 6f large doses of Ani.
However, if "leakage" of protein synthesis occurred throughout the multiple-
injection Ani experimehts, then the later injections of Ani should not have
cauéed amnesia since the protein would already have been synthesized by this
time. Anothér_poséibi]ity may be that such large doses not only affect protein
synthesis but also produce substantial side effects which are insignificant when
smaller doses of Ahi are given. It may well be that there are such side effects
on acquisitioh bui‘ﬁot on memory formation ?gg:;e doses adhinistered before
training increased amnesia whereas large doﬁes given pdsttria] 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 might
be possibie, ahd our experiments allow us to exclude some of these. First,

the drugs might affect protein synthesis directly or might modulate thé inhibi-
tion caused by Ani. Our biochemical experiments rule out this route, since

the drugs did not affect 1nhibifion of protein synthesis markedly. Secondly,
the depressants and excitants could act by altering the initial acquisition.

In the present experiments, however, the drugs were giveﬁ 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 dufing the post-training
pe}iod ahd thus altering the excitability of tissues involved in memory forma-
tion; this may change the capacity for the CNS to direct memory-related protein
synthesis. More specificél]y, 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
fnhibition 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, whefeas aﬁvadditiona] 2 hrs of
1nhibitioh sufficed with the other stimulants 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., 1975b). From this and other results it was inferred
that the rate of memory-related protein synthesis deéreased 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 depréssants accelerate the decay.-

. Our results are all consistent with the hypothesis that the level of arousal
following acquisition plays an 1mporfant role in determining the length of time

over which the biosynthetic phase of memofy formation will last.
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Table 1

Saline Injected Mice

Anisomycin Injected Mice

Time Administered Prior to Sacrifice (min)

Saline or Anisomycin 75 120 180 75 120 180
Stimulant 30 75 135 30 75 135
% Inhibition of []40]-Va1ihe Incorporation

Stimulant _

None - - ' 93+2 77+5 56+8
d-Amphetamine 9+12 26+ 10 92+1 88+2

2 mg/kg -
Strychnine sulfate 20 + 8 2+5 91 +2 76 +3

0.1 mg/kg ' '

Picrotoxin 5+4 5+6 92 +3 76 +4

1 mg/kg
Caffeine citrate 5+ 7 45 + 8
20 mg/kg -

Nicotine hydrochloride 6+ 5 50 + 8

0.5 mg/kg

* []4CJ-Va]ine was administered 20 min prior to sacrifice.
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- FIGURE CAPTIONS

Effécts of duration of inhibifionvof pkotein synthesis .on retentionl’ h
for jump pole ‘training (Exp. 1). As the number'df injéctions of
2, Ani3), increasihg
the duration of inhibftion, 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

Figure 2.

Figure 3.

Figure 4.

‘this dose is not much longer than that from a singTe dose.

The effects of depressants (phenobarbital, chloral hydfate,
meprobamate) on the level of anisomycin-induced amnesia for the
po]e:jump task (Exp. 23 N/group'= 20). Each depressant significantly

enhanced the amnesic effects of the inhibition of protein synthésis.

Effect of'chTora1 hydrate and phenobarbita],on anisomytin?induced g
amhesia.for passive avoidance trainiﬁg [Exp. 3; N's: Sa](Sai)Sa], 203
Ani(Sal)Ani, 20; Ani(Sal)Ani+Ani, 23; Ani(CH)Ani, 31; andvAni(Phenq)-.
Ani, 21]Q The;depreséantﬁ increased amnesia, and the resulting
amneSia was equivalent to that obtained with three injections df

Ani.

Timeedépgndent effects of stimuiants on anisomycin-induced amnesia.
{(Exp. 5;YN = 20/gfoup). A. d—Amphetamihe blocked amnesia caused by .
anisomycin when'given}30 or 90 min after passive;avoidanCe traiﬁing.
d-Amphetamine failed to block amnesia when given 210 min after
training. Thus proactive effects of d-amphetamine cannot explain
the effect obtained with a 30 min post-training injecfion 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. Strychhiné did not block anisomycin

| _induced amnesia when given 150 or 210 min after training.

F1gurg‘5.

Figure 6.

C. Eicrotoxin only blocked amnesia when administered 30 min after

training.

Effect of the numbErnof anisomycin injections (duration of inhibition

of protein synthesis) on amnesiavblockéd by_stimu]ants (Exp. 6).

- A. Four successive injections of anisomycin were required to regain

the high pertent amnesia lost by injetting d-amphetamine 30 min after
tratning. Thus the cépacity for membry re]afed pfotein synthesis
extends 3-4 hrs longer in A(Amph-30)A than in A(Sal)A mice (N/gfoup =
15); B. Three'sUccessive injectibns of ahisomycin were'reqUired to
regain the high percent amhésia lost by injecting strychnine 30 |
min aftef training. Thus the capacity for memory related protgin'
synthesfs extends 1-2 hrs lohger in A(Stry)A than in A(Sal)A mice :
(N/Qroup = 20). C. Three successive injection§ of anisomycin*were..
required to kegain the high percent of émnesia=iost by injecting |

picrotoxin 30 min after training. The capacity for memory related

- protein synthesis extends 1-2 hrs longer in A(Pid)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.

Effect of caffeine and nicotine on Ani-induced amnesia (Exp. 7).. An

‘additional injection of Ani was required to overcome the amnesia-

blocking effects of the stimulants.
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Figure 7._ Inhibition of cerebral pfotein synthesiS'invSwisg webstér male mice -
| obtained by subcutaneous_injections‘of Ani;vAnifAni, and Ani+Ani+
Cyclo. The number of mice.and the standard deviatibn are shown for
each data point where more than two mice were uséd._ The doses
'(0.5 mg Ani, 2.5 mg cycloheximide) and thevinjection schedule were the
same as used for the behavorial experimehts. Two'ﬁajor'sefies of

experiments done two years apart are represented by 0 and p-

Figure 8. The inhibition of ‘.pr‘otein synthesis by meprobamate alone ( o----g)
- or meprobahate and}Ani+Ahi+Cyc]o (g---- @ ); The inhibitibn'by
protein synthesis inhibitors Without meprobamate ( = + = « =) is
“redrawn from Fig. 7; The number of miée and standard deviation are =
shown for each data point. Administering meprobamate with thé
inhibitofé neither increased the maximum inhibition nor pro]onged its

duration.

Figure 9. The inhibition of protein synthesis by chloral hydrate alone (cf--a:)
or phenobarbital and Ani+Ani+Cyclo‘( @a---- 8 ). The inhfbition by
protein synthesis inhibitors without ﬁh]ora] hydrate'( - — s =) is
redrawn in Fig. 7. The number of mice and standard deviation are

shown for each data point.

Figure 10. The inhibition of protein Syntﬁesis by phénobafbita]ualohé (u;--1;) ”
or phehobarbita] énd Ani+Ani+Cyc]6 (Bw-;- a). Thé inhibitiOn by .
“protein synthesis inhibitors without phenobérbita] (= — -;-) is
: redrawn from Fig. 7. The number of mice and standard deviation are

shown for each data point.

o
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EFFECT OF DEPRESSANTS
'ON ANI-INDUCED AMNESIA
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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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