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ABSTRACT
" The Relation of Memory Formation to
Controlled Amounts of Brain Protein Synthééis
Jamés‘F. Flood Edward L. Bennett Ann E. Orme
Laboratory of Chemical Biodynamics w
Lawrence Berkeley Laboratories

University of California, Befke]ey 94720

Mark R. Rosenzweig
,1Department of Psychology
University of California, Berkeley 94720

Anisomycin;'an inhibitor of brain protein syntheéis; was used to control
‘the time and duration of protein synthesis occurring ﬁn‘miCe, after they wére
trained on a one-trial passive avoidance task. It wa§ found that if syn-
thesis was stronly inhibited for 6 - 8 hours, a high percantage of the subjects
were amnestic. However, if small amounts of protein éynthesis were allowed to
occur by permitting some'limited recovery of protein synthesis, then memory
was established. fhe longer the duration of this controlled synthesis and
the closer it occurred to training, the greater the percéhtage of subjects

remembering the training.

Mice, Passive Avoidance, Memory, Anisomcyin, Inhibition of Protein Synthesis,‘

Amnesia
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This study carries forward our research (4,5,6) and that of others
(e.qg., 1,3,7) in whiéh inhibitors of protein synthesis are employed in
okder to elucidate biochemical processes involved in 1ongferm memory. A
brief recapituiation of some earlier research will pkovide necessary
-background for the questions to be taken up in the-presént study.

While the agents Cycloheximide (2,4,7,8,9) and Atetoxycycloheximide
(1,3) have frequently been employed in such studies,vWevhave found
Anisomycin (5.6) to be particularly useful for two reasons: (a) the
'vduration of inhibition of protein synthesis in mouse brafn can be con-
trolled by givfng successive injections of Anisomycin‘(Ani) at 2-hr

intervals (5), and (b) an injection that produces abbdf 2:hrs of in-.
hibition at 80% or greater -- or even a series of such injections

. is far'beIOthhe lethal dose of the drug (5). The.dégree of amnesia

~ has been found to depend upon both the duration of ihhibifion and several
parameters of the passive-avoidance training situation(shock intensity
and latencies to enter and to escape the training boi)‘ )

As strength of single-trial training was increaséd,_é single pre--
training injection of Ani was found to become less effecthe in causing -
amnesia. This was also true when multiple injections.wére émp]oyedi
With constant ;onditions of training, increased durations of protein
’synthesis inhibition caused greater amnesia. The gréater the duration
of inhibition, the greater the amnesia. Control experiméhts demonstrated
that this greater'effectiveness could not be attributed tb either the
multiple injectibn procedure itself or to the greater dose of Ani, per se,

" that was used in the multiple injection groups. Within practical limits
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of increasing training strength and the duration of inhibition of brain

protein synthesis, it has in principle been demonstrated that for any

increase in tréining strength that blocks amnesia, a ddrafion of inhibition

exists that will reestablish the amnesia. Simi]ar]y?fdrﬂany duration
of inhibitioﬁ thaﬁ blocks memory, a greater training étrength exists that
will block the‘amﬁesia (5,6).

From our prévious studies we concluded that during*inhibition of
brain protein synthesis the brain retaiﬁs the capacity’to synthesize
sbecific memory-~related protein(s) such that, if inhibition is not suf-
ficiently Tong,'éynthesis of memory-related protéin(s)vwill occur after

inhibition is terminated. In the studies that fo]]ow,‘we'have used the
| inhibitor Ani fo.coqtrol the duration and the time at’which memory related
protein synthesis is able to occur. This was accomplished by permitting
a partial recoVeEy from inhibitiqn at various times and for various dura-
t{ons'during the {nhibition period. This enabled us fo test the extent to
which the CNS retains the capacity to direct memory-related protein(s)
synthesis over an ‘inhibition period that is needed to achéeve a high level

of amnesia.
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INHIBITION OF BRAIN PROTEIN SYNTHE§IS: ’
From the work that has been published (5) on the inhibition of brain
protein synthesis by Ani, it was possible to determine.the time course
of inhibition of brain protein synthesis used in the~ékpekiments that
follow. The time courses of inhibition with various schedules of multiple

injections are shown in Figure 1.

BEHAVIQORAL EFFECTS

Materials and Procedures

The subjects used in the experiments were C57B]/Jf female mice about
60 days of age (18-20 gm). The colony, maintained at_the'Dept. of Psychology,
Univ. of Calif., Berkeley, was in its 29-34th generation of inbreeding. fhe
fraining, testing and apparatus have been previously described (4,5). In
‘brief, subjects were trained in a one-trial passive avoidance apparétus
which consisted of a black start compartment joined to a white shock compart; -
ment by a partion containing a mousehole. Subjects were permitted to enter
the white compartment through the mousehole whereupon the ' received é_foot-
shock until they Eeturned to the black compartment. On fhe retention test
given 1 week éfter training, the mice were placed into.the black compartment
and‘the time reduired for the subject to enter the whité éompartmeht was
taken as a measure of retention. A latency-to-enter the'white'shbck
compartment on the test day of 20 sec or less was defined-as_amnesia.
Throughout, Ani was administered in.0.25 ml of a 2 mg/ml solution/injection.
A1l injections were given under very light ether anesthesia; The times
that injections were given will be described under each exberiment. Train- .
ing and testing were done between the hours of 7 AM and i PM which was

during the early part of the light cycle.
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EXPERIMENT 1 |

Design |

In all the experiments previously reported; inhibition of protein
synthesis was maintained at 80% or greater for several hours by aoministering
Ani at two hour.intervals In this experiment the injection schedule was
a]tered by de]aying the time of the last of three Ani.injections. That is,
all groups except Ani+An1 received three 1n3ections the first injection at
time 0, training at 15 min, the second injection at 2:hrs, and the third
injection at 4 hrs or at 4 hrs plos some delay period:id'hrs + 40 min,
4 hrs + 60 min, 4 hrs + 70 min or at 4 hrs + 90 min. .The‘delay'periods
f _(in minutes)vpermitted a partial recovery of protein synthesis at a time
at which protein synthe51s had to be blocked in order to obtain amnesia.
Figure 1 graphically illustrates the design of the experiment Ani+Ani
- was inc]uded (a) to show that under the training conditions employed the
‘ third injection was necessary to obtain amnesia and (b)vto determine at
what point a.delay period was sufficientiy long enough:so'that the third

injection of Ani was without effect.

Procedures |

Training in a]] cases was begun 15 min after the subJect received its
first injection. SubJects were given moderatly strong training at a shock
intensity of 0. 33 ma in training condition III: trainingv]atency of 1 - 4.9
sec, escape latency of 0.05 -0.08 min. (The training latency is the time.the
“mouse takes to step from the black start box into the white compartment
on the training day. The escape ]atency is the time from shock onset in the

white compartment until the mouse returns to the black compartment.)

[P
i
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~Results

As can be seen in Figure 1, the third injectionvdf Ani was critical in
obtaining amnesia, since Ani+Ahi showed only 10% amnésia“whereas Ani+Ani+
Ani showed 60% amnesia. Thus the capacity for synthesizfng memory-related
protein(s) existed over some portion of the third 2 hrvperiod (i.e., from
3-3/4 to 5-3/4”hrs after training) and in some subject§ £hat were not
amnestic eVen longer. When delay periods between thévsgbdnd and third
injection were .permitted, some protein synthesis occukréd. Itscan be seen
that as the duration of this delay period increased, the percentage of am-
nestic'subjecté decreased from 60 to 15%. A 90 min delay period completely
b]ocked.the effect of the thifd Ani injecfion; that is the percent amnesia

did not differ significantly between Ani+Ani and Ani+Ani-90-Ani.

~ Figure 1 about here

EXPERTMENT 2
Design
The purpoée of this eXperiment was to see if there was a decrease in
the rate of synthesis of memory-related protein. If this were the case, a
short delay period in the inhibition schedule would be'mdrevapt to lead to
- memory forhation the clsoer to training the de]ay occurred. To test this
possibility, delays of 20, 40 or 60 min were used between injections 1 and

2, 2 and 3, and 3 and 4.

~ Procedures
Subjects were trained at a shock intensity of 0.38 ma in training
condition I: training latency of 1 - 4.9 sec and eécape:]atency of 0.01 -

0.04 min. Pilot work had shown that 4 injections of Ani given 2 hours apart
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were the minimum:hecessary to obtain significant amnesia under these

conditions of training (Ani+Ani+Ani = 15%, Ani+Ani+Ani+Ani = 85% amnesia).

The procedure used 9 conditions: 3 delay periods (20, 40, or 60 min) at -

3 injection intervals (1-2, 2-3, or 3-4).

Results

Two'ahnestic.trends are present: one occurs across-dgTay times, the
other across injection intervals (Table 1). At thevﬁbmeWhat higher training
strength, itfis:ciear that the gréater thevduration éf,tﬁé'de1ay period,
the lower the pefbentage'bf'amnestic subjects. This wés;trUe for each of
the times'at'WHich the delay period was used (j;gL,.bétwéen.injections
given at 2, 4,I6k;6 hrs). The secona is a weak but regular trend across
the injection intérva]s._ Comparing the effeéts.of protein synthesis on
reducing amnesia; we find that none of the comparisons:between interva]s.

1 and 2 and 2 and 3 at 20, 40 or 60 min differ significantly. In the -

injection pgriod.I-Z, even the 20 min delay period reduced amnesia sig-

~ nificantly from no delay (Ani+Ani+Ani+Ani = 85% amnesiég Ani-20-Ani+Ani+Ani =
55%, P < 0.05). ,At the injection interval 2-3, a 20 min'delay was not
effective,‘but a 40 min déTay'did reduce amnesia signffiqantly (P <0.05).

| At the-injectfon interval 3-4, only the 60 min de]ay_bé?iod significantly

~ redued amnesia (P <0.01) cdmpared to no delay. The pértehtage décrease.

from 20 min to 60 min is about the same across the three injection

intervals (40 - 50 percent decrease).

Table 1 about here
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' | EXPERIMENT 3 |
The’pﬁrpb§e of this experiment was to see if de]ay‘periods had
additive effects in the sense that two short delay pefibds (45 mfn) would -
equai‘one long period (90 min). If the effects of thé ae1ay periods are
not additive, it might indicate that the quantity of‘prbtéin §yhthe$ized
per uﬁit time (rate) is important for memory formation; “To answer this
questidn delaysiWere introduced between injections 1 éhd 2, and 2 and 3.
Over this period the -capacity to synthesize the memory—re]ated protgin(S)
appears to be'néarlyvconstant, since in Experiment 2 thé percent amnesia
did not differ Significantly between injection ihterva]si]-Z and 2-3
for the various delay intervals émp]oyed (Table 1). The'groups used in
 Experiment 3 were Ani-45-Ani+Ani+Ani, Ani+Ani-45-Ani+Ani, Ani-90-Ani+Ani+

Ani, Ani+Ani-90-Ani+Ani, and Ani-45-Ani-45-Ani+Ani (the numbers indicate .
the'delay periodé in minutes and show between which injections the delays
occurred). The training conditions were as for Expefimeht_Z except
that(on]y certain combinations of latencies-to-enter and ;to—escape were
used so as to maximize the amnestic difference between the 45 mfn and 90

2 minAsing1e'de1ay groups. An effect of thisselectionwds to give a higher
'percentage of aﬁhesia in this experiment than in a similar group (40 min
delay) in Experiment 2; thus in Experiment 3 the training condition is

“ - in effect slightly Tower. | 7 o

.3222132 The two groups with single delays.of 45 min did nof’differ significantly

from each other (69% vs 75% amnesia). Similarly, the twovgroups with single

delays of 90 min did not differ sighificant]y from each other (30% vs 25%).
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In agreement.with the results of Experiment 2, a gap in;the inhibition

had a similar effect whether it occurred between injéctions 1-2 or 2-3.
The.two 45 min $ing]e-de]ay groups were combined for statistical purposes
as.were the 90 min delay groups. The combined 45 andfthelcombined 90 min
single-delay Qroupsvdiffered Sighificant]y from each?dther in the per-
‘centage of'amhestic subjects (72% vs 28%, P <.001, Né 24/combined group).

The amouhts‘pf protein synthesized during the variodé‘delay periods

in the injecthn“schedu]e of this experiment are repreSeﬁted by the

shaded areas:invfigure42; Wheh a group received two'45_min delay periods
(Ani-45-Ani—45-Anf+Aﬁi); the total shaded area repreSenting the protein
synthesized did ﬁot quite equal that of the 90 min defay;period, Howéver,
the total shaded area of the two 45 min gaps is_c]ear]yZCiosek to that of the
90 min conditi06 than to that of the shaded area of a;sinéle_45 min delay.
The amnestic efféét bf the two 45 min delay periods werelnot additive since
the_éfng]é 45_mfn delay groups and the Ani-45—Anir45~Ani¥Ani groubs did

nof differ‘significantly (72% vs 76% amnesia). Apparéht]y, the quantity of

protein_synthesized per unit time is an important factdr:in memory formation.

Figure 2 about here

DISCUSSION |
In a previbus studyiin which up to 3 succesive ihjéctions 6f Ani
were administefed, we concluded as follows: “Wfthin bréétical }imits
of increasing training strength and duration of inhibftion of bfain protein

synthesis, it has in principle been demonstrated that for any increase in
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training strength-that blocks amnesia, a duratioh of,ihﬁibition'exists

that will reestebTish the amnesie“(S, p.526). Experiment 1 of the present |
study eonfirms these earlier results and Experiment 2ﬁe3tends‘them by
showing that with still stronger training, 4 suceessiee.fnjection of Ani
were feqeired'fo brodhce aﬁnesia (Table 1,.Ahf+Ani+Ani+Anj = 85% amnesia,
~ Ani+Ani+Ani =ﬁ15%fémnésia).v' o

The noVe]Iéspects of this study were (a) to permff quantifiable
ambuﬁfs of,prdﬁein-synthesiS'at stipu]ated times afterétraining and (b)
to_detefmine the effect_of such controlled amounts of syhthesis on memory.
MWithin each of the three experiments,'it was - seeh that:as more proteih
was synthesized, the prebability increased thaf the sdbjéets would re-
member-the tréinfng. | : |
The 90 min delay used in Experiment 1 is equfva]épﬁ to a short period of

normal protein synthesis. If we assume thet the éreasof.ihe 90 min delay
period is the minimum necessary to establish memory under,the training
condition 6f Experiment 1, and fhen calculate the time&heeUired for such
synthesis under normai conditionsvof protein'synthesfs,sit would take

only about 20 min tovsynthesize-enough additional protein fo establish
memory. In Experiment 2,‘using more intense shock.to proVide stronger |
. trainihg, a Shorfer delay period -- 60 min -- was suffiefent to estab]ish
memory in mpst‘subjecfs._ The protein synthesized deriné'the eartia]' |
inhibftion of the 60 min de]ay'period‘Would correspond'te fhat synthesized
“during about 8 min of normal protein synthesis. Apparehfly only a sma]]f “
amount of proteih synthesis over a short period of time is reqeired to

establish memory.
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We have OBsehved repeatedly that the last injgttidnvbf alseries

of injecttons ;hthlas used in Experiments 1 and 2 is ¢rttica] to obtaining
amnesia in avhiéhvpercent of the subjects. The hesu]ts.hf Experiment 2
suggest that the CNS retains a nearly constant capac1ty for synthesizing the
memony-related prote1n(s) unt11 thlscapac1ty begins to- drop of f several
hours after trq1n1ng. A possible reason for this 1s;that ‘the rate of
memory-ré]ated bkotein'synthesis'remains nearly constént:and then drops -off.
Tablé 1 howed that it made very little d1fference 1n the percent amnesia
.whether prote1n synthes1s occurred between 1n3ect1on 1 and 2 or between

2 and 3A(l;§;st 2 or 4 hrs after tra1n1ng)  But if prote1n synthesis was
“only permittéd'between 1nJect1ons 3 and 4 (6 hrs aftgrttratning),'then the
reduction in‘thé pérceht.amnesia was non-éignificant é}tept for the 60 min
.dé]ay,period. Iftwe assume that the expressidn of hémofy reduires a fixed
'minimai amount dfprotein,then it would be true that the rate of pro-
duction of thiS]protein,(s) must be slower 6 hours aftehjtraining than
2or4 hoursiéftér'traihinv since it took more time fdrléﬂbjects in the

6 hour group to synthesize enough protein to show retent1on (i.e., 60 min)
.than for the subJects ass1gned to the 2 or 4 hour groups (1 e., 40 m1nl

It appears that the duration pf inhibition must extend oyer a period

long enough for the raté ofhemony4e1ated protein synthesis to decline
signiﬁ'cant]y' if memorjy.formati'on is to be blocked. -Ivt will be of
considerable interest to know what maintains this capacity in the CNS

such that memoky formattoh can occur many hours after thaining.

Failure to obtain amnesia with inhibitors of protéth synthesis has

generally been éccounted for in two ways: (a) overtraiﬁihg or (b) leakage
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bf‘proteinsyntheSts due to incomp]eterinhibition Infthié paper and in
others (5 6), overtra1n1nq has been shown to b]ock amnes1a w1th a given
duration of 1nh1b1t1on, however, Tonger durat1ons of 1nh1b1tr'“

T E f
synthes1s have then been shown to cause high levels of amnes1a

of protein
Labain
It seems reasonab]e to assume ‘that anything ]ess than comoaete
inhibition wou]d a]low the re]evant prote1n(s) to be synthes1zed at a low
_ rate but over a cons1derab1e time per1od and that th1s cou]d eventually
: estab11sh memory.‘ But the "leakage hypothesis" is not eas11y tested
and therefore only remains as an excuse for exp]a1n1ng away negative results.
If smal] amounts of prote1n cou]d add up to establish memory as suggested -
above, then 1t shou]d have been the case that-two 45 m1n de]ay periods.
should have been more Tike the 90 min delay per1od in amnestic effect
- than ljke the-s1ng]e 45 min delay per1od‘(Exper1ment 3) - The .protein
synthesized over'two:different time periods was not additive and there-

~ fore, this does not support the suggestion that protein synthesis can

leak for some perjod of time and thereby estab]fsh ]ongterm memory.
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7 Table 1
Effect of the Duration and Time of Protein Synthesis

on the Percent Amnesia

Injeétion Duration of the:Déiay Period
Period | in the Injection Schedule
© Omin 20 min 40min 60 min e
12 g5  55% . 35% . 15% - -
2-3 8548 65% '40%‘!:' 5% - -

3-4 852 75 65z 35 15

2 One group, Ani+Ani+Ani+Ani, had no delay in thé*schéddle, so the
results afe;shown under 0 min for all rows.
b Ani+Ani+Ani provides, in effect, an indefinitely long delay of the

4th'inject16n. For ¢’ fferences of 20% P <O.10;qur'differences of

25% or more P <0.05.
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Figure 1 . The time ¢ourses'of inhibition‘6f proteiﬁ synthesis
. as a_fdhctfon of .the injection scedule, andfif; effecté on
amnesia. So]id'arrqws_indicate times at thth?jnjections
.were gfveh. 'T'and a dotted arrow indicatesfthe time of

trainiﬁg. Where the third injeétion fo]ldWed'the'second by

more than 2 hours, the delay interval is shown in parentheses.

- The shaded'dreas represent the amount of protein synihesis

occurring. The percent of animals showing amnesia upon retest
1 weék-after training is given in the rightsﬁénd columnf

.'Nhere‘amnesia differs'by'30% or_mbre'for'tWOchnditions,'

P <..05 (Chi-Square, df = 1).
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Figuré 2 . The effect of contro]ied protein éynthesis on

- retention. The A's in the graphs stand for Ani, the

js the time and duration of the de]ay'periodlbefore the
next injection was given (é]so given as beihg,eithér 90’ h
or 45 min duration). The shaded area repfésents the
possible areas of memory related brbtein synfheéis. The
total time for protein synthesis is given és_an”equivélent
of 100% protein synthesis. The A—45:A-45-A¥A'group‘is
élmOSt;mfdway>between_the sing]ede]ay’groups'in tbtall-_;”
protein synthesis, yet, the percent amnesia:ihdfcates
that the two short delay periods were not addiffve 1'nu“:'”x.':t
- their.effects on retention.. If the two 45vmin delay ﬁeriods _
had been additive, we would have expected the percent'amnesia:
for this group to be closer to the 90 min delay group;.'The
percent amnesia for the single delay 90 and 45 min de]ay
groups is based on the total amnesia for the combined 90
min groups and for the combined 45 min gro@ps, Thé N's for
eéch-group vere 12 except for A-45-A-45-A+A Which Héd an
N of 24; The re§u]ts~depicted in this figuré may indicate
that‘thé.raté at which memory-related protein(s) are formed .

is important for memory formation.
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