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PROTEIN: THE FABRIC OF MEMORY
James Felix Flood, 11
" Laboratory of Chemical Biodynamics
Lawrence Berkeley Laboratory .

University of California
Berkeley, California

ABSTRACT

‘ Inhibitors of cerebral protein synthesis_were'émployed to

- investigate the role of protein synthesis in meﬁory‘formation._
- Cycloheximide, acetoxycycloheximide, and anisomycin, inhibitors
of protein synthesis, were employed in studies,of3inhjbition of

‘brain protein synthesis and in studies of learning and memory in

mice.

Cycloheximide- and anisomycin-treated_miée and saline con-

,tro]s:were given one-trial training in a b]ackiahd white, step-
through, passive avoidance task. The fb]]owingjﬁraining parameters

were found to affect retention in drug and salfné-cohtro1‘mice in

six genetically distinct strains: (a) shock intensity, (b) shock

duration, (c) original latency to enter the shdck-compartment,

and (d) retention interval. When these parameters are measured
and contro11éd, highly consistent amnestic effects can be dbtained.

Anisomycin and cycloheximide were compared as .inhibitors of

cerebral protein synthesis and as amnestic agents-in several

strains,of mice. Both inhibitors were effecti?efaf stopping 80
to 98% of the cerebral protéin synthesis in several strains of

mice. -Anisomycin has never proved toxic. . However, even minimal
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doses of cycloheximide were found to be quitentpx{c and, under

certain conditions of training, Tethé] AniSdhycin could be given

repeated]y at 2-hour 1nterva]s, thus perm1tt1ng .an extension of

80% or greater 1nh1b1t1on for several hours (__g_ 2-12 hrs)

M]ce receiving two successive 1n3ect10ns of cyc]ohex1m1de dle | o A
‘withiﬁ 24—48.hours Ev1dence was obtained that cyc]ohex1m1de : v
caused some mild: 1mpa1rment of acqu1s1t1on for. pass1ve avo1dance,

yet anisomycin appeared not to_djsrupt acqu1s1;10n_of this task.

In seQéraT stféins of mice, it'was showh{thaf the longer the
inhibitioh_of pfotein synthesis, the greater the.percehtage of
amhestfc.subjects; This was true across 6 strginsin whiébvwide1y
diffefing'COhditiQns of.trafning were required;fh‘order for 90-]00%
fof'the‘mice in eaéh strain to learn onthrialfpé$$ive avoidance.

SmaT] iﬁcreases in shock strength reduced thé éﬁn§stic effect, but
an additional 2 hours of inhibition reestab]fghedaamnes{a;

| It was found that anisomycin cbu]d'be Qséqttd control the
time‘and-duration of protein synthesis affer mice were trained
in a one-trial passive avoidance task.' If sma11'§mounfs'of pfo_
tein'synthesis were permitted to océur after tféjhing by permit--
ting some»reéovery of protein syntheéis; then hémgry could bé'.
estab]ished hours after tréining. Withddt thfsfbrdtein synthesis, ' -
 a_high percentage of the subjects Qere found to'be amnestic. The
]onger the duration of this post-training protejﬁ;synthesis and
fhe éioser it occurred to training, the greater the peréentage of

subjects remembering the training.
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' 'Somefoffthe amnestic trends in paSsive auoidance hadgdirect o

, counterparts ina 1eft—rlght act1ve avo1dance task v( ) ]onger

- ;.durat1ons of 1nh1b1t1on caused a h1gher percentage of subJects to

"be amnest1c,-(b) stronger tra1ning reduced the percentage of.
.amnestic_subqects but (c) further_1ncreases 1n,the durat]on of
inhibttion'cou1d reeStab1ish'the:amnesia 3 Thé’most impOrtant
'tra1n1ng parameters for th1s act1ve av01dance task were the rate
of avo1dance ]earn1ng (i.e., number of trials to make the f1rst
avotdance response) and, rate be1ng,constant, theaamount of prac- _i
't-tice,(i e ;‘the number of'avoidance.responses) Fast rates. of

f]earning and/or more pract1ce reduced the amnesttc ‘effect of a

R given durat1on of 1nh1b1t1on Under mar91na1 cond1t1ons of ‘

vglearnlng,i retentlon for the escape component of the av01dance
'utask cou]d be dlsrupted .but no effect ‘was seen even w1th longer
_per1ods of 1nh1b1t1on if more tra1n1ng was used o
Th1s work is seen as’ strong support for the hypothes1s that

prdte1n-synthes1s has a necessary role in memory_format1on.~
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_ 1. PROTEIN: THE FABRIC OF MEMORY .

».Introdoction':

’;%SCOPE OF THE'BlocHEMrcALjRESEARcH*ApPkoAcHgs

o In an effort to. d1scover the poss1b1e ro]e of b1ochem1ca1

'T_i processes in memory formation a number of techn1ques have been

-‘employed The fo]]ow1ng ma1n types of research will be descr1bed |
. A;br1ef1y 1n th1s sect1on -? measurement of RNA or prote1n synthe-
- s1s RNA DNA hybr1d1zat1on, 1nteran1ma] transfer, ‘the: use of

K pharmaco]og1ca] agentsthat affect the release of synapt1c trans-_

m1tter, and the use of 1nh1b1tors of prote1n synthes1s

To dennnstrate that RNA or prote1n synthes1s 1s 1nvo1ved 1n_"

"flearn1ng and memory storage, 1nvest1gators have labelled the RNA

or- prote1n be1ng synthes1zed w1th rad1oact1ve mater1a1 durlng or

short]y after tra1n1ng (Glassman. 1969 Hyden and Lange, ]968

v Uphouse Macwnnes, and Sch]es1nger, 1972a b c) . In a]] cases, it
dmust be assumed that the ]abe111ng per1od 1s one dur1ng wh1ch part
o of the RNA or prote1n synthes1s is act1vated by tra1n1ng and/or by
"d~.nemory process1ng o ' ‘
"f.. As1de from 1so]at1ng the RNA or. prote1n and determ1n1ng 1ts o
' rad1oact1v1ty relative to some form of a contro], autorad1ography

.'has been employed to detect the poss1b1e ro]e and 1oca11zat1on of -

'1ncreased‘RNA-or protein’ synthes1s which 1s71mportant for_]earn1ng

" and memory (Zemp, Wilson and Glassman, ]967; Hydén and Lange,

- 1972).
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"Some investigators feel that memory;related macromolecules
are formed as the result of tra1n1ng and that these unlque mole-
cu1es p]ay a role inthe storage and retr1va1 of memory. One
techn1que used to study this type of hypothes1s is compet1t1ve
hybr1d1zat1on of RNA with DNA (Galto and~Bonnet, 1971). In the
hybridizatioh'experiments,-RNA‘binding to DNA?is comoared in con}
troT.and trained subjeets in the.hope of finddng evtdenoe for the '

ex1stence of a- un1que spec1es of RNA be1ng synthes1zed as the

- result of ]earn1ng The assumption is be1ng made that the t1me

at wh1ch labelling occurs and at which the RNA 1s 1so]ated repre-’

sents a per1od of t1me dur1ng wh1ch synthe51s re]evant to training

"v.and memory processes is occurr1ng

~The control groups that are usua]]y emp]oyed in the two
approaches descr1bed above take three forms -F - cage, yoked or
'well-tra1ned contro]. A cage cohtr01 rece1yesvno experimental
_treatment but is'hodSedvand fed in the same;mahher as the trained
.gubjects. Idea]ly;‘the'yoked controT exoerjehoes everything the
:trained subjeot does,'except.that the beharior‘of the yoked |
control ts'not systematica]]y affected by'thefCS (1ight, buzzer,
the training apparatus itselt).or ththS:(usoaljy shock).
mostastudiesvthe yoked control isvmore*or ]essfa stress.controi
eas some:aspect of the experience is missing*(e;g;,'no shelf as in
the Glassman training box, or the'subject is just isolated in a
shock box). The well-trained COntrol is a subjett trained to a
high criterion of responding and then retrained at the'time at which
‘the experimental subject is being trained. The rationale is that a

~we1]-trained_subject has little more to.1earn. therefore, 1earn1ng
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»’and memory processes shouId not be very act1ve The assumption'
that yoked contro]s do not actlvate 1earn1ng and memory processes
_.because they are presumed not to Tearn and that we]] tra1ned con-

~ trol subJects w1]1 not act1vate such processes because they have

"'already 1earned seems to me. suspect and these assumpt1ons are too

important to go untested It is suff1c1ent to say that poor con-
-vtrol groups ser1ous]y hamper one S ab1l1ty to draw concrete conclu-
xsions about the processes of 1earn1ng and memory from these research

' h efforts o | ' h .h

Another memory nnlecu]e approach has been that of 1nteran1ma1

> transfer of memory (Byrne, 1970 Adam, 1971) The 1nteran1ma1

'tftransfer of memory stud1es w1th one except1on (Ungar 1970 '1972)

' eare not rea]]y b1ochem1ca] in approach--- rather they 1nvo1ve a per-
“dverse k1nd of pharmaco]ogy The hope is that 1f one tra1ns an -
‘van1ma], 1so]ates the . RNA or prote1n produced as the resu]t of the
‘tra1n1ng and then 1n3ects it 1nto another untra1ned subJect
,'(usually of a d1fferent spec1es), that the na1ve subJect w111 show
' sav1ngs 1n 1earn1ng the task - The assumpt1ons and the rat1ona1e |
; beh1nd th1s approach are quest1onab]e on many grounds (__11 When
:”the tra1ned RNA is adm1nlstered 1ntraper1tonea1ﬂy, does the RNA
,7_enter the CNS, neurons, etc. 2 G1ven that the mo]ecu]es cou]d enter_
hthe CNS, are they b101og1ca11y act1ve after the 1so1at1on proce-d"
";dures? Does the CNS use the mo]ecu]es as who]e un1ts or. subun1ts?)
:"2. In a mod1f1cat1on to th1s approach Ungar started w1th 1nter—
: ian1ma1 transfer, 1so]ated the act1ve prote1n agent respons1b1e for
}.the effect and. subsequent]y reported the structure of the polypep- :
© tide (Ungar, 1970, 1972) Th1s prote1n has been reported to cause.

fl
L T |-
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,feariof darkness in mice (i.e., naive miCe'shouing a'iight'averSion
will show a dark aversion after rece1v1ng the poiypeptide) The
protein was originally isolated and characterized from rats
trained»to avoid stepping into a dark compartment by rece1v1ng
footshock when they entered the dark compartment from the 1ight “
compartment This approach has many of the same difficulties of
other interanimal transfer studies inciuding some question regarding
the abi]ity of these resu]ts to be reproduced 1n other. 1aboratories'
Another approach has been to emp]oy pharmacoiogicai agents |
that Will modify synaptic act1v1ty by enhanc1ng or disrupting
.transmitter re]ease (picrotox1n Breen and - McGaugh 196], strycheh o
gnine. Andry and Luttges, 1971; McGaughvand-Krivanek 1970' bemeg-
.ride"LUttges and McGaugh, T97]) The genera1 prob]em w1th th1S o

approach is that few studies report the phySiologicai effects of

' ‘the. drugs on e]ectrophy51oiogica] or biosynthetic activ1ty

Therefore one has to take on faith that. the dose of the- drugs
used in the behav1ora] studies 1s a]tering'the,synaptic activity
and subsequent biochemical act1v1ty e o

| In one pharmacoiogica] approach uSing 1nh1b1tors of protein‘”
synthesis, care has;been takenvto~determine:the;degree.and time
course of the inhibition of brain protein~synthesis -?These inhi-
bitors have been used to test the hypothe51s that protein synthe51s_
T s necessary for memory formation. The drugs (i e., antibiotics)
.are non-spec1f1c inhibitors of protein synthe51s : Some of these
1nhibitors are rather toxic and have side effects that have compii—
cated the 1nterpretation of the results. Usualiy the drugs are’

administered prior to training, which constantly raises the
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_ poss1b111ty that 1mpairment of memory 1s actua]ly 1mpa1rment of

acqu1s1t1on. However, 1t is genera]ly the case that 1mpa1rment

of acqu151t1on is dlfficult to demonstrate and where 1t ex1sts

1t seems too sma11 1n magn1tude to account for the large loss of

memory The most 1mportant assumpt1ons in th1s'approach are that

(a) 1nh1b1t1on 1asts as long or longer than the capac1ty of . the

NS to synthes1ze memory re]ated prote1n(s) (b) 1nh1b1t1on is
vun1form across bra1n areas, ce]l types and types of prote1n, and
» (c) 1nh1b1t1on of prote1n synthes1s and not some unknown side

u'effect of the. 1nh1b1t10n is the act1ve agent

In th1s f1rst sect1on, I have 1nd1cated what 1 fe]t were the’

mafnvassumptlons andlproblemsvof the_pr1nc1pa].research efforts

' directed'toward,the bioéhemica1_processes“underTying'memory. I

haVeASelected‘fnhibitiOn of‘protein:syntheSis:as the means of
study1ng the role of b1ochem1stry 1n memory process1ng because
this area ‘has def1nab1e control groups and does not suffer from
problems of 1nterpretat10n that plague the other approaches In

the 1ncorporat1on studles,-the control shou]dube a subject that

-»experiences everything. that-the 1earnfng partner does but itself

does not learn or remember, no- one has yet succeeded in def1n1ng

' such a cond1t1on and 1t is. not c]ear that th1s can be done The.

“1ncorporat1on stud1es have to assume ‘that the per1od they are

exam1n1ng is one dur1ng wh1ch 1earn1ng and/or memory processes

-are occur1ng It 1s necessary to 1nJect rad1oact1ve ur1d1ne
'd1rect1y 1nto the bra1n to what extent does the ingect1on effect

 the b1ochem1ca1 processes of 1earn1ng and memory7 Does the

]abe]]ed mater1a1 d1ffuse evenly throughout the bra1n7 “Some pilot



work that_We have undertaken has shown that‘the'intracerebral in-
jection (a) b]ocks learning of av01dance tasks (except those in
wh1ch ‘the CS had little effect on acqu1s1t1on) (b) pro]ongs
‘even s1mp1e escape from foot. shock 1earn1ng w1th a 11ght -dark.
‘-dTSCEImI"at‘O"’ and (c) if the subJect Iearns to escape, recal]i'
is very poor,"The interanima] transfer studtes aSsume‘aTsoithat
the'period during which RNA‘or protein is being-produced ishone
dur1ng which the processes of memory are act1vated In addition,
‘many assumpt1ons must be made as-. to the fate of the 1nJected
_Imater1a1 Because pos1t1ve results are obtalned, 1t shou]d not
“be construed to mean that the assumpt1ons are Just1f1ed If ‘the | )

rat1ona1e beh1nd the procedures and des1gn are not va11d then the

'_Iresults are un1nterpretab1e

To me, the work us1ng the 1nh1b1tors seems to be the least
'p1agued-by comp]ex assumptions and unava11ab1e.control groups
'vThus the poss1b111ty of maklng a concrete and 1nterpretab1e con—
':tr1but1on to our understand1ng of memory seems best served at th1s

't1me by the use of 1nh1b1tors of prote1n synthes1s

EFFECTS OF INHIBITION OF . PROTEIN SYNTHESIS ON MEMORY

In the foIIow1ng section, rather than present a h1stor1ca]
voverv1ew on the effects of protein synthes1s 1nh1b1t1on on memory
v,I w1II present seTected studies which demonstrate the type of re-
"suTts.that have been reported. o » c

| Flexner, F]exner and Roberts'(1967) werefthe-first to’report
amnest1c effects w1th brain protein synthe51s 1nh1b1t1on Puro-'

mycin was 1n3ected b11atera11y 1nto e1ther the tempora] cortex, S

\



glven to mice 1 to 43 days after tra1n1ng on a 1eft r1ght discri-

‘ -to a 9 out of 10 cr1ter1on

e7-

- thedfrontal éortex”:dr‘the'cerebral ventrfe1es

'>these 1nJect1on s1tes were also emp]oyed

'Cembinations of

The 1n3ect1ons were

_m1nat1on to. avo1d shock run in a Y-maze the SUbJeCtS were trained

The results presented in Tab]es 1 and

2 showed that on]y the b1tempora1 1nJect1ons were cr1t1ca1 in ob-

ta1n1ng s1gn1f1cant amnes1a (deflned as a saV1ngs score of 3% or

'f less) 1 to 3 days. after tra1n1ng

Greater delays-between the

1'traln1ng and the 1n3ect1on of puromyc1n requ1red g1v1ng the drug

| in all three pa1rs of the 1nJect1on s1tes to obta1n s1gn1f1cant

"No. of mice in
which memory was

T+HF

amnes1a
Tab]e ]
Puromyc1n InJect1ons
fSitex; L3;vDays_‘
THV+F 1
T 1
v 1
F 1
V4F 3 1
OTHEF 1N - 60
T M- 35
F 16 - 27
V+F 28
V+T 28 - 43
28

O ~ 0 0 0 o -

I
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DN OO © 2D

W RN W WSO



"Table 2

Puromycin Injections o " No. of mice in

: — ~__which memory was
Site ~ Days L I R
T | 2 3 0 0
T 3 4 0 1
T 4 o 1 B
T 5 0 ] 2
T 6 0 0 s

Tables 1 and 2. Effects of Puromycin on Mehory.'

A1l ihjeotions:were given-bilaterally. Il"tamboraI cortex; 'E;
‘fronta] cortéx; v, ventric]es."Days = days*aftéh”trainihg that
the 1n3ect1ons were g1ven Memory: 1ost - ‘less than 3%

saylngs,- I, 1mpa1red - 20 to 40% savings; 'R, reta1ned - 85%

savings or. greater. -Two saline 1nJected m1ce (1ntracerebra1 in-

- Ject1on) showed slightly better than 90% sav1ngs Tha time of.
the 1n3ect1on was not stated. The authors do not 1nd1cate how
h the subJects were dlstrlbuted across 1n3ect1on 1nterva1s such as
16 - 27 days, 3 subJects :

(Tables taken from Flexner et al. ]967)
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| As can be seen the behav1ora1 effects reported depend on-
iv~data from a reTat1ve1y few subJects in each group None of the
other 1nh1b1tors of bra1n prote1n synthes1s that w1TT be d1scussed
'have had 'such’ a d1sturb1ng effect upon memory when adm1n1stered
after tra1n1ng | o _' o N
Barondes and Cohen (1967) and Cohen and Barondes (1968a)1ntro—
“T_duced the use- of acetoxycyclohex1m1de (AXM), another 1nh1b1tor of

braln prOte1n synthes1s The drug was adm1n1stered 1ntracerebra1]y

| 5 hrs pPTOP to tra1n1ng mlce 1n a 1eft-r1ght dlscr1m1nat1on to

'ffescape shock run in-a T-maze; groups were tra1ned to e1ther a

-;'3 out of 4 or 9 out of TO correct response cr1ter1on The mice

: tra1ned on th1s task were g1ven a retent1on test (retra1n1ng to

the prev1ous cr1ter1on) e1ther 3 hrs, 6 hrs, 7 days or 6 weeks

'5.'after the or1g1na1 tra1n1ng The percent sav1ngs to reach the |

-_tra1n1ng cr1terlon on the retentlon test” was 75 - 80% for the

'j”sa11ne 1nJected subJects The AXM-1nJected subJects were not

'1'affectedvat the 3_hr_retent1on test but forvthe rema1n1ng testA
_.tines (6'hrs to 6 weeks) the drug- 1n3ected subJects showed only a
f35% sav1ngs when they had- been tra1ned to a cr1ter1on of 3 out-of- 4.
_ correct responses Those SUbJECtS or1g1na11y tra1ned to a cr1ter1on

'_of 9 out of 10 borrect responses and tested 7 days Tater were not |

| affected s1gn1f1cant1y by AXM. Thus, tra1n1ng subJects to too -

high a cr1ter1on of acqu151t1on bTocked the drug S amnest1c effect

T S1m11ar overtra1n1ng effects were reported for a T1ght dark

. dlscr1m1nat1on to escape shock in a T-maze w1th a pretra1n1ng in-

. Ject1on of AXM except that the cr1ter1a were 5 out of- 6, 9-out- of-

10, or 15-out-of-16. Those SUbJeCtS tra1ned,to a 5/6 or 9/10
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criter1a showed about 35% sav1ngs on retra1n1ng a week later.
‘However, those subJects tra1ned to a 15/16 cr1ter1on were not
affected.by the drug as they did not have significantly different
savings scores.from the saiine-injected contr01 subjects. "Com-

“par1ng the resu]ts of 9/10 groups for spat1a1 -and light-dark

o d1scr1m1nat1on, 1t can be seen that 1t is not the number of

~ trials per se that 1s;respons1b1e for blocklng-the amnestic
?effect of the'drug'but the degree,ot'learninév(j;gf,'number or
'percent,CR‘s). Since the.light4derk;discrfminetion task was con- .
siderab]y.more7difficu1t than the'left-rightfdtscrimfnation task,e
o more tr1a]s cou]d be §1ven in the 11ght dark d1scr1m1nat1on w1thout
tra1n1ng the subJects to too high-a degree |
| SIn Barondes and Cohen's stud1es, it is of some concern that
'subJects had to be given the drug 5 hrs pr1or to tra1n1ng because
th1s great]y 1ncreased the chances that system1c effects of AXM
m1ght impair acqu1s1t1on. AXM had to be QTVCU 5 hrs prior to
training so that the inhibition of brain protejn synthesfs_would
be et‘least 90% at the time of training. .To:test whether acquisi-
tion was affected, the anthors‘compared onhé»trial-by—trial basis
“the mean number of CR's and found that the tra{nfng curves for
vselineland AXM-injected snbjects cou]d:be comp]ete1y superimposed;
there was no ihdication that the subJects g1ven AXM had any. d1ff1—
culty in learning the d1scr1m1nat1on ‘
Barondes and Cohen (1968) later reported that when mice were
- given- AXM subcutaneous]y instead of 1ntracerebra1]y, inhibition
: -reached 90% within 10 minutes of the injectfon:; The inhibition

remained above 80% for 8 hrs and then s]owiy«returnedvto normal
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Thover'the'neth4'to 8 hrs : The'mice were trafned on a light-dark
vdlscr1m1nat1on to escape shock 1n a T-maze to a 5 out-of-6
crjter1on ofscorrect responses. The subJects were retra1ned a

week-Tater and the graph beTow'(F1gure 1)'shows the percent

savings as a funct1on of the t1me the drug was adm1n1stered

It can be seen that the greatest amnest1c effect st111 al-

’110wed 30% mean sav1ngs Thus, AXM g1ven 1ntracerebra11y or sub-

cutaneousTy caused 51gn1f1cant 1mpa1rment of retent1on but not .
compTete amnes1a It can aTso be seen that the drug is Tess

effect1ve when 1t is g1ven e1ther 1mmed1ate]y before or after

‘u-tra1n1ng than when it is g1ven 5, 30 or 300 m1nutes pr1or to
vtra1n1ng The authors reported that d1arrhea was present 3 to 4

| hrs . after ‘the 1n3ect1on and that 7% of the m1ce d1ed w1th1n 24

hrs (none thereafter)

Ne1ther puromyc1n or AXM 1s used today._ Puromycin was found

“to have many s1de effects (Kerkut 011ver R1ck and WaTker 1970'
: _Barondes, ]970), it caused abnorma] changes 1n the morpho]ogy and
'ﬁieTectrophys1oTogy of the bra1n In addftlon,_post training amnes-
“tic effects obta1ned.w1th_puromycfn were fbundfto be reversed by |

“intracerebral .injections of saline many days;after'the;drUg had

been administered (FTexner and Flexner, ]968)'1TAXM7woqu probably )

o stlll be used but it is. genera]]y not ava11ab]e

The next 1nh1b1tor of bra1n prote1n synthes1s to be w1de1y

“studied was cyc]ohex1m1de (Cyclo), it 1s a compound cTose]y re-

lated to AXM. The main difference between_the,drugs for the

purpose of this work is that Cyclo inhibits protein synthesis for

"~ only 2 hrs at 80% or greater, while AXM inhibits protein synthesis

" for 8 hrs at 80% or greater.
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0I5 M NaCl (42)_» -

@
O

% Savings (7 days later)
| o
o

40
20
M IS [
ol +30 7 +1a40
o Time injected (minutes) -
| | 2 XBL 733~34’6

Effect of subcutaneous adm1n1strat1on of acetoxycyclohex1m1de at var1ous:'

t1mes before or after tra1n1ng on memovry. M1ce were 1nJected subcutan-
‘eously w1th 240 ug of acetoxycyclohex1m1de at the 1nd1cated t1me rela-
~ tive to tra1n1ng They were trained to escape shock by choosing the -’ |
lighted limb of a T- -maze to a cr1ter1on of 5- out of 6 correct responses

' 'Tra1n1ng took an average of e1ght minutes. Approx1mate]y 90% of cerebra]

prote1n synthes1s was - 1nh1b1ted within 10-15 m1nutes of subcutaneous in-

Jection of acetoxycyc]ohex1m1de A1l mice were tested for retention

| seven days after tra1n1ng, long after they had recovered from the drug.
 The mice injected before or within 5 minutes after tra1n1ng all had s1g—
f'niffcantly less savings (P <0.05 or lTess, Mann-Whitney U test) than
those injectedd30 or‘more minutes after training (Barohdes and Cohen,

. 1968). -

L
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Squire and BarOnde's.(v19v72b) have employed this drug in a
large rod. small rod discrimination task, run in an automated
Deutsch Carouse] to escape shock Subjects were g1ven a subcu-
taneous 1nJect1on of Cyclo 30 min prior to tra1n1ng, at which
t1mev1nh1b1tlon was at least at 85%. SUbJeCtS were. g1ven a fixed

number of trials (15, 21, or 27) in the apparatus and retrained a

week 1ater The graph below (F1gure 2) shows the mean percent

v,'CR s on the retent1on test as a funct1on of the number of training

v It can be seen that the effects, wh11e s1gn1f1cant for 15 and
21 tr1a]s (saline versus Cyc]o P <0 05), are of a small magn1tude

and that the Cyclo- 1n3ected subJects are a]most as far above the

' na1ve.subqects performance Tevel as they are be]ow the saline-

' injected subjects .performance. Saline-- and Cyc]o 1nJected subJects
- did not differ s1gn1f1cant]y on test1ng when they were or1g1na]]y :
_,tra1ned for,27vtr1als.n There is a s]1ght trend-for more ‘training

" trials to decrease the amnestic'effect;"The number of CR's achieved

during origina1 training did not differ significantly between Cyclo—
and saline-injected subjects-except over thef1aSt few triais in the
group.givenv27 trials where Cyclo—injected subjects made slightly
fewer.CR‘s. One prob]em_with this task is that the'magnitude,of
the:possible‘effect‘can only be a very sma1]7one, This is because

the number of CR's on thetorigina1 training. fortsaline-injected

.;SUbJECtS was 8 out of 15 trials, while the retent1on test showed"

almost 11 CR's. This is only a3 tr1a1 d1fference and thus one has

very little sens1t1v1ty available to detect a drug effect. Unfor-

tunate]y, no measure of var1ab111ty was reported, SO we cannot see.

to what extent the groups were overlapping.
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:Figuke'é' Effect of a pretraining injection: of cyc]ohex1m1de on re-
" tention for d1scr1m1nated shock escape 1earn1ng P]otted are the mean
g percent CR's as a function of the number of or1g1na] tra1n1ng tr1a1s
" The saline - cyc]ohex1m1de differences in mean percent CrR! s are sig-
n1f1cant (P <0.05) for 15 and 21 trials, but the difference at 27 was
not significant. The +'s 1nd1cate the percent CR s .on original

tra1n1ng for the saline- 1n3ected subjects. (Besed on tabled data

.fromquu1re and Barondes, 1972b.)
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| Ge]]er, Robuste]11, Barondes. Cohen and Jarv1k (1969) have

o Z-employed step-through_pass1ve avo1dance to test the effects of

pretraining injections of Cyclo'on'retentibn. Mice Were injected

sdchtaneous]y 30 minutesvprior to training freining consisted

. of shock1ng a mouse when it stepped from a sma]l 11ghted compart-

~_ment into a larger black compartment. On the retent1on test, the

Subject Was again p]aced'into_the lighted compartment and the

. ,TatehCy‘tp step inte the ‘dark box was recorded. It was inferred
~that if the test Tatency was 1ongerithanvthe;training latency,
.itheh the subject remembehed.hthng beenfshocked in the black com-
'-:ipartment.v The retenttcn test'was_éiven'7 Hayéiafter treining,
.LSa]ihe,injected'SUbjects had:a median test'latency of GOO sec (the
cut-off latency) with very Tow yariabi]ity.tlfhé Cyclo-injected

_ subjects had a median testilatency of 200,1réhging from 150 to 450

sec. The median step-through 1atency for all subJects at tra1n1ng'

was 25 sec. Thus it was c]ear that Cyclo-rnJected subjects were

_not "na1ve ,» but that their retention was impeired. "Two other
, papers us1ng the same task showed s1m11ar 1mpa1r1ng effects of

-Cyc]o on memory (Ge]]er, Robustelli and Jarv1k 1970b, 1971)

Quartermaln McEwen and Azmitia (1970) have reported the best

amnestic effects in the 11terature using Cyc]o:adm1n1stered 30

minutes prior to training in a step-through péssive avoidance task.
- In this case subjects stepped from a small black box into a larger

_ i]TUanated'box. The type and level of shoCkﬂdiffer cdnéiderably '

for Ge11er . (1969, 1970b, 1971) in whith subjects-escaped

from 0.35 ma shock and for Quartermain et al (1970) in which sub-

' jects received 2 seconds of confined shock at 0.16.ma. In the
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Quartermain et al. experimént, Cycio- andﬁsalfne-injected subjectS
showed similar median training Iétencies of 5.3 and 6.6 sec res-
pectively and on the retention test 8.6 and'lao sec (the cut-off
Tatency). No heasure of variability Was'gfvéﬁ, but the use of a
median measure indicates that it was probably considerable. In
this eXperiment, at least 50% of the subjécfs’w0u1d by their test

latencies seem to have compiete]y forgotteh the training experience.

Purposes of the Thesis Réseafch

B ‘The hypothesis that newly synthesfzed bFotein is necessary for
]qngterm memory.formation demands;that if s}ﬁfhesis is prevented;
then subjects will show comp1éte amnesia.  Some may argue that
sinée.inhibition is never complete, some protein synthesis is pos-
sfbfe;‘this we can réfer to as the Teakége_hyﬁothesis. While ‘this
remains. a possibi]ity; it is an Untestable;hypothesis; therefore,
it is an excuse for failing to obtain the'deﬁired or ekpected
dégree'Of‘amnesié. If we invoke the Ieakage'HypOthesfs whenever:
- the results of an expgriment are not as predf&ted. then we are
 attempting to test a Hypothesis that cannot be disproven. Thus,
the‘Titerafure cited above can only be consideredyasllimited’support _
.of the hypothesis that newly synthesized_prbtéin is neCesséry for
longterm memory formation, since the effgét ;f'protein synthesis |
inhibition seems to be onTy that of‘ihpaffhent_of memory rather
than amnesia. From the resu]té cited abova,_it-is clear fﬁat.
Cyclb;treated subjects remembered é_great deal about the passive

avoidance training, even though retention differed significantly
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'between sa11ne- and Cyc]o 1nJected subJects., Fromdthis data, we

- must conclude that protein synthes1s is involved in memory, but

is not necessary'br memory formation. Thus as the hypothes1s

. ex1sts, only when amnesia is comp]ete can we make the statement

} that prote1n synthes1s is necessary for memory to be formed

_A]so,1mportant is the variability of the amnestjc effect from

subject to subject. While the'iiterature'has fewcreports concerning

‘ var1ab111ty, indications show that it is cons1derab1e (i.e.{-fre- :

quent use of med1an measures)

5_ A th1rd maJor d1ff1cu]ty for the hypothes1s 1s that tra1n1ng

| subJects to ‘a high criterion of respond1ng in mu1t1p1e trial

“ tra1n1ng tasks or the use of high shock 1ntens1ty in pass1ve

avo1dance w1]1 block the amnestlc effect or at 1east substant1a11y
reduce it.

. These three problems -- (a) 1ack of total amnes1a, (b) var1—

vab]e amnest1c effects across subJects g1ven the same treatment

and, (¢) the “overtraining" effect -- have prov1ded the focus of

the-research;that I have undertaken in collaboration With Dr. E. L.

Bennett, Ann E. Orme, and Dr. M. R. Rosenzweig. -The goal of'thisd
: reSearch is to determine the sources of these'problems-and from

~_this kriowledge to modify or delimit the hypothesis that protein

synthesis is necessary for longterm memory'formation.



-18-

GENERAL DESCRIPTION OF METHODS

B1ochem1ca1
| " The degree and durat1on of 1nh1b1t10n of bra1n protein syn-

thes1s by cyc]ohex1m1de (Cyclo) and an1somyc1n (An1) was deter-

-m1ned 1n ‘several strains of mice (see spec1f1c exper1ments for

stra1ns used). To determ1ne the inhibition of prote1n synthesws,
we fd]]owed in general the methods described by Barondes and Cohen
(1967). The inhibitor was injected subcutéheoﬁs]y‘on the back. |
Thirty minutes prior to Sacrifice (in mosf‘céses) valineQU-]4C -
(200 mC/mM New England Nuclear Corp.) was 1n3ected subcutaneous]y
(5 uC/mouse 0.05 m]) At the designated t1me the mouse was de-
‘:»capitated the brain was removed and frozen on dry ice unt11 ana-
lyzed. Each sample was homogen1zed in. suff1c1ent 0.1 NaQH to give
a concentration of 15 mg tissue/ml for 11ver-and.20 mg/ml for
-braih;> Six ml of 12% trichloroacetic acid (TQA) was added to a

2 ml aliquot to precipitate‘the protein. T@befurther washes,.re-
.VSUSbensions, and centrifugations were used td”remoVe the free
vaiine. One ml of Biosolv BSS-3‘selubilize? (Beckman Instruments,
Inc.) was added fo the TCA-pfecipitate, which was mfxed and al-
lowed te-disso1ve for af least 30 mfn. Thfs'miXture was then :
quahtitativé]y transferred to vials with repeated aliquots of

~ Toluene-Fluor 11 scihtillation‘fluid-and the radioactivity deter-
mined. The radioactivity of 1 ml aliquote Of'the TCA-supernatant

was measured using dioxane-Fluor II scintillation fluid. Appro-

priate corrections for counting efficiencies were made.
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- The "total drug time" is defined as the duration from in-
jection of the drug to decapitation time. The valing-]4c incor-
poration{time in?most cases wa; 30 minutes. 'For.exahple, in the
éase of a total drug time of 60 min, the drug was injected at ugu
time, valine was injected at 30 min, and décapitation was at 60
min; giving an average measure of inhibition over the last 30 min
- perfod5 The degree of inhibition was calculated by determining
the ratio of va]ine-]4C incorporated into the'precipitate to the
total incorporation in the precipitate plus supernatant relative
to the subjects given saline and then va]ine—14c.
Behavioral
The mice used in the following experiments and in detérmining
the degree of inhibition of brain protein synthesis were both
males and females, 60-74 days of age. Strains or lines not raised
in the Department of Psychology, University of California, Berkeley
were received at 6 weeks of age and housed by us until the proper |
age. The specific strains used will be described in each experi-
ment. Subjects were Housed individually in small p]éétic or metal
cages threg days prior to training. Immediately after training,
a subjectlwas returned to its cage in a quiet‘room. Subjects were

not handled or disturbed after training until the retention test. -

Apparatus

The training task was'step-through.passive avoidénce. The
training épparatus consisted of a 12-3/4" Tong aljey divided into
a small black start box (3-1/2" long and 4" wide)%and a 10ng white

shock box (14" long and 3-1/4" wide). The walls of the box were
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5" high and 4" wide. The black start box had a masonite floor;
the floor of thewhite shock box consisted of 3/32" diameter brass
rod at 3/8" centers. The start box and shock box were separated
by a black plexiglass wall with a ];]/2“ diameter “mouse hole"
situated 3/8" off the grid and a white translucent plexiglass
guillotine door. The white shock box was illuminated by an auto-
mobile signal Tamp in series with a 7 ohm resistance; the lamp was
situated behind a white translucent plexiglass panel at the end of
the start box. The top of the apparatus was covered with clear
plexiglass.

Shock was delivered by a high vo]tage;'constant current, 18
pole shock-scrambler. The apparatus was wiped dry after each sub-
ject was run; after 6 or fewer sUbjects had been trained or tested,
the apparatus was washed with a dilute a]coho]_so]ution and then
with hot water. The apparatus was a]]owea to. dry before training
.or.testing thevhext groﬁp.

Training _

Fifteen min after receiving its injection of a drug or saline,

a mouse was placed into the black start box for 20 sec; next the
“light illuminating the white shock box and mouse hole was turned

on for 20 seconds. The white guillotine door‘separating'the two

" compartments was then removed when the mouse was facing away from
the "mouse hole". This was done because it was noticed that if the
mouse was facing the hole when the door was raised there were fre-
'quent]y long lstencies to enter the white box because the subject
either (a) backed away from the hole or (b) spent several seconds

sniffing the area around the hole. With the guillotine door
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removed, the mouse had access to the white box when it turned
around. A stop watch WaS-started when the Qubject.briented toward
the mouse hole. In most cases, ofientation occurred immediately
after the guillotine'door was rémoved. The latency-to-enter was
recorded when the subject had all four paws on the grid of the
white box. At this point, the experimenter flipped a Switch that
delivered continuous shock 5 seconds later. After the mouse es-
caped from the shock into the black start box, the guillotine door
was replaced and the light was turned off. Ten seconds after re-
turning to the start box, the subject was removed to its home cage.

Some variations of this training procedure were used and will

- be described in the pertinent experiments to follow.

Retention Test

The testing procedure was the same as for training except that

no shock was given. Timing of the latency-to-enter started as on

‘the training-day when the subject oriented toward the mouse hole.

Subjects not crossing into the white box within 300 or 180 sec (see

specific experiment for the cut-off latency used) were removed to

_their'home cages.

We shall refer to the latency-to-enter on the training day as

the training latency and to the latency-to-enter on the test day as

the test latency. Throughout, amnesia will Be:defined as a test

vlatenCy of 20 sec or less. Amnesia is'defined as a test latency of

20 sec because this represents the maximum latency-to-enter in most

strains for un-injected naive mi ce. Thé'escape latency is the time

from shockionset unti] the mouse returns to the b]aék start box.

Training strength refers to the ability of particular training

L
f
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parameters used to elicit passive avoidance responses on the re-
tention test. The term is used in the relative sense; therefore,
no specific values of shock intensity, shock duration, or training
latency are necessarily associated with high or low training

strength.

Injection Procedure

A1l injections were givenvsubcutaneous]y ina 0.25 m]-vd]ume.
Cyclo was administered at 2.5 mg/male mouse, 233 mg/female mouse,
~Ani at 0.5 mg/mouse/injection. In all cases, single injections
were given 15 minutes prior to training. Thus Cyclo- and Ani-
injected subjects were under high levels of protein synthesis inhi-'
bition at the time of training. Where post-training injections

| were gfven,_they were administered at 1-3/4 or 3-3/4 or 5-3/4 hrs
after training for 2nd, 3rd and 4th injectiohé respectivé]y. In
some cases the injectiqn schedule was a]tered_and this change.wi1]
be discussed at the appropriate time.

Injections, pre- or pbst;training,‘were given under very light
ether anesthesia; the mice recovered.mofor'coordination within a
few minutes. The 1light anesthesia was used in order to reduce
' variébi]ity in beﬁaviora1 arousa1‘caused by-individua] differehces
in reaction to a non-ether injection procedure_that was tested. In
addftion, it was felt that the greater arousal produced by a non-
ether injection procedure might interfere with the amnestic treat-
~ment given after training. |

Injections could not be given immediately after training on
passive avoidance because it was found in two strains that the in-

jection itself could interact with the shock pUnishment to first
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strengthen passive avoidance (1-5 min after tréining) and then
progreSSively weaken the passive avoidance (5-30 min after
training). Nhfle a complex interaction betweén tkainihg and in-
jectfng éxisted for 1 to 30 mih; it was found that no effect was
obtained- with injection given 1 Hr'br longer after training. For
this reason, immediate post-training injectioﬁs were not used.

It was felt that the interaction between training and the injections
was too difficult to control or to interpret in terms of the bio-

chemistry of memory.

Statistics

The experimental designs frequently take the form used in the
ana]yéis of variance. However, the statistic itself was not uéed
because it was known beforehand that the distribution of latencies
to enter on.the test day was bimodal. In addition, the compli-
cation arose that the variance was frequentTy zero.

Statistics were used only to verify quesfionab]e differences.
Rank order statistics such as the Mann-Whitney test could not be

employed because the number of ties were too great. The most fre-

quently used statistic was the Chi-Square Test. However, this

test was not used when a theoretical frequency of any one of the

cells was below 6. Instead, Fischer's Exact Probability Test was

used.

Passive Avoidance as a Measure

{ .
of Retention

Assumptions ~
In passive avoidance, it is assumed that on the test days sub-

jects that step quickly into the white shock box (20 sec or Tess)'
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have forgotten that they were shocked in éhe white box. Also sub-
jects that do not step into the white box are assumed to do so
because they remember having been shocked. Thus, the latency-to-

enter on the training day is used as a measure of retention.

Critique and Test of the Assumptions

One criticism of the above assumptions abﬁut the latency
measure is that subjects for one of a number of possible reasons
may not want to enter the white box. In the C57B1 line, we have
- trained several thousand subjects. I can only remember 2 or 3 sub;
jects that did not enter within the 20 sec period defined as the
upper limit of amneSia on the training day. THevhigh consistency
with which naive subjects enter the white box suggests that mice
df this strain are not as capricious as the above criticism would
imply. In one strain (DBA/2J) we found that 30% of the naive sub-
jects would not enter the white box within 180 sec. Therefore, it
seems advisable to establish that a strain shpw a consistently
short latency to enter on the training day.

Another criticism might be that it is questionab]e that reten-
tion and‘the test latency are directly re]ated. That is, subjects
that are classified as amnestic consistently farget the shock and
thosé not stepping through consistently remember. To see if the
classification of subjects into amnestic and not'amnestic reliably
predicts retentioﬁ, I did.the following experiments in which ther
generality of avoiding a 1ightlcompartmént'wa; tested.

Three groups of_;ubjéfis were obtained from‘some of the experi-
ments that follow. =Iﬁ§ grdups were these: (5)‘sa1ine-injected

subjects that were classified as retaining passive avoidance



o2 |
training (virtua]fy no saline subject forgot);' (b) Aniéinjecfed
subjécts that fetained; and (c) Ani-injected Subjécts that were
c]assifie? as having fqrgoften.;'The fourth groub was paive sub-
Jects houéed in isolation but not trained or previously injected.
The four groups were tested‘oh a light-dark‘preference in‘a Y-maze.
The Y-maze was totally constructed from plexig]ass'and its alleys
were half as wide and twice as high as those of the passive avoi-
dance apparatus. The alleys were about 12 inches long; the start

alley was gray, one alley black and the other white and illuminated

from overhead. The subjects were placed in the gray alley and

allowed to move ihto,one of the two other alleys (black or white).

J

This took no longer than 1 mih. When thebsubject entered one of
the alleys, the alley was removed and the animal allowed to climb
out of the alley back into its home cage. The animal was not
picked up! On subsequent trials, 10 to 15 minutes apart, the
black and white al]gys were randomly placed on the left or right.
The fesu]t? showed that naive and Ani-injected subjects that were
classified'as amnestic did not have a preferenée for either alley.

By contrast, the saline and Ani-injected subjects that were classi-

 fied as remembering in passive avoidance had a dark-side preference

in the‘Y-m?ze (90% of the saline and 85% of fhevAni-injected'sub-

jeqts). A;preference'was defined as making 8 out of the 10 res-

pohses to Fhe same al]ey.  No subject had a Tight-side preference.i
In.anbther test, four similar groups were formed with new

subjects. In this experiment, the mice were trained in a shock

~escape left-right T-maze. One of the alleys was light-cued and

the other dark-cued; the light-cued alley was- correct. The naive
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and Ani-injected subjects classified as amnestfq gave 55% and 60%
of their responses to the light alley on the ffrst trial. No sub-
ject in eithér group failed to respond to the light side on the
second trial. One hundred percent of the saline- and Ani-injected
subjects, classified as having remembered, responded to the dark
alley on the first trial. Some gf the subjects required as many
as 6 trials before they made their first response to the light
side. It is important to note that.fhe subjects were shocked con-
tinuously until they reached the light alley on each trial. Consi-
dering that naive subjects.learned to respond to the light alley
after making only one error, this dark-side preference can be seen
to be very strong.

From these two eXperiments, we conclude that (a) the subjects
lTearn a discriminated light-dark response, and (b) the relationship
between the latency measufe.on the passive aQoidance retention test
and the existence of a dark side preference was very reliable;
,thereforé, it is concluded that the latency measure that classifies
subjects into amnestic or not amnestic is a reliable measure of
retention. _ |

Chorover and Schiller (1966) reported thét they felt that rats
trained in passive avoidance with confined shock (we are using es-
capé'from shock procedure) learned a conditioned emotional response
of which the characteristic response was freezing. By freezing,

- one generally means that the subject remains.motibnless as long as
the éversive stimulus is preseﬁt. Clearly from my observations of

our mice, this is not the case. Typically mice are very active
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"when they are not stepping into the thté compartment on the reten-
| tion test. They will repeatedly approachvthe mouse hole, back
away and'a¢proa¢h agaih. Often tiﬁes they.wiil;extendgihemse]ves
as far into the white box as poséib]é without removingltheir back
feet from the black box. We conclude thét in»micé with an escape
from shock procedure "freezing" is not the éenefa] response.

'Rather, the subjects are very active in their “passive” avoidance.
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II. INFLUENCE OF TRAINING STRENGTH ON.AMNESIA
INDUCED BY PRETRAINING INJECTIONS OF
CYCLOHEXIMIDE

Introduction

In most experiments which employ inhibitors of brain protein
synthesis as the disruptive agent, the effects are not consistent
across all treated subjects. Also, when subjects treated with
cycloheximide and acetoxycycloheximide are given foo much train-
ing,'the amnestic effect of these drugs is blocked (Barondes,

1970; Barondes and Cohen, 1967; Cohen and Barondes, 1968b; Flexner,
Flexner and Roberts, 1966). These observatidné.have 1ed to skep-
ticism as to whether protein synthesis is critical to the changes
in the nervous system that are involved in tﬁe formation of

memory . The purpose of the two experiments being reported was to
determine the source of the inconsistency and to see if cyclohexi-
mi de given to "overtrained" subjécts has adverse effects bn memory.
As Barondes (19705 has used the term, subjects_are “overtrained"
if amnesia cannot be induced by the drug. We will show that |
“overtrained" animals, and we will propose é'mbre rigorous defini-
tion of "overtraining" that is based on the learning performance
of control Subjects. |

In the first experiment, pretraining injecfions of cyclohexi-

midé (Cyclo) produced significant degrees of memory impairment for
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a step-through passive avoidance habit. The effects of shock
strength on the effectiveness of Cyclo as an amnestic agent are

repohted.‘ ’

In the second experiment, overtrained subjects were found to

suffer a memory loss only when the trainingftd—testing interval

was extended beyond that commonly employed. Gradients relating
degree of training to degree‘of memory impairment are shown.
Ih"thiS'section, I will not attempt to deal with the question
of why overtraining b]ocks the amnestic effect of cycloheximide.
I am concerned only with showing that memory processes of over-
trained subjects have been impaired, but that this impairment is
best detected with long retention intervals. Secondly, i want to-
show that there is at least an indication that the inconsistent

annest1c effects obta1ned with Cyclo are not a fa1]ure on the part

"of the drug but the resu]t of uncontro]led sources of variation’. TH ”

i1n training which overtraln the subJects.

Although several investigators have published data on inhi-
] ’ t

bition of protein synthesis by Cyclo in the brains of mice, there

i

were several reasons for undertaking a more thorough study of

this. First, it has not been clear whether there are real strain
differences since, with the exception of the Randt, Barret,

McEwen ah& QUarterhain (1971) report on two strains, all reports
have beenjbased on a single strain. Secondly, becausevexperiments i
have shown inconsistencies in the behavioral effects, it was im-

portant to determine whether there are significant individual

differences in inhibition within a strain.
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INRIBITION OF PROTEIN SYNTHESIS

Procedures v

Dose and time dependence of protein inhibition by cyclohexi-
mide has been determined in youhg adult Swiss (Simonsen, Gilroy,
Calif.), C3H/HeJ, DBA/2J (Jackson Laboratory, Bar Harbor, Maine),
and DBA/Dngr1 male mice (Cancer Research Laboratory, University
of California, Berkeley, Calif.), and in C57B1 control subjects
from the behanora].experiments (colony maintained in the Psycho-
logy Department, University of California, Berkeley, Ca]if}). All
mice were maintained in the laboratory for at least two weeks sub-

sequent to reéeipt. A minimum of 6 mice per point was used.

- Resul ts

Based upon a numbér of expériments using:SWiss albino and
C57B1 mice, our best evaluation of thé time course of protein in-
hibition resulting from a subcutaneous injection of Cyclo is
shown in Figure 3a. The degree of inhibition of protein synthesis
for the first 90 min after drug administration is greater than 87%
for C57B1 and 80% for Swiss albino mice, after which time inhibi-
.tion falls. Both degree and length of inhibition are néar]y dose
independeht in the range of 1.6 to 8.0 mg/mouse for C57B1 mice.
The higher dose is not lethal within 24 hr in thé untrained male
mouse,; there is a direct‘correlétion.between.training and toxicity,
resU]ting in death at dosages as low as 2.5 mg under certain condi-
tions of training. Inhibition is essentially equivalent in cortex

and subcortex, while the inhibition in liver (90%) is slightly
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less dur1ng the first 30 min than that found in bra1n (96%) and
| beg1ns to decline after 1 hr. | N

In one series of experiments, an 1ncorporat1on per1od of
.am1no acid into protein of 10 min was used, and the degree of in-
hibition was determined at short interva]s‘efter drug injection.
The rese1ts indicated that inhibition was prebably achieved within
less fhan 1 min after Cyclo was injected and was very reproducible.
Individual and sex differences were found to be negligible; inhi-
bition was between 95.5 and 97.7% for all 20 female C57B1 mice
sacrificed at 5 min intervals from 10 to 30 min after injection of
2.3 mg of Cyclo, and inhibition ranged from 96.7 to 98.8% for the
20 male C57B1 mice injected with 3.0'mg of Cyclo.

Inhibition data after subcutaneous injection of Cyclo have
“also been obtained for DBA/2J, DBA/DeCgrl, and C3H/Hed male mice
(Figure 3b). w'i'tvh C3H/Hed mice, greater than 80% inhibition is
found 2-1/2 hr after Cyclo injection, whereas with DBA/2J and
DBA/DeCrgl mice the inhibition was shorter in duration and re-
ma1ned above 80% for only 1- ]/2 hr. '

It is generally considered that the duration of inhibition at
80% or above is critical for ob;aining amnestic results. Cohen
and Baronees (1968a) have‘reported that greatervthan 807'inhibi-
tion for Sw1ss alb1no mice is produced by Cyclo for approx1mate1y )
.1-1/2 hr after 1nJect1on we found this degree of inhibition afterﬁ
1-3/4 hr." During the severa] hours after th1s point, the Cohen
and Barondes data and our data diverge s]ightly (Figure 3a). The

same trend is observed between the data of Randt et al. (1971)
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XBL 721-4517

Figbre 3a. Inhibition of protein synthesis by cycloheximide.

- C57B1 male mice, 2.0 to 2.8 mg/mouse, our data.-

C5781 male mice, 3.0 mg, Randt et al., 1971.

Swiss albino mice, 2.5 mg/mouse, our data.

Swiss albino mice, 5.0 mg/mouse, Cohen and

-Barondes, 1968.
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g o P
Figure 3b. Inhibition of protein synthesis by cycloheximide.

e———=e C3H/Hed male mice, 2.5 mg/mouse, n=4/point.
o——0 DBA/2J and DBA/DeCrgl, 3.0 mg, our data.

0-----0 DBA/2), 2.0 mg, Randt et al., 1971.
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and our data for C57B1 mice (ngure 3a).f HoweVer, the data ob-
tained by Randt et al. and our data differ markédly for DBA/2J
micé (Figure 3b). At 2-1/2 hr Randt et al. found no inhibition,

| whereas we observed 55% inhibition. As these authors discuss,
differences in methodology and methods of expreésing the results
hay account for some of the discrepancies. .To the extent that
protein is lost during the period of inhibition, a bias towards
a lower value of inhibition may result from their method of ex-
preésing the results. In addition, Banker and Cotman (1971) have
shown tﬁe tritium in 'Ieucine-4,5-H3 to be labile; tritium-labelled
leucine was used by both Cohen and Barondes (1968a) and Randt et
al. (1971). The lability of tritium makes less certain the pre-
cursor-product re]étionships which are assgmed in these studies.
On the other hand, the carbon-labelled valine which we used does
not as readily become incorporated into non-nucleic acid products
of metabolism, |

Trakete11is (1965) has reported high and long lasting inhibi-
~tion (25 hr) in C3H/HeJ mouse liver éfter a single intraperitoneal
injection of 2.7 mg Cyclo. We were not able to replicate this
effect in any strain tested. In Swiss, C57B1 and C3H/HeJ male
mice, we have found 18-20% inhibition of protein synthesis in
brain 16 hr after administration of Cyclo, and 10-15% inhibitfon
in liver. At 24 hr a slight (5-15%) stimulation of protein syn-
thesis is frequently observed. |

In view of the.&iSCrepancies among reported values of inhibi-
tion, esbecia]ly over longer time periods, we wdu]d-recommend

that investigators undertaking research in this‘area determine
levels of inhibition in their subjects under their conditions of

experimentation.



BEHAVIORAL EFFECTS

EXperiment ]

In this experiment, I determ1ned the opt1ma1 shock 1ntens1ty
at whlch Cyclo-injected subjects will have the highest possible
percentage amnesia yet the saline-injected contro] subject the
lowest, The experimenteemployed 4 levels of éhock‘(0.27, 0.30,
0.33, 0.36 ma) and the drug or no drug conditidns (Cyclo or
saline) for a two-factor design composed of 8'groups of subjects.
| The subjects used in this and the next experiment were males of
the C57B1 strain purchased from Cancer Genetics Research Laboraé
tory, University of California, Berkeley. |

Fifteen min prior to trainfng. the mice received an ear punch
for identification and an injection of either 0.3 ml saline or
0.3-ml of 10 mg/m? cvc’o“eximide solution prepared in saline.‘The
training and testing were as described in General Procedures.:The
cutoff latency_on the retention test, given 24 hrs after training,

was 300 sec. Only healthy animals were tested; 9 out of 174 were

discarded.

Results

‘The experiMental results demonstrate (a)ethat shock intensity
affectslthe magnitude and absolute leQels of amnesia obtained and
(b) that -in a‘procedure commonly used in memory:research work conf-
'siderab]elvariabi]ity exists in the values of the par;heter of
shock escape latency whieh is important in determining the degree

of traihing.
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Figure 4 presents the peréentage distribution of escape
fatencies on the training trial.> Only the resulfs for 0.33 ma
shock are shown to demonstrate the extent to which the population
varies on this important training parameter. The curves for the
other shock levels are quite similar; there is some shift toward
longer escape latencies with increasing shock intensity. The N
for 0.36 ma is smaller for several reasons: (a) subjects had a
difficult time escaping from the shock box (some had fo be re-
moved), (b) the number of subjects that died or were i]] was
higher here than in any other group (0.36 ma, 8 replacements;
0.33 ma, 1 replacement; others, none), and (c) it was clear that
overtraining had been reached>because only 2 out of the 10 useable
subjects had test latencies less than 300 sec. The modal escape
latency in all groups was 0.02 min,

Table 3 presents the main effects of drug X shock intensity
for subjects having the modal escape latency of 0.02 min.. Signi-
ficant amnesia with Cyclo is present at all shock levels except
0.36 ma. The largest differences between Cyclo and saline was at
0.33 ma. Subjects with escape latency of 0.02 min were selected
because (a) this was the only value for which .there were approxi-
mately equal numbers of subjects in experjménta] and control con-
ditions,'and (b) this was the mbde for the distfibution of escape
latencies in each shock condition.

It can be seen that the magnitude of the amnestic effect as
measured by the percent difference.bétween experimental and con-
trol subjects decreases when the data from all escape latencies

are compared (Table 4). This decrease is due to the inclusion of
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Figure 4. The distribut%on of escape latencies shows that cyclo
subjects take Tonger to escape shock than thé_saline controls

i :

L (P <.001 by Fisher Exact Probability Test).

| ‘ .

|



-38-

Table 3

Amnesia as a Function of Shock Intensity

Shock Intensity (ma) 0.27  0.30 0.33 0.36.
Cyclo
Annestic S/Total S 14/18 18/24 25/31 2/10
Percent Amnesia 78% 75% 81% 20%
Saline .
Amnestic S/Total S 5/21 3/24 2/36 0/20
Percent Amnesia 24% 13% 6% - 0%
Delta (Cyclo-Saline) 54% 62%2 - 75% 20%
Chi-Square ' 11.3 19.0 39.0 -

P Value .001 .001 . 001 -—-

The mode for latencies to escape shock during training in
each of the shock intensity groups was 0.02 min, and this table
is restricted to subjects who had this latency. Comparing the
percent of control and experimental subjects showing amnesia
~ (defined as escape latency of 20 sec or less) significant dif-
ferences were obtained at 0.27, 0.30, and 0.33 ma. vDe]ta is the
difference in percent amnesia for Cyclo subjects minus saline
control subjects. The difference at 0.36 ma is probably not
'significant; the chi-square value cannot be calculated because

one of the theoretical frequencies is less than 5.
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Table 4

~ Amnesia as a Function of Shock Intensity I

Shock Intensity (ma) 0.7 0.30  0.33 0.36
Cyclo . | :
Amnestic S/Total S 25/42 18/36  42/69 4/18
Percent Amnesia 60% ‘50%» - 61% 22%
Saline : |
Amnestic S/Total S 6/47 5/36 - . 5/72 0/20
Percent Amnesia 132 143 7% 0%
Delta (Cyc]o-Sa]ine) 47% 36% . - 54% 22%
Chi-Square 21.4 0.8  46.1 ---

P Value .001 .00t - .001 ---

| Disregarding the distributional differences of escape
latencies during training shown in Figure 1, and taking all
subjects within a shock inténsity.groﬁp, amnesia is still sig--
nificant at 0.27, 0.30, and 0.33 ma. However, the magnitude
of the effect as measured by delta shows a decrease. Here, as
in TabTe 3, the largest delta is found at the shock jptensity
of 0.33 ma.
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Cyclo sﬁbjects with escape latencies longér than 0.02 min which
causes a decrease in percent amnesia across all shock intensities.
The saline subjects show a slightly higher level of forgetting
due to the addition of the scores of subjects that escape shock

in 0.01 min, some of which did not passively avoid.

Experiment 2

The purpose of this experiment was to see if an amnestic
effect could be detected in Cyclo-injected mice that had been
overtrained. In addition, various possible parameters of training

stréngth and a parameter of retention were investigated. The
experiment employed four factors: drug condition (Cyc]o or
saline), shock duration, training-to-testing interval, and
tréining latency.

The subjects.were C57B1 male mice as in Experiment 1. Other

procedures were as described under the heading General Procedures.

Shock Duration

The ]evé] of shock employed throughout was 0.33 ma. Pilot
studies were doﬁe to determine what range of escape latencies
wou]d block amnesia in Cyclo-injected subjects when retention was
tested 24 hrs after training. Based on these studies, I selected
latenciéé to escape shock from 0.05 min to 0.13.min for study.

_Since most subjects wou1d not escape shock with latencies less
than 0.05 min (see Figure 4), the present experiment used the
gui]]otihe door to confine subjects in the shock box for part of
the shock period; then the subject was allowed to escape. The

confinement and escape procedure set the minimum latency, but the
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subjects determined the upperfrange. For'this reason, there are
_some‘differences in fhe number of Subjects'béfllatency, but ét
least 8 subjects were obtained for each escape.latenpy. Subjects
escabing‘with latencies in excess of 0.13 min were dgsposed of,
‘and fep]acement was attempted at the next s;hedu]ed training ses-

sion for that group.

Training-to-testing Interval

Tests of avoidance behavior were given at 24 hr,-or at 1, 2
or 3 weeks after training. Different subjects were used in each

training-testing group.

" Training Latency

The training latency was recorded as in_Exberiment 1. After
completing the experiment, it waé found that‘the training latency’
varied.ffom 0.08 to 10.8 seconds. The variation in training
latency was found to interact with other variables being consi-
dered'(i;g., duration of shock, train-to-test‘interval, drug Vs.
saline). Because this interaction was unexpected, the number of

subjects/group was not controlled.

Replaced Subjects

Unlike Experiment 1, in which most subjécts escaped shock in
0.05 min or less, Cyclo proved to be more toxic in this experiment
which employed longer escape latencies; 33 out of 337twere re-
placed. |Subjects that died or showed any signévof illness were
replaced, without testing at the next trainihg session of their

group.



-42-
ResuTts

The data for subjects tested‘at 24 hr have been excluded from
the analysis-of the amnestic effect in some figures because this
group was purposely trained so that little or no amnesia would be
present. Since Cyclo-treated animals show amnesia at 24 hr if
given less than 0.05 min shock at 0.33 ma and do not show amnesia
if given more than 0.05 min shock, "overtraining" in this experi-
ment is defined as experiencing at least 0.05 min shock.

When the data for test period 1-3 weeks were combined, 47%
of the 220 Cyclo subjects showed amnesia, while only 2% of the 219
control mice were amnestic. However, the drug's effect overall is
inconsistent. A significant percentage of the Cyclo subjects were
found not to be amnestic (30%), having test scores in the 281-300
sec range (Table 5). There are relatively few scores between the
extreme latencies.

Figure 5 presents the effects of shock duratiqn on the effec-
tiveness of Cyclo aé an amnestic agent. Ovértraining (i.e.,
longer escape latencies) progressively blocks amnesia; whereas
83% of the subjects with escape latencies of 0.05 min developed
amnesia, only about 30% of those with latencies of 0.12 or 0.13
min show amnesia. Thus, categorizing subjects by their escape
latencies accounts for some of the apparently inconsistent effect
of the drug.

The overall incidence of amnesia in Cyclo subjects, but not
in control subjects, increased as the training-to-testing interval
was lengthened from 24 hr to 2 wks (Figure 6). At each retention

period, less than 3% of the saline subjects showed amnesia.



Table 5
Distribution of Test Latencies -

Across Teét Periods 1 through 3 Weeks

Cyclo ' Saline
| N 3 N %
0-20 104 47.3 4 1.8
21-40 10 4.5 3 1.4
41-60 6 2.7 1 0.5
61-80 7 3.2 0
81-100 5 2.3 2 0.9
101-120 5 2.3 3 1.4
121-140 3 1.4 2. 0.9
141-160 5 2.3 2 0.9
161-180 7 4.2 2 0.9
181-200 1 0.5 5 2.3
201-220 0 ] 0.5
221-240 ] 0.5 2 0.9
241-260 2 0.9 0
261-280 0 3 1.4
281-300+ 64 29.1 189 85.9
220 219

Test latency of'0—20 sec is the range of scores rppresenting
‘amnes{a. 'Cycld»was found tp have significantly more cases of
amnesia sz = 122.2, df=1, P <.001). If onevconsiders test
latencies of 21-200 seconds as showing impaired memory; 22% of
the Cyclo subjects_compared to 9% of the control subjgcts showed

impaired memory (x2 = 14.3, df=1, P <.001).
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Figure 5. ‘Main effect of variation in escape latency within the
experimental condition. Points represent data summed over test

periods 1 through 3 weeks As the escape latency 1ncreases, the

probab111ty of amnesaaﬁdecreéses 51gn1f1cant1y (x = 8. 89, P <.005 |

for 0.06 min vs. 0.13 min). However, even at 0.13 min experimental

subjects differ significantly from controls (P = .01).
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Figuké 6. Percent ammesia as a function of training-to-testing in-
terval. The bars represent all training and escapevlatencies com-

bined; only the test period is being considered. Cycfo subjects

differed from saline controls at 24 hr, 1, 2, and 3 weeks (X2 =

33.5, df=3, P <.001). Within the cyclo condition 24 hr differs

from 1 week (x2 = 6.47, P <.01, 1 week differs from 2 weeks (x° =

b 7.45, P <(01); Bars for saline groups centered on the baseline

'=1 “indicate 0% in this and other graphs.

| C i e e - cme e m—
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The ]aténcy with which a subject e;tered the shock box on the
training day had a significant effect &h the probability that a
subject would develop amnesia. The longer the training latency,
the less the amnestic effect of Cyclo (Figure 7). Saline subjects
had less than 3% amnesia for all thesé points. Gold, Farre]] and
King (1971) reported a ;imilar finding using step-through passive
avoidance training and”transcortica] e]ectrocbnvulsive shock as
the amnestic treatment. Cyclo subjects téhd to enter the shock
box faster than control subjects as reflected by the Ns. A
similar observation was also reported bx Randt et al. (1971).

Figure 8 (A-D) represents the complex interaction of drug con-
dition x shock duration x test period. Aﬁﬁesia.is a function of
both the time at which testing is done and the shotk duration ex-
perienced during training. Even at_the longest shock latency
studied, 0.13 min, amesia increased from 12.5% after 24 hr to
37.5% after 3 weeks. Control subjects exhibited only a slight ten-
dency to forget at 2 and 3 weeks afteryorfgina] training; only 4
_ sa]ine subjects in all forgot the training experience.
| Table 6 presents the raw data. There is an indication of a
'“:4-way 1nteract1on of drug condition x shock’ durat1on x test per1od
- X training 1atency Because the effect of tra1n1ng latency (see
F1gure 7) was not anticipated, the cells have different numbers of
subjécts/group, some too small or not represented at all. But the
tab]gsvgive certain indications that are important. For the
cyc]oheximide-iﬁjeéted mice, the values within a cell are generally
more consistent than those across rows, columns or tables. Consis-

tent amnesia tends to occur in the upper left hand”portion of each
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100 -

Cyclo (N)

Saline (N)
80 - o

AMNESIA

%

(29)

77)
| A- | 4
TRAINING LATENCY (sec.) ;
XBL7HP“5393

‘Figure 7. Interaction of training latency x drug condition.
Variation in training latency has no detectable effecf on contr01 ,"

subjects. The data show that for Cyclo subjects, as}the létency f o

‘to ente} the shock box increases, the probability of amnesia de-

creases. For Cyclo vs. saline subjects, *2 = 17.1, P <.001 at 1

sec; x2 = 35.3, P <.001 at 2 sec; x> = 17.0, P <.001 for 3 sec.
X 3

At 4 sec x° cannot be calculated; P = ;oos'py'Exact Probability
‘ |

Test.
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Figure 8. Three way interaction of drug condition, escape
Tatency, and test period.  The greatest change occurs from 24 hr '
to 1 week. The percent amnesia increaées slowly at escape

latencies 0.09 through 0.13 min over the 2 weeks. x2 = 13.2,

P <.001 for 0.09 - 0.13 min at 24 hr vs. 2 and 3 weeks. x2 =
8.87, P <.005 for 1 week vs. 2 and 3 weeks. (Each data point

represents 8-10 subjects.)



A. Saline Control + 24 hours

TABLE 6 v
EFFECTS OF TRAINING LATENCY, ESCAPE LATENCY AND RETENTION INTERVAL ON TEST LATENCIES

A'. Cyclaheximide + 24 hours

: Escape Latency (min)
Training . Training Escape Latency (min)
—- Latency - S Latency
(scc) 004 005 006 007 008 009 0.0 011 012 0.13 (sec) 004 005 006 007 008 009 0.0 011 042" 0.3
i 300 300 300 300 1 7 s 9 300 2 30 6 1
300 . 26 300 300
2 300 300 300 300 300 300 300 300 300 300 300 300 300
300 = 300 300 300 300 300 300 300
300 . 30 300 - 2 315 300 8 4 300 2 m e
300 300 158 138 300 149 300 300 300 300
300 - 300 300 300 300 0
) 166 300 . 64 218 300 300 300 300 300 300 300 300 3
300 300 300 300 '
5 BB RBE L e
" 300 300 300 300 300 300 300 300 120 e 3 Fred 3%
300 300 e
. 300 30 300 133. 300 300 300 300 300
over (11 300 251 300 300 300 300 300 300 300
dec 300 300 300 300 300 300 300 300 - .
300 300 - 300 300 300 8 7 300 300 300 300 - 300
00 300 drec 300 300 00 300
B. Satine Controf ¢ 1 week §’. Cyclohexicnids + | woek
m’:‘:‘g Latency (min) mﬂc“y‘ Escape Latency (min) A
Ges) . 004 00S 006 007 008 009 040 041 0.2 053 () 004 005 006 007 008 009 040 041 042 043
’ 1 300 300 .29 300 1 10 s B 7 0 12 22 2 8
2 300 300 300 PEY| © 300 300 300 12 10 us - o 1S 300 1 %
: 300 300. 300 . 300 . 300 - 300 12 300 300
300 - 16 . 00
300 300
00 2 2 s § 10 10 300 106 300 284
- o i T g w
3 200 300 300 300 300 300 300 300 300
300 _300 300 300 300 300 300 0 %0 300
— 300 300 300 300 170 :
. 300 3 300 300 300 300 27 300 300
4 300 300 300 300 300 300 300 300 300 - % 300 300
300 300 300° 300 . 300
, . 300 300 4 s 6 300
over 300 £ 30 300 300 300 300 300 300 300 12
€ 300 300 300 300 3
300 300 300
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300 4 sec 3133

-5#-



C. Saline Control + 2 weeks

Table 6 (cont.)

" C*. Cycloheximide + 2 weeks

Training Escape Latency (min) Truining: Escape Latency (min)
Latency Latency . : _
twc) 004 005 006 007 008 009 010 041 042 0.3 (sec) 004 005 006 007 008 009 010 011 012 013
1 300 300 124 1 3 4 4 4 7 1 2
2 300 300 153 34 25 300 4 ‘s 19 8 B n
300 300 300 300 300 16
300 03
3 171 $S 300 300 ‘6 300 .300 300
300 154 300 0 AT A T T B
300 300 300 . 6 10 127 160
300 6 300
‘ 300 199 300 300 300 300 300 300
300 300 300 3 3 s 6 6 4 10 300 )
300 19 7 28 128 300 14
over 00 117 205 8 9% 300 300 300 300 100 300
4 sac 300 300 300 300 300 300 300 300 300
300 300 300 300 300 300 300 300 4 7 - 14 36 300 300
300 300 300 300 300 _ 4
300 300 gyeg s 10189 .6 4
dsec 144 161 242
300 300 300
. 300
D. Satine Control + 3 weeks . D’. Cycloheximide + 3 weeks
Training Escape Laténcy (min) Training Escape Latency (min)
Latency .. Latency® .
(we) 004 005 006 007 008 009 010 041 012 013 (ec) 004 005 006 007 008 009 0.10 041 042 013
i 300 300 300 i 2 4 2 6 3 300 2
300 16 S 44 300 | 108 300
1 300 12 300 (16 300 300 300 300 5.9 :
- 30 300 300 300 300 2 r 3 T2 - 1 2 3 4 2
300 s 98 4 s 8 4 68
300 9 € 20 1S 300 300
3 179 300 300 197 300 139 3 300 300 . 2
360 300 300 274 300 300 300 300 -
300 300 300 300 300 300 28
300 i 300 300
200 3 96 300 4 4 4 1 s
4 00 150 o0 309 3000 32 14 68 300
300 * 247 .
300 , .
over 265 300 144 300 23 182 300 300 ‘4 13 9 180 300 ' 300 159 300
daee 300 300 300 274 : S e '
00 300
388 over n 30.'6 6
. 4 s8¢ 300
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' tab]e,fof'cyc]o subjects. The lower right‘hand corner tends to

contain the longest latencies.

| “Discussion
The following parameters haVe been sden.to affect the degree

of amnesié in Cyclo-treated subjects: (a)vShbck'intensity (Exp.

' 1), (b)-shock duration (Exp. 2), and training latency (Exp.2).

In addition, the sensitivity of the passive avoidance test to for-

getting increased markedly for Cyclo subjects as the training-to-

testing interval increased (Exp. 2).

Controlling Inconsistency

The inconsistency of cycloheximide‘ﬁ’effect has been of con-

cern primarily because the assumption was madé_that training was

the same for aT] subjects in a given treatment condition. A major
source of the previously reported inconsistent results may be the
fact that not enough parameters of the training condition were de-
fined and measured. We have observed that variations occur in
sevefaliparameters of training and that this variation systemati-
cally affects the results. When we factdréd out some of the
variabi]ity in our training situation (variability likely to be
present in other similar experiments), the consistency of the

amnestic effect was substantially improved..'

Qvertraining

Earlier we defined overtraining loosely as‘giving Cyclo-

kinjectedisubjects so much training that the amnestic effect is

blocked, This is a circular definition which generates a hypo-

thesis that cannot be easily disproved. The question is, what
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level of training should reliably e]iéit Cyclo's amnestic effect,
while still demonstrating memory on tﬁe part of.the control sub-
jects. The definition or criterion for this level or point of
training must be relative to the control subject's performance.

In other studies we have found that if control Subject
‘acquisition curves are plotted for successive increases in
training strength, the curves tend to look sigmoidaf (Figure 9).
In passive avoidance, l-way active avoidance and 2-way shuttlebox
.teéts, we have genera]]y qund that Cyélo is most effective as an
bvamnestic agent at the.boint Just prior to thé asymptote of the
acquisition curve. In the case of Figure 9, D is that point.
Looking back to Table 3, the control perfqrmahce reaches its
asymptote at 0.36 ma; at values below £his point amnesia is ob-
tained. We have not formally tested this suggested rule, but it
has proved reliable in most of our experiments with Cyclo. ‘This
rule is not without exceptions, because other variables than the .
amount of training can affect thé occurrence of amnesia (i.e.,

when the test is given and/or the disruptive agent used).

Control Problems

The fact that Cyclo decreases the latency to enter the white
compartment during training and that i£ increases the latency to
escabe shock leads to problems of control that merit discussion.-'
The distribution of 1atencfes to enter on the training day for
Cyclo and saline subjects is shown in Figure 10.  Only at
latencies to enter of 2 and 3 sec are there both significant num-

bers and about an equal percent of Cyclo and saline subjects.
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ngure 9. Typical acquisition curve. The arrow indicates the
N . o : poiﬁt'wﬁere Cyclo usually has the greatest effect. Training
o strength mdy involve stronger stimuli (i.e., brighter light,
stronger shock, longér shock) or increases in the number of
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| .
| ' - ' ~ training trials. e = hypothetical data point.
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Cyclo N=304

Joo

Saiine N=30!I
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Figure 10. 'Percent distribution of training latencies. Cyclo

_subjects enter the white shock box on the training day signifi- '

2

- cantly faster'than contro]s, x = 73.4, df=4,.P <.001.
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Amnesia is affected by the lafency to enter; shorter laten-
cies have a greater probabi]ity of producing amnesia (Figure 5).
’If we fncluded the 1 sec laténcieS‘this Woqu}tend to overesti-

mate the amnestic effect of cycloheximidef Control subjects have

_been'great1y overtrained--86% had test latencies over 300 sec.

Thekefore, it is unlikely that the conclusion would be signifi-
cantly aitered had we run enough control subjects at the 1 sec
training latency to obtain equal Ns of Cyclo and saline Ss. How-
ever, in paradigms in which the control subjects are not highly
trained, failure to match groups for latencies to enter cdu]d |
seriously distort the conclusions.

Counting only the Scores from 2 and 3 sec training latencies

‘across the 1 to 3 week test, there is 47% amnesia among the 119

Cyclo-injected mice and 3% among the 107 saline-injected mice.
This compares well with the overall incidence of amnesia, 47% for
Cyclo and 2% for saline. A comparison of the scores of subjects

havihg 2 and 3 sec training latencies did not'significantly alter

“any of the trends reported.

Another control problem was found in Experiment 1; Cyclo sub-
jects take longer to escape from shock than control subjects. In
Experiment 2, it was found that as shock duration increases, the

probabf]fty'of a $ubject developing amnesia decreases. Failing to

‘match Cyclo and saline subjects on the variable of shock duration

will underestimate the amnestic effect. This can be seen to occur
by comparing‘Tables 3 and 4 of Experiment 1. In Table 3, which
includes only the scores for those subjects escaping shock in

0.02 mfn, amnesia was 81% for the Cyclo group and 6% for saline--
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a difference of 75%. Table 4, based on all subjects whatever
théir latency to escape shock, shows 61% amneéia for Cyclo and
7% for controls--a difference of 54%.
These findings make it advisable to record latency data
when employing the passive avoidance step-through test. This
wou]d»seem particularly important when lesions or drugs result

in any hyperactivity, as is the case with cycloheximide.

Related Studies

Delayed onset of amnesia has been reportéd in several recent
studies: in mice following e]ectroconvu]sivé Shock, by Geller
and Jarvik (1970a); Hughes, Barrett and Ray (1970); and McGaugh
and Landfield (]970); in goldfish following acetoxycycloheximide
or cyéloheximide, by Davis and Agranoff (1966) and Agranoff (1971);
in chicks following cycloheximide, by Watts and Mark (1971); in
miée'following acefoxycycloheximide or cycloheximide, by Barondes
and Cohen (1967, 1968) and Cohen and Barondes (1968a,b). The de-
layed onset of amnesia has occurred in some studies over a few
hours, in other studies over days, and in our present study, over
weeks. It is quite possible that different memory processes are
involved in these different time courses, as we will discuss
shortly.

In contrast to these experiments reporting the progressiye
development of amnesia, several studies have réported a transient
amnesia fo]fowing treatment [Flexner, Flexner and Roberts (1966);
Quartermain, McEwen and Azmitia (1970); Serota (1971); and Barondes
and Cohen (1967)]. Barondes and Cohen reported impaired memory

24 hr after training in mice that had been given acetoxycyclohexi-
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‘mide. :They attributed the memory impairment to illness, since

the subjects were not found to be amnestic 4 days after the
training and drug treatment. Since most of these experiments
report the "transient amnesia" to occur at 24 hr after the sub-
jeéts have received the protein inhibitor, it seems likely that
the cause of the apparent.amnesia was the ]ingering effects of
the inhibitor rather than a true disruption of memory with sub-
sequent recovery. In this work, there is no indication of

recovery of memory once amnesia has developed.

Speculation

Noting that amnesia may develop hours after'treatment in some
experiméhts and over days in others, Squire and Barondes (1972a)
have recently suggested that different studies may reflect
variously the decay df short-term memory and interference with
the retrievability of weakly established long-term memory: When
protein synthesis is largely inhibited, avlong—term memory process
might be only weakly established and "might be particularly vulner-
able to interference and could rapidly become ihaccessib]e (p.76 )."
Bécause ofiour findings of increasing amnesia over a two-week |
period, we have been concerned with the same problem and have for-

;
mulated a related but more strictly chemical hypothesis which is

~explicitly based on decay rather than interference processes.

Four assumptions are made to explain why controls, who synthesize

more protein than drug subjects, also remember longer: (a) struc-

. tural changes supported by protein synthesis induced by training

must remain above a threshold ]eve]vfor long-term memory to be ex-

pressed; (b) the amount of protein synthesized and thus the extent
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of structural change increases with the intensity of training

(i.e., with stronger st1mu11 and/or more tr1als) (c) over time

* ¥Q_the structura1 changes are imperfect]yxmainta1ned and, if they

fall below the threshold, forgett1ng occurs, (d) therefore, the
length of time over which a memory is available is a function of
the amount of protein synthesis induced by training. The role
oprrotein is}not considered to be that‘of a "memory molecule",
but rather of creating or supporting some structural modification

in the neuronal network controlling behavior.

Conclusions
1. The inhibition of incorporation of valine—]4C into protein
| caused by subcutaneous incorporation of cycloheximide was
measured in brains of mice of 5 strains.
2. Amnesia for one-trial passive avoidance training in cyclohexi-
mide-injected vs. saline-injected mice was found to vary as
a function of several parameters: |
a. The percentage of amnesia decreased with intensity of the
footshock.
b. Latency to escape shock varies among animals and is a
determinant of how'effective the amnestic agent will be.
The longer the shock duration,‘the lower is the percen-
tage of amnestic.subjects (Figure 5).
c. Latency to enter fhe shock compartment on the training .
trial is another determinant of amnesia; the longer the |
training latency, the less the percentage of amnesia

(Figure 7).
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d. The ihcidence'of amnesia fncreased with the training-to-
testing interval in Cyclo subjects but not in saline
~controls; qvef 50% of Cyclo subjects showed amnesia -
' when tested 2 or 3 weeks after training as against only
17% amnesia when tested 24 hr after training. The con-
trols showed almost no amnesia at any of these times
(Figure 6). By controlling these factors, either high
~or low incidence of amnesia can be obtained. Experiment
2 used the shock level of 0.33 ma, sejected from the
results of Experiment 1 as optimal for our training pro-
cedure with this strain. Selecting animals with short
training latencies (1 or 2 sec) and short escape laten-
cies (up to 0.06 min), 25 out of 30 (83%) of Cyclo sub-

- jects were amnestic in tests at 1, 2 6r 3 weeks. On the
other hand, if subjects were se]eétéd for long training
latencies (4 sec or more) and-long escape latencies
(0.10 min or more), only 4 out of 29 (14%) were amnestic.
No cqntro] subject with either set .of values was
amnestic. | i

3. It may be useful to define overtraining as the amount or
strength of training that brings control subjects to their
asymptote of performance. For both passiye and active
avoidance we have‘fqund that cycloheximide is most effective
as an amnestic agent when given to subjects just prior to

!

the asymptote of the acquisition curve (see Figure 9).
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4. While more consistent amnestic effects cah be obtained by
controlling some sources of variation in training strength,
it should nevertheless be of concern to those who support
the protein-memory hypothesis that despite over 90% inhi-
bition of protein synthesis, a slight increase in the

degree of training still permits a high level of retention.
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[I1. | THE INFLUENCE OF DURATION OF PROTEIN SYNTHESIS
INHIBITION ON MEMORY

Introduction

The purposes of the experiments in this section were to test
the hypothesis that the length of brain protein synthesis inhi-
bition is an important parameter in producing amnesia, and to
demonstrate the value of a new amnestic agent--anisomycin (Ani).

It has been implied in reports using inhibitors of protein
synthesi$ to block memory that the duration of inhibition is an
importanf factor in the effectiveness of the amnestic agent_
(Agranoff, 1971; Flexner, Flexner, de la Habaland Roberts, 1965;
Squire and Barondes, 1972a).}'Previ6usly it had not'been feasible
to tést the hypothesis, since puromycin.and acetoxycycloheximide
had a long duration of inhibition--7 to 9 hrs at 80% or greater
inhibition depending on the dose (Barondes and'Cohen, 1%4; Flexner,
Flexner, S;ellar, Roberts and de la Haba, 1964). Furthermore, the
dose of Cyclo that results in inhibition of»80% or greater for 2
hrs is very nearly lethal in mice, preventing-increases in dosage
or the ﬁgé‘of muitiple injections.
| Anison&cin offers far greater f]exfbi]ffy in the design of
experiments on the role of protein synthesis and memory because
at doses high enough to produce 80% inhibition of protein synthe- -
sis of 2 h%g duration, Ani has not been found to be toXic,‘even
when injecfed four time§ at two-hr intervals. Anisomycin; alone

!
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or in combination with Cyclo or streptovitacih A, can achieve
various lengths of inhibition from 2 to 24 hrs, where inhibition
is maintained continuous]y above 80%. The subjects survive the
prolonged inhibition of brain protein synthesis Without any ob-
viqus signs of illness.

The use of a variety of protein inhibitors in memory research
is of interest to help rule out unique side effects which may
interfére with the interpretation of the results. Puromycin has
been found to cause many effects besides inhibition of protein
synthesis such as causing hippocampal seizure, swelling of mito-
chondria; and disaggregation of ribosomes (Kerkut et al., 1970;
Squire and Barondes, 1972a). A single injection of Cyclo fre-
quently causes subjects to become il1l. Behaviorally, Cyclo causes
differences in locomotor activity of mice exposed to an open
- field (Squire, Geller and Jarvik, 1970) and in the distribution
of ]atehcies in a step-through passive avoidance apparatus (Flood,
Bennett, Rosenzweig and Orme, 1972; see Figures 4 and 10 of this

dissertation). Anisomycin has not been found to produce such

~ latency changes.

INHIBITION OF PROTEIN SYNTHESIS

Procedures

Anisomycin (]-p-methoxypheny]—3-acetoxy-4—hydroxypyrro1idine)
was a gift from Charies Pfizer Co., Groton, Conn., through the
generosity of Dr. N. Belcher. Solutions were prepared at appro-
priate concentrations of 0.9% NaCl. In order to dissolve Ani, an

approximately equal molar amount of HC1 was added, and thé pH was
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final]y'edjueted féba,;'7} Under these conditions, so]ubi]ity
was at leaet 40 mg/ml. |

Inhibition of protein synthesis was determined as described

under the heading General Methods.

Results

‘Anisomycin is relatively non-toxic in mice. The lethal dose
of the'drug Was.not established; mice showed'no.pbvious i1l effect,
except for-dfarrhea, upon subcutaneous administration of 10 mg,
whicﬁ is 20 timee the dose needed to produce effective protein
synthesis inhibition, or when a total of 0.4 mg was injected bi-
laterally into the brain,

The inhibition of proteinveynthesis in'brajh and in liyer'was
determined as a function of the dose ranging from 0.5 to 3.0 mg
(Figuke 11). Subcutaneous injections yielded greater than 90%
‘inhibition in brain during the first 2 hrs. There was little dose

dependence' during this period. By intracerebral injection, a dose

‘of at least 0.1 mg was required for 90% inhibition. By both

routes of injection, the inhibition levels in liver were well
below those for whole brain, and marked dependence on dose was
evident. fhese results indicate either a se]ective inhibition of
brain protein synthesis or more efficient elimination of the inhi-
bitor and fester recovery of synthesis in the 1iver

Since 1ncreased doses of Ani did not s1gn1f1cant]y increase
the durat1on of max1ma1 1nh1b1t10n of brain prote1n synthes1s in
mice, we studled the effect of repeated subcutaneous injections

of 0.5 mg of An{»at 2-hr 1nterva]s. The inhibition curves for 3
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Figure 11.- Inhibition of protein synthesis by subcutaneous

injection of anisomycin in mice for liver and whole brain.
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successive injections #howéd that protefn synthesis can be inhi-
bited at least 85% for up to'GIhrs, and that there is little |
cumulative effect of.the drug (Figufe 12). Each of the in-
jections inhibited at 80% or gréater foF about;Z hrs. Thus, the
duration of protein synthesis inhibition cén be readily controlled -
and prolonged by an appropriate schedule of’iqjections, with
little or no illness observed.

Our best determination of the relative effectiveness of Ani
and Cyclo is given in Figure 13. The inhibition at short times
after adminfstration of the drugs was based on 10 min incorpora-

tion periods and is presented in the inset of Figure 13. A slight

“difference is noted between Ani and Cyclo inhibition during the

first 20Vmin. Since a data point represents an averagé for the
preceding interval, it is estimated that Ani takes about 4 min to
reach 80% inhibition while Cyclo takes about 2 min. During the
next 90 min Ani appears to be at least as effécti?e as Cyclo.
After 3 hrs, the inhibition by Ani drops of f more rapidly than
that caused byvacio. |

1

BEHAVIORAL EFFECTS

Subjects - : ' _
Fofwﬁhe experiments in this section the_subjects were females
from our colony in its 14 generations of inbreeding (except in

Experimenf 4 where males were used). Our colony bears the desig-

-nation C57B1/Jf to distinguish them from the parent stock of .

C57B1 maintained at Cancer Genetics Research Laboratory. Our

colony was‘started‘from a single inbred pait:of C57B1/Crgl. The
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Figure 12. - A summary of the effect on cerebral protein synthesis
of one (0——0), two (d ------ o), or three (A—-—a) subcu-
‘taneous injections of 0.5 mg of anisomycin to C57B1/Jf female
mice. Ani was administered at time 0, 2 and 4 hrs. The symbols

indicate times at which the mide were sacrificed.
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. Fiqure 13. Comparison of the inhibition of pv"ro'tein synthesis in

brain by anisomycin (0.5 mg) or cycloheximide (2.5 mg).
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subjects were betWeen 60 and 70 days of age and weighed between
18 and 21 grams at training. Subject assignment was random;
where several groups were employed, each condition was repre-
sented at each training and testing session. ‘Animals had food

and water available at all times.

Drug Conditions

A1l injections, whether administered pre- or post-training,
were given subcutaneously at the following volumes and concen-
trations (exception noted in Experiments 4 and 9): saline, 0.25
ml; Cyclo, 0.23 ml of 10 mg/ml solution; and Ani, 0.25 ml of
2 mg/ml solution. Drugs were prepared in saline. Injections
were given under very light ether anesthesia as described in the

Introduction.

Other
The apparatus, training and testing were as previously des-

cribed unless otherwise noted under specific experiments.

Comparison of Anisomycin (Ani)

and Cxc]oheximide (Cyclo)

Experiment‘3
Design
The purpose of this ekperiment was to‘determine the relative
effectiveness of the drugs as amnestic agents over a range of
shock intensities (0.30, 0.33, or 0.36 ma). The injection was
given 15 min prior to training, and the retention test was given

24 hrs after training. As jn previous experiments (see Figure 4),
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the mode of the escape latencies was 0.02 min; only the

data from subjects escaping shock in 0.02 min will be compared.

Results »

WhiievAni and Cyclo caused comparable inhibition of protein
syntheéis (Figuke 13), Ani proved not to be as effective an amnes-
tic agenf as Cyclo (Figure 14). Ani was only effective as an
amnestic agent at 0.30 ma. Cyclo became less effective as the
shock intensity increased. At shock intensities 0.30 and 0.33,
Cyclo-injected groups showed significantly greater percentage of
amesia than Ani-injected subjects (x = 9.59, P <.005; at 0.36 ma
a significant difference was not obtained, P = .10). Since Ani
and Cyclo were fodnd tq cause comparab]é inhibition of protein
synthesis, éycloheximide's greater amnestic’effect must be due to

some factor in addition to inhibition of protefn synthesis.

Experiment 4

\ Design

This eXperiment investigated the effects of training latency

and escape latency on the probability of obtaining amnesia with

Ani or Cyclo. Subjects, C57B1 males, were classified into four
groups according to their performance duringvthe‘training session:
(1) short training and short escape latency--this provided mini-
mal training; (I1) long traiﬁing and short escape latency; (III)
short training and long escape latency; and (IV) long training

and long eécape Tatency--this provided the maximal training. The

© particular latency values for each training condition may be seen

in Figuré 15. Ani (0.5 mg), Cyclo (3.0 mg) or saline were



-70-

[:::::] Saline
100 I | Cyclo
80 -
< ,
G (10)
|
40 - QN
< N N
a2 N AR
20 N N
(10) (12) RNy - (0) (12) R\
0 == =
us =.33 ma us = .36 ma

SHOCK INTENSITY

XBL 721-4516

Figure 14. Effect of shock intensity on am‘éomycin and cyclo-
heximide induced amnesia. Cyclo vs. Ani at 0.30 ma: x2 = 9.6,

df=1, P <.005; at 0.33 ma P = .10%. Cyclo
2

.30 ma VS Cyelo 44

VS. Cyclo.36 ma: X = 9.59, df=2, P <.0l.

*p calculated by Fisher Exact Probability Test. Retention test

given 24 hrs after training.
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Figure 15. Comparative amnestic effect of anisomycin or cyclo-
‘heximide as a function of training strength,' N=20/point. Ani vs.
saline at I and II, P <.001; at III, P <.002; at IV, P = NS¥.
Cyclo vs. saline at I, II, III, IV, P <.001. Ani vs. Cyclo at I,
P'= NS, II, III, P <.025; IV, P <.001. ’

2

*P obtained by x~ Test, all others by Fisher‘Exacf Probabiiity Test.
Retention given 1 wk after training. The ]atency values for the
four training conditions were: - | '

' Training Latency (sec) Escape Latency (min)

1 1-4.9 0.01 - 0.04
I 5-8.4. 0.01 - 0.04
I1I 1.-4.9. 0.05 - 0.08
v 5

-84 ~~ -0.05 - 0.08
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injected 15 min prior to training. Males rather than females
were used in this experiment because previous studies had shown
that the incidence of death or illness in training conditions
IIT and IV would be too high in Cyclo-injected females.

In order to generate long training latencies, we placed under
the grid of the apparatus paper that had been urinated on by other
male mice. The apparatus Was washed as usual but placed on
"dirty" paper. Even with this procedure many mice entered with
short training latencies. The technique was particu]ar]y.inef~
fectiverwith Cyclo-injected subjects; only 1 in .3 mice could be
classified in training conditions II or IV.

Our procedure for generating long escape latencies has been
described in Experiment 2. It involves replacing the guillotine
door after the subject enters the white box and not removing it
until a few seconds after shock onset. We have compared data from
subjects having naturally occuring long latencies with those sub-
jected to this confine-escape procedure and have found that the
two procedures do not produce different.reSUTts. A retention

test was given 1 wk after training.

Results

In this experiment as in Experiment 3 with single injections,
Cyclo proved to be a more effective amnestic agent than Ani.
Figure 15 shows that both drugs were highly effective under the
lowest conditions of training, both causing 95% amnesia. However,
under higher conditions of training Cyclo was significantly more

effective than Ani.
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The experiment also showed that as_fraining strength in-
creases (j;g,, longer duration of training latency or escape
1atency) the percentage of amnestic subjects deéreased.» This
effect is particularly dramatic across the Ani groups: Condi-
tion I showed 95% amnesia while Condition IV showed only 10%.

Apparently, the drug has a far greater ahnestic effect on
the strain used in this experiment (C57B1) than on the substrain
(C57BT/Jf) used in all other experiments. Since C57B1 reduire
more intense shock than the C57B1/Jf mice to learn fhis passive
avoidance task, the C57B1 were not as thorough]y trained in this
case even though training conditions were the same for the two

strains. (For other strain comparisons see Section IV.)

EffeCts of Duration of Inhibition of Protein Synthesis

Experiment 5

Design
Thé purpose of this experiment was to see whe;her doubling
the duration of iﬁhibition would cause more sdbjects to become
amnestic. A1l subjects were injected at time zero and trained
15 min later. The groups employed can be seen in Figure 16. The
Ani and Na groups received only the pretraining injections.
' Na+Na,”Ani+Ani, and Na+Ani received one injection before training
and anofher 2 hrs after the first injection. Ani+I was injected‘
prior to traihing and pseudo-injected 2 hrs later; nothing was
injected. The shock intensity was set at 0.33 ma. The retention
test was given 1 wk after training to subjects which had an es-

cape latency of 0.02 min with short and long training latency.
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Other conditions were as described under the heading General

Description of Methods.

Results

‘ Two successive injections which maintained the inhibition

at 80% or greater for 4 hrs caused significantly moré amnesia

than a single injection of Ani which inhibited protein synthesis
for 2 hrs at 80% or greater (P = .001, Fisher Test). The injection
procedure itself had no significant effect on the percent amnesia
as demonstrated by the low percentage of amnestic subjects in the
control groups Ani+l, Na+Na and Ani+Na. A second injectidn of

Ani alone did not cause any amnesia (Na+Ani).

Experiment 6

Design

The purpose of this experiment was to see if the increase in
amnestic effects reported in Experiment 5 with a greatér duration
of inhibition, were unique to Ani or whether Cyc]o, given as the
second injection, would also have greater effects than a single
injection of Ani. The drug conditions in this experiment were
Ani+Ani, Ani+Cyclo and the control condition NatNa. The proce-
dures were as described in Experiment 5, except that under these
‘training conditions short and long training latency groups were

not combined.

Results
‘While the effect of Ani+Ani was to block protein synthesis
in the brain for 4 hrs at 80% or greater, the effect of Ani+Cyclo

was to block protein synthesis for 5-1/2 hrs at 80% or greater.
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Figure 16. Effects of two successive injections of Ani on membny

and controls for double injecting procedure. N = 10 for each

group except Ani+Ani (N = 20). Ani+I + Ani vs. Ani+Ani x° =

6.67, df=1, P <.001. Retention test given 1 week after training.
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In keeping with the hypotheses that a longer duration of in-
hibition produces greater amnesia, Cyclo could be substituted for
Ani and achieve at least‘as.high a percentage of amnesia. In
fact, Ani-Cyclo gave a somewhat greater amnestic effect than
Ani+Ani for both short and long training latencies, but the dif-
ference was not significant (Figure 17). vBoth drug treatments
were significantly less effective at 1dhg trafning latencies
(between 4.4 and 8.4 sec) than at short trafning latencies (less

than 4.4 sec, P<.001). The saline controls showed no amnesia.

Experiment 7

Design
This experiment further tests the effect of the duration of
inhibition and training strength on the incidence of amnesia.
C57B1/Jf female mice were assigned to the fo]]owing groups: Ani,
Ani+Ani, Ani+Ani+Ani and their controls Na, Na+Na, NatNatNa. The
first injection was given at time zero, training 15 minutes
later and the 2nd and 3rd injections at 2 and 4 hrs respectively.
To vary the training strength, the 4 training conditions of
Experiment 4 were used. The retention test was given 2 weeks

after training. . The shock intensity was 0.33 ma.

Results

The resu]ts of thfs experiment are preseﬁted in Figure 18.
The saline controls showed virtually no amnesia; only 2 out of 96
subjects were amnestic. A single pretraining injection of Ani
was only effective as ﬁn amnestic agent under conditions of

minimal training. Two injections of Ani were significantly more
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'Figure 17. Effects of prolonged inhibition'ofﬁprotein synthesis -
- on memory. ' Ani+Ani or Ani4CycTo Vs, Né¥Na, P 5;00], for short
or long latencies (Fisher Exact Probability Test). Ani+Ani vs.

2

Ani+Cyclo x~ = 1.67, df=1, P <.25. Retention test given 1 week

after trainihg.
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Figure 18. Percentage of subjects showing amnesia on retest
after receiving one of four levels of training and one, two
or three successive injections ofvanisomycin (Ani) at 2 hour
1hter9a1s. Of 96 saline contrb] mice, only 2 showed amnesia;
these control data are not included in the graph. We consi-
dered a clear amnestic effect to be present when at least 35%
~of the subjects of a group showed amnesia, although all drug
groups showing at least 25% differed at the 0.05 level (Fisher
Exact Probability Test) frbm controls receiving the same
>training. Parameters of training conditions are shown in the
caption of Figure 15. Retention tests were givén 2 weeks

after training.
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effective. Three‘injections of Ani produced significant amnesia

in all four training conditions; nearly all subjects were amnestic

under conditions 1 and II.

Experiment 8

Design
The purpose of this experiment was to see if three delayed

post-trial injections would cause amnesia. The experiment used
the weaker training conditions I and II as described in Experiment
4. Two groups, Ani+Ani+Ani and Na+Na+Na, were given treatments as
described in Experiment 7. The third group, I+Ani+Ani+Ani, re-
ceived a pseudo-injection under light anesthesia 15 min prior to
training;'the'same time the other two groups received their first
injection. The series‘of three Ani injections started 1 hr and
45 min after training, the time for the secoﬁd injection in the
other two groups. Each group had an N=10. Other training”condi-
tions are as described in Experiment 7. The retention test was

given.2 wks after training.

Results

A series of three injections of Ani started ] hr,and'45 min
after training (I+Ani+Ani+Ani) did not have the amnestic effect of
the Ani+Ani+Ani group. The percentage of amnestic subjects was:

Ani+Ani+Ani = 100%, I+Ani+Ani+Ani = 10%, and Na+Na+Na = 0%.

Experiment 9

Design
The purpose of this experiment was to see if the greater am-

nestic effect of multiple injections was due to the increase in

the duration of protein synthesis inhibition or due to the
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N increased quantity of the drug being administered. The experiment used
the higher training conditions III and IV as described in Experiment 4.
In each group the first injection was given 15 min prior to training
and subsequent injections were given at 2-hf intervals. Two groups re-
ceived four injections Ani+Ani+Ani+Ani and Na+Na+Na+Na. Another group
recei?ed three injections Ani+Ani+Ani. Two groups received two injec-
tions Ani+Ani and Ani+3Ani; that is,'the last group received one stan-
dard injection (0.5 mg in 0.25 ml) prior to training and another
injection of Ani 3 times as concentrated (1.5 mg in 0.25 m1) 2 hrs
4later. Therefore, Ani+3Ani had as much anisomycin as Ani+Ani+Anit+Ani.
The N was equal to 10 for each group except Ani+Ani+Ani which was equal
to 20. Other training and testing'conditions were as described in Ex-
periment 7. The retention test was given 2 wks after training.
Results

The results demonstrated that the duration of inhibition of protein
syntheéis (Ani+Ani vs. Ani+3Ani) and not the quantity of drug adminis-
tered (Ani+3Ani vs. Ani+Ani+Ani+Ani) was responsible for the greater
amnestic effect obtained with multiple fnjections. The percentage of
amnestic subjects was: Ani+Ani = 20%, Ani+3Ani = 30%, Ani+Ani+Ani = 50%,

Ani+Ani+Ani+Ani = 80%, and Na+Na+Na+Na = 0%.

Discussion

Amnestic Effects of Multiple Injections

Post-trial injections were employed to lengthen the duration
of inhibition of protein synthesis and thus to test whether dura-

tion of inhibition was an important parameter in determining the
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percentage amnesia obtained. The effect of longer duration of
inhibition was to increase the incidénce of amnesia when the |
training conditions remained constant (Experiments 5, 7 and 9).

Thé experiments show that in princip]e any increase in
training strength that blocks amnesia, can be countered with
longer inhibition of protein synthesis to re~estab]i$h a high
level of amnesia. Observations made in several of the experi-
ments demonstrated that the greater amnestic effects of longer
durations of inhibifion of protein synthesis were not restricted
to a single inhibitor and could not be attributed to the injection
procedure itself, to the total quantity of the drug administered
or to illness caused by the drugs. Greater amnesia with increased
duration of inhibition could be obtained by givjng either Ani or
Cyclo after training (Exp. 6). The use of Cyc]o in this regard
was limited to a single injection because of its toxicity. The
injection procedure itself was not found to have any detectable
amnestic.effect on control or on drugged subjects (Exps. 5-9).
The greater quantity of Ani injected in the_mu]tip1e injection
~groups was not responsible for the greater percentage of amnestic
subjects. The duration of inhibition of protein synthesis,
rather than the dose of Ani administered per se, was found to
control the bekcentage of amnestic subjects (Exp. 9). Subjects
receiving a large dose of Ani were not incapacitated so as to

make memory or recall impossible (Exp. 8).

Comparison of Ani and Cyclo

With the doses used, both Ani and Cyclo produced significant

amnestic effects. Both drugs shared the property that they became
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less effective amhestic agents as the training strength increased
(shock intensity, txp. 1; duration of training latency, Exps. 2
and 4). From some of the evidence presented above, it can be
arguedvthat when Cyclo was injected short]y before training it
not only caused amnesia but also produced a mild impairment of
acquisition.

With pretraining injections (Exps. 3 and 4), Cyclo was a more
~ effective amnestic agent than was Ani. However, following an |
initial pretraining injection of Ani, post-training injections of
either Cyclo or Ani were found to cause about the same amount of

amnesia (Exp. 6). Thus Cyclo, relative to Ani, produced greater
amnesia when givgn prior to training‘than when it was administered
after training. The discrepancy in the relative effectiveness of
the two drugs, pretraining vefsus post-training, suggests that
Cyclo when administered prior to training caused some impairment
of acquisition in addition to blocking memory formation. Squire
and Barondes (1972b) have reported that Cyclo impaired acquisition
of an active avoidance task in mice. The amnesia caused by a
post-training injection of Cyclo (when it could not have inter-
fered with training) demonstrated that Cycio is a powerful am-
nestic agent (Exp. 6).

The amnestic effect of Cyclo when given prior to training,
while it reflects some impairment of acquisitioh, seems to be due
primarily to interference with mechanisms of memory formation. No
obvious difficulties were observed in training Cyclo-injected
mice. Furthermore, groups of Cyclo-injected subjecté responded

to small changes in training parameters as did Ani-injected
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subjects. In both cases, small increases ih.training strength
could prevent amnesia. Thus, it would appear that mice under
the influence of Cyclo or Ani at the time of training are sensi-
tive to small changes in shock intensity, shock duration, and
time (training latency); no evidence exists that perception or
motor activity are severe1y disrupted. The‘impairment of acqui-
sition cauéed by Cyclo must be mild and could not by itself
account for the high levels of amnesia obtained.

Since Ani and Cyclo have effects on biochemistry and be-
Havior that are similar in some ways and that are different in
others, and since this is the first report of the use of Ani in
experiments on memory, it is worth noting briefly that Ani and
Cyclo inhibit protein synthesis by somewhat different mechanisms
(Pestka, 1971).

Cyclo, along with the closely related compounds acetoxycyclo-
heximide and streptovitacin A, belongs to the class of anti-
biotics known as glutarimides. This class of antibiotics inhibits
peptide chain initiation as well as chain elongation by inter-
action with the large 60S ribosomal subunits. They interfere
with several steps involved in the translocation of the peptide
chain‘along the ribosomes, including release of transfer RNA and
movement of messenger RNA along the ribosome. On the other hand,
Ani does not appear to interfere with either peptide chain ini-
tiation or translocation, but instead interferes with the process
known as transpeptidation both by interfering with the catalytic

center and by interaction with the peptidyl transferase.
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Side Effects of Ani and Cyclo

Cyclo has been reported first to increase and then to de-
créase locomotor activity when given prior to an open field test
(gquire, Geller and Jarvik, 1970). Hyperactivity among Cyclo-
injected subjects is apparent when comparing the distribution.of
training latencies for Cyclo-, Ani- and sa]ine-injected subjects.
Ani- and saline-injected subjects did not differ significantly in
their distribution of training latencies, but both differed signiff—
| cantly from Cyclo-injected subjects (Figure 19). As can be seen in
Experiments 4 and 7, the training latency is an important para-
meter of learning, thus failing to match samples of injected
subjects for their training 1aﬁencies could bias the results.

In aT] the experiments reported in this dissertation, samples
| were.matched for latencies when reporting amnestic effects.

Wfth the minimum dose of Cyclo that produces 80% or greater
inhibition of brain protein synthesis, illness frequently follows
injection, and even dgath may occur with more stressful training,
as in Experiment 2. Interestingly, when Cyclo is injected after
instead of before training, it usually does not cause prolonged
illness. We have found that two injections of Cyclo given 2 hrs
apart caused death within 24 hrs in 8 out of 8 male mice trained
on passive avoidance. In contrast to Cyclo, Ani when injected
with a minimum dose that produces 80% or greater inhibition has
not been.found to'produce any gross signs of illness and never has
it proved Tethal--not even with four successive injections.

The antibiotic nature of Ani.and Cyclo causes diarrhea, al-

' though this is hard]y noticeable in Ani-injected mice.
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Figure 19. Effects of anisomycin or cycloheximide on the distri-
bution of latencies to enter the white shock box on the training
day. The data points for saline and Ani came from Experiment 4.
The data for Cyclo came from Experiment 2, but the distributidnlof
1atencié§ for the Cyclo-injected subjects of Experiment 4 tended
to bé the same shape except for certain irregularities, probably
due to the much smaller N. 'Ani vs. saline X2 = 1.65, df=6, P = NS.

2

Ani + saline vs. €yclo x° = 75.14, df=6, P <.001.
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Overtraining

It has been observed that subjects that are highly trained
Wi]] not develop amnesia in spite of better fhan 80% inhibition
of cerébral protein synthesis for 2 hrs (Barondes, 1970; Flood
et al., 1972). These studies have shown that small increases in
the strength or amount of training\Wi1] prevent amnesia from
developing where otherwise amnesia would occur. The sfudies in
this section have shown that increases in training strength must
be coupled with increases in the duration of inhibition if one is
to maintain a high level of amnesia. Thus the lack of amnesia in
"overtrained" subjects can be seen as being due to a duration of
inhibition that is inﬁufficient to counter the effects of the
degree of training. In such "overtkajned“ subjects, protein syn-
thesis related to memory formation would occur aftéf proﬁefn syn-
thesis returns to normal. |
Comment |
These results indicate that whenvprotein syntﬁesis is blocked
for several hours, synthesis related to membry may still take
place upon termination of the inhibition. This does not neces-
sarily imp]y»that consolidation of memory in control subjects
- takes b]ace over a several-hour time span.

In the preceeding experihents testing only healthy subjects,
we have always observed the amnesia to be permanent. Some reports
from other 1aborétories have indicated that sometimes Cyclo-

injected mice and AXM-injected mice .and réts develop amnesia when
tested 24 hrs after training, but 7 days later they are not found

to be amnestic. While this “transient" amnesia has been reported
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by a few investigators (Squire and Barondes, 1972a,b), almost
nothing is known about the condftions neceséafy for reliably ob-
taining such results. Quartermain et al. (1970) showed that |
mice trained at high shock intensity (1.6 ma) deve]oped trahsjent
amnesia, while mice trained at low shock intensity (0.16 ma)
developed permanentvamnésia for stethhrough.passivg avoidance
training. |

- In Experiment 2, desighed to compare the effects of CycTo on
the memory for passive avoidance over-a three-week retention
period, it was found that the percent amnestic subjects increased
- .from 16% at 24 hrs, tok32%'at 1 week, and 57% at 2 weeks after
training (N's = 84,'73, 80 for the three retention periods). In
_this section, a comparison of the effect of a single pretraining
injection of Ani in Experiments 3, 5 and 7 with retention testé
given at 24 hrs, 1 and 2 weeks respectively shows that the percen-
tage of amnestic subjects increases from 0% at 24 hrs, to 20% at
1 week, and to 45% at 2 weeks after training. Amnesia reported
in both this and in the previous section is not only permanent
but also increases progressively in maénitude whether the agent
is Cyclo or Ani.

The increase in the percentage of amnes£ic'subjects when a
'pretraiﬁgng indecfion of Ani is followed by post-training in;
jections of Ani demonstrates that prdtein is required for the for-
mation of longterm memory. While no evidence has been found that
Ani impafrs acquisition, it is still possible that soue impafnnent
occurs. However, the post-training injections increase the level

of amnesia when impairment of acquisition is not possible; these
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findings are thus strong support for the role of protein synthesis

in the formation of those changes in the CNS that serve memory.

Conclusions

1. The duration of inhibition of,protein synthesis in mouse brain
can be controlled by giving successive injections of aniso-
mycin (Ani) at 2-hr intervals. Each injection was found to
produce about 2 hrs of inhibjtion at 80% or gfeater in the
brain at doses far below the lethal toxic dose of the drug.
In contrast, Cyclohéximide (Cyclo) must be used at the near
lethal dose.

2. Cyclo and Ani were found to cause similar time courses of inhi- .
bition of prbtein synthesis in brain, but not in liver. To

| the extent that they differed in brain,.Cyclo resulted in
slower recovery of protein synthesis.
~3. With post-training injections, Cyclo and Ani were found to

cause similar amounts of amnesia for the step-through passive
évoidance task, but with a pretraining injection Cyclo was
more effective than Ani. It wés'argued and evidence was pre-
bsented that Cyclo caused some impairment in acquisition, and
thus it_appeared to be a more éffeétive amnestic agent than
,Anf. | |

4. As training strength increases, éingle pketraining'injections
of Ani or Cyclo were found to become less effective in
causing amnesia. This was also true when multiple injections

were employed.



-90-

5. With éonstant conditionsvof traiﬁing, increased duration of
protein synthesis caused greater amnesia.. The greater the
duration of inhibition, the greater the émnesia. This
greater effectiveness could not be attributed to either the
multiple injection procedure or to the greater dose of Ani,
per se, that was used in the multiple injection groups.

6. thhin practical limits of increasing traihing strengfh and

| duration of inhibition of brain protein synthesis, it has
in principle been demonstrated that for any increase in
training strength that blocks amnesia,.a'duration of inhi-
bition exists that will re-establisﬂ the amnesia. Similarly
for any duratioﬁ of inhibition that blocks memory, a greater
training strength exists that will b]oékvthe amnesia.

7. The effects of increased duration of proiein synthesis inhibi-
tion in brain on memory supports the hypothesis that protein

is required for longterm memory to become established.
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IV. COMPARISON OF THE EFFECTS OF ANISOMYCIN ON MEMORY ACROSS
| SIX LINES OF MICE

Introduction

In the previous section, it was found that Ani caused'amnesia
for a passivevaVOidance habit in mice. It was also found that the
~greater the duration of inhibition the more likely amnesia was to
| occur. The duration of inhibition, shock intensity, and training
'andvéscape latencies were found to interact to determine the
degreé of amnesia. The generalfty of‘these effects is now demon-
strated across 6 lines of mice with wide]ywdifferént characteris-
tics of acquisition.

Another_purpose of these experiments, beside replicating and
extending the results of experiments ih the preceeding sections to
other strains and lihes of mice, was to provide a methodology by
whichvbther laboratories could obtain amnestic effects using Ani
without-regard to the specific training parameters or strains of
mice ‘used in the eXperiments being reported here. |

It has been reported several times that different lines of
mice (ﬁnbred'and outbred) show differences in_acquisition of
various tasks. Wahlsten (1972a, 1972b) proVide; éyéombrehensive
review of the literature. We report widely differing abilities
of 6 ]ines of mice to learning a step-through péssivé avoidance
‘habit and that these learning differences are apparently not due

to differences in shock sensitivity or to faulty mechanisms under-

lying memory formation.
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. 1NHIBITION OF PROTEIN SYNTHESIS‘

Prbcedurés

Inhibition of protein synthesis was determined by the.proce-

dures: already described.
ReﬁuTts |

~Ani was relatively non-toxic ih'a11'lines of mice tested.
'4 Acboss lines there are no striking differences in thé;pgrcent
'*inhibition of'brain.proﬁéin synthesis over the firétAZ hr-after
~the injection (Table 7);"HoweVer,'substantia] variabjiity exists -
v- achss strains during the recovery from inhibition (2 to 6 hré'
éfter the-injeétion). It shdu]d be noted thatvfn this sectfqn a
standard dose of 0.5 mg/mouse/injection was used. The differences'_
in inhibition (Table 7) do not seem to be strictly related to the
weight differences across lines (Table 8).

In the design of Experiment 13, Ani was administered twice,
first at time "0" and then at +2 hr. In Figure 20 (bottom), it
éan be seen that such an injection schedule in C57B1/Jf female
mfce doubled the duration of time over which'protefn synthesis
inhibition was at 80% or gre;ter as compared to a single injection
(Figure 20, top). Since the strains reported here were similarly
.affecféd by a single injection of Ani, it was assumed that'two
injections would double the inhibition time as it did in the

~ C57B1/Jf females.
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Table 7

Percent Inhibition of Brain Protein Synthesis by Anisdmycin as
"a Function of Line and Time Since Injection Time (hr)

- after Administration

|

Strain 1-1/2 2 2-1/2

BALB/) 92 83 o 55
CS?Br/ch | 91 - 89 | 64 | 46

f C5781/6J 88 - 77 51 | 49
c5781/3f 85 76 | 58 46
:DBA/ZJ R R 76 56 32
ce 84 78 5 . 39
Swiss {CD-1). 83 79 !65 56

‘N = 8/1ine/sampling time,.all males.

}Dosé was 0.5 mg Ani/mouse given subcutaneously with an incorpora-
tiqn period of va]ine-]4c 30 min.

The percenfages of inhibition show no major strain differences
over the firsf 2 hr afte# injection, although sdme variébi]ity

exists. -
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Figure 20 (top). Effect of a single injection of 0.5 mg of aniso-

mycin on protein synthesis in C57B1/Jf female mice. The incorpor-

"ation period was of 30 miﬁ dﬁfation in the large graph and for 10
min in the inset. . ,

- Figure 20 (bottom). Effect of two injections of Ani given at time
"0" and 2 hr on protein synthesis in C57B]/Jf female mice. Two ih—_

Jjections of 0.5 mg of Ani given 2 hr apart doubled the duration of
inhibition at 80% or gpeater when compared to the éffebt of a k

single Ani injection.
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o BEHAVIORAL EFFECTS

The mice used'in the following experiménts and in determining
the degree of inhibition of bréih pfotein'synthésis'were males,
60-74 days of age. .Lines not raised in the ﬁepartmént of Psycho-
logy,'University of California, Berkeley, werélreceived at 6 weeks
ofiage. Table 8 presents thé_re]evant data on these lines.
o These 1ines of mice differ in sohe_interesting ways. There
aré‘1arge weightvdifferenceé-across lines. .Also represented are
fﬁbred, outbred, and randomly bred lines, as well as albino and
pigmented lines. Certain other strains, such‘as the CBA and C3H,
were'not considered for behavioral ekperiments because our pre- :
viéus’experience and the literature (Sidman and Green, 1965)
indicated retinalvdegéneration occurs as a §train trait at about

50-55 days of age.

Apparatus, Trainingjvand Testing

The apparatus and training and testing'procedures were as
preViously described. 'Subjécts were‘éssigned to a training con-
dition (T.C.) on the basis of their latency-to-enter and -escape
from thg shock box. T.C. I was defined by 1-4 sec ]atency?to-énter
and 0.01-0.04 min escape latency. T.C. II (in the previous éec-
tions this was réferred'to as T.C. III) was defined by 1-4 sec .'
]atency—to—entef and 0.05-0.08 min escape ]atency.v A1l retention

. tests were given 1 week after fkaining.
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Table 8

Description of Mouse Strains

. Av. Wt.

Strajn " (gm) Eye Source
cs* 35 dark  UCB-Psych
C57B1/Jf 25  dark  UCB-Psych
C57B1/6J 25 dark  JAX
Swiss (CD-1) 40 albino Charles R.
C57Br/cdd 23 dark JAX
BALB/cJ ‘21 albino - JAX
DBA/2J 24 dark ~ UCB-Psych

Key to designations in the table:

Other Information

Hybrid F2-6 of BALB/c-and
C57B1 obtained from Simon-
sen Lab, Gilroy, Calif.
Generously supp]ied by

Dr. S. Guth

Inbred F23-26 from pair
obtained from Cancer

" Genetics Res. Lab, UCB

Inbred
Random bred

Inbred

‘Inbred

Inbred, F2-4 from stock

“originally obtained from

JAX

UCB Psych - Univ. of Calif at Berke]ey, Dept. of Psycho]ogy

JAX-- Jackson Memorial Laboratory, Bar Harbor, Maine

>CharTes R - Charles River Breeding Laboratory, Inc.,

W11m1ngton Massachusetts

F - generat1ons maintained at UCB- Psycho]ogy

* - an outbred ljne developed from or1g1na] hybrid.
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{

Drug Condition -

. -Each injectionqu‘Anivwas given subtufaheous]y at a dose and
volﬂme.of 0.5 mg/mquse in 0.25 ml of saline.. This was true
whether Ani waéjadministerea brior to of after training. In all
caSeé;?singly injected sdbjects réceivéd iherdrUQ 6r 0.25 ml of
saline 15 min prior to training. ‘fhus Ani-injected miée were
under high levels of protein syhthésis inhibition at the time of
tfaining (Fig. 20, top); When a po$t?training injection was used,
it was given 1-3/4‘hr after training. This particu]arvinjection
' time was used'sb'that inh$bifion of protéin synthesis could be
mafntained at a high level (in most case§ 80% or greéter) for an
additioha] 2 hr (Fig. 20, bottom). Saline Was injected in place

of Ani for the control conditions.

COMPARISON OF ACQUISITION

Experiment 10

The usual metﬁod of comparing memory across strains is to
train the subjects to the.same cfiterion, and then to test reten-
tioh'at the appropriate time»éfter'training. In avone-tria]

' ;training task such as ours, we can translate this into the fol-
lowing: Each stréin is trained under those conditions of shock
duratiohwand intenSify théf produée the same degree of retention.

It has been repofted that training subjects too high]y will
block the effects of inhibitfon of protein synthesis as an amnestic
treatment (Barondes and Cohen, 1967; Flood et al., 1972; Flood |
et al., 1973);  in Section Ii (pg. ), it was suggésted that

~ inhibitors of brain prdtein synthesis seemed tc have their greatest
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effect on memory when subjects are trained to a point just below
the asymptote of retention (e.g., the lowest shock intensity
that produces 90-100% avoidance in saline-injected subjeéts for
passive avoidance training). Therefore, in this experiment we
sought minimal training conditfons.that produéed‘90-100% avoi-
dahcec.-Saline-injected subjects were used because these subjects
would best reflect thevcbntrol perfonnancé in the subsequent drug
expériments. | |

. Two parameters of training‘were hanipU]ated across the 6
: lines; Increases in either shock intensity and/or shock duration.
were employed to increase the percentage of subjects avqiding the

white shock box.

Results
The ability of the lines to acduire the passive avoidance

habit differed considerably, as is shown in Figure 21 A-C. It

éan be seen that the desired training conditicn, shown by‘the

diamoﬁd on the curve, was found for each strain. HoweVér,,great]y

 different degrees of training were required to find the asymptotes.
C57Bl.strains and CBoutbredmice learned under the.lowest

-shock intensjty (0.18 ma) and the shortest range Qf escape

latencies (0:01-0.04.min, T.C. I). In fact, for the CSZBI and

CB mice we cannot be certain that the asymptote hasbreally been

found. At lower shock intensities than thoée reported in Figure

21, moét of the mice would not escape from the shock in 0.01-0.04

min. Therefore, he could not train and test subjects at ény

Tower shock intensity to see if retention were significantly be-

Tow 90-100% avoidance. Swiss mice reached the asymptote at a



Figdfe-Z]._ Acqﬁisitidn and retention as a fUnct%Sn of line and -
.shoék‘fnteﬁsity. ¢A]1 jines3wereutrained under T.C: I, in which
"'fpe laténﬁy-to}enter‘the white box is 1-4 sec.and the latency-to-
eséape shock is 0.01-0.04 min. The-CS?Br/ch'»;r;d BALB/cJ strains
~ could not be trainéd to the desired ]edél of retention under T.C.
‘I; therefofe; training strength was increa§éd-by making the latency-
to EScapé 0.05-0.08 mih_(T.C. II). As Figures A and B show under
T.C.'II,CS7Br/ch and_BALB/éﬁﬁﬁtrains did reach the criterion of
retention. 'Thé diamonds.are the asymptotic values which wérg beihg“

‘sought._N = 10-20/strain/shock intensity and/or training condition.
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higﬁer shock intensity Qf 0.38 ma, with'é'shbrt range of escape
latencies. 1In the case of BABL/cJ and C57Br/cd) strains, short
escape.]atencies at any shock inten§ity-tes£ed did not produce
the?deéired degrée of retention. in order'to obtain the asymp-

,totic value, it was necessary~td shift both strains to long
éécape.1atehcies (0.05-0.08 mih,'T;C. II). In order to do this,
thé gui11otiné door was replaced affef the-subject.entered the
“white shock box; tHe dobr was not removed ﬁﬁtil after shock onset.
This -delayed escape ffom the shock box. Shiftfng subjects from
' onéxshdék ihtensity-to the next. represents a relatively small in-
éfgase iﬁ training strength compared.to shifting subjects from
, shqft‘to long shock escape latencies (frqh our previous results
quh § shift in latencies is equivalent to fncreasing the shock
intensity by.about'O.ls ma). Thus, relative to the other lines,
thé BALB/cJ and C57Br/cdJ are‘befng trained at a considerably
higher_tfainjng'strength.
Discussion

Thevprimary purpose of Experiment 10 was fo establish train-
ing conditions'which would permit the-cdmparison of anisomycin's
-effect on memory indebendent of genetiC'diffekences affecting
acduisj;ion. The training conditions néédedAfor eaéh strain to
acquiré tﬁe passive avoidancé habit differed considerably, but in
6 of the lines trainihg‘cohditioné were}found that produced the |
same relative degree of retention in'sa]ineAinjected mice.

It cannot be said.what caused the genetic differences in
- . learning or memory for passive avoidance, but we can suggest what

isvnot producing the differences. The differences in learning
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are not re]atéd to the range of latencies cnaracteristic of each
‘line. If the latency-to-enter and -escapé shock are closely
matched across 1ines;}the reported rétention curves reflect about
the same degreé of separation. Neither does it appear to be re-
lated to shock sensitivity. Taking the pércehtage of sﬁbjects‘
“escaping shock with short latencies as a measure df shock sensi-
tivity, Table 9 shows that there are no major differences across
strains as the shock'intensity decreases. Such differences as
‘exist seem too small to accouﬁt fbr the gross differences in
training strength needed to find the asymptotes.

,A]sd, there is no consistent pattern which indicates that
weight differences are responsible for differences in acquisition.
Similarly, whether a line is inbred or outbred, albino or pig-
mented, there is no consistent relationship to learning ability.

One possible reason for the apparent.différences in learning
may be genetic differences in the motivation to explore a novel
“environment. In Table 10, we have taken the pekcentége of sub-
jects with short versus long tkainihg latencies as a measure of
motivatjonvto-enter a novel ehvironment. To some degree the data
suggest that lines that enter quickly require greater shock in
order .to ]earh to passively avoid, while lines reluctaﬁt'to enter
require far less intense shock. To minimize strain differences
due to this sort of variability, only the data froh subjects with
training latencies of 1-4 sec were used to make up the acquisition
curves. However, learning differences about as large as those re-
ported in Figure 21 exist even if subjects across lines are

matched for training latencies on a secornd-to-second basis.
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Table 9 .

~ Distribution of Short Escape Latencies across Strains

% Subjects Escaping in 0.01-0.04 min
.28

Shock Intehsity (ma) .13
B | 85

Cs7B1/dF 22
C57B1/60 R

Swiss (CD-1) L -
C578r/cdJ -
BALB/c) --

.18

86

80

73

80
85

. 80

88

88
90
- 80

86

80

.33

90 -

93

95

100
100
90

.38

100
100
100
100

Taking the percentages as a measure of shock sensitivity,

it is clear that none of the differences is large enough to

account for the'faCt that the last three strains on the list

require much more shock than the first three to acquire the

passive avoidance habit (see Table 10). The presence of a

dash (--) means thét no training was done‘af this point; there-

fore, there are no latencies to calculate the percent escaping

in 0.01-0.04 min. The N per cell varied from 20-60.
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Table 10
Percentage of Subjects with Short and Long Training Latencies

Latencies to enter (sec)

Shock Training
1-4 5 and greater  Intensity Condition
B 56 44 0.18 1
C57R1/0f 64 % 0.18 1
C5781/6J 82 18 | 0.18 I
Swiss (CD-1) 84 16 0.8 I
~ C57Br/cdd 8 2 0.23 1
BALB/cF 2 8 0.28 1

The lines ére Orderéd according to the training strength
needed to reach the training criterion of 90-100% avoidance.. The
table shows a fair]y'strong relationship between the degree of
training requifed and the distribution of latencies to enter,
suchvthat for those strains showing 1ittle hesitation to enter
- the white box (training 1atency'1f4 sec), thé training strength
must be high. One must keep in mind that for CB and C57B1/Jf
the shock intensity used may still be above the minimum required;
both strains showed 100% avoidance at this shock level. When
going from T.C. I to T.C. II, one is doubling the shock duration.
We woqu estimate that a shift from I to II is the equivalent of
.a 0.16 ma increase; therefore, BALB/cJ would require at least

0.44 ma in T.C. I.
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 This iS‘stressed.because it has already been demonstrated that
a Tonger-]aﬁencies4to¥enter'within a Tine will increase retention,
all o%her conditionsiremaining constant (Exps. 2, 4, 6, 7).
Thus, in this situation, differences among lines in 1earning are
not due to differences in the distribution of training’]atencies
Qgiugg, rather they appear to be due to genetic differenees_in
'willingness to explore a novel env{ronment. Of course, one ob-
vvious‘arQUment against such an interpretation is that we have
selected subjects nith similar training latencies and therefore
'-similar motivation to exp]ore. However, it may still be the case
that a strong enough bias exists even in these selected subjects
to_inf]uence learning; if not, then we can also rule out motiva-
tional differences as being responsible for differences in
learning. | | |
" The DBA/2J strain was not used in Experiments 11 and 12 be-
cause it was found that 30% of the naive subjects would not step-
through into the white box within 180 see,' Thus, in this strain
the re1iability of the latency-toeenter on the tesf day as a
measure of retentfon is'questionab]e: In=addition, from sample
to sample DBA/2J mice showed high]y variable retention scores
(percent subjects passively avoiding);>this was probably due to
' an’intefaction between the effects of tnaining and tne normal
~ reluctance of the mice to enter thevnhfte box. Strains having
Tong latencies-to-enter the white box and hanfng highiy variab]e
retention scores are undesirable for studying passive avoidance.
In all'of the other lines, none of the naive subjects failed

to step-through within the 20-sec period defined as amnesia for
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the trained subjects.. In order to achieve such consistency it
is necessary to‘follow the procedure described above and in par-
ticular to wash the apparatus frequéntly during training and
tésting. Thfs is important because some 1ihes are highly sensi-
“tive to the ukfne scent of other mice and the presence of thfs

odor will delay entry into the white shock box.

EFFECT OF ANI ON MEMORY

)

vE;periment 11

Having found the desired degree of training for each line, I
then proceeded to evaluate the effect of Ani on memory across
lines. ‘Subjects were given a 15-min pretraining injection of Ani
(0.5 mg/mouse) or saline of 0.25 ml. Each'iine was then trained
under their own training conditions as determined in Experiment 10.
Subjects were given a retention test 1 weék after training.

. Across the 6 lines of mice, Ani-injected subjects showed
significantly more amnesia than the saline-injected subjects
(Table 11). The C57B1/Jf mice'we}e somewhat less affected by a
s{ngle injection of Ani than were the other lines. This may have
occurred because (a) we are not actually at a point just below
the asymptote as-is true for the other lines, or (b) in this

- strain the mechanisms underlying memory formation are more res-
ponsive to training. BecaUse Anihdnly had a modest amnestic
effect on the C57B1/Jf strain, the‘durétionvof inhibition was
doubled in 6ne group. To accomplish this, Ani was first given
15 min prior to training and'theh again 1-3/4 hr after training.

Doubling the duration of inhibition caused 85% of the mice to
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- Table 11

| Amnestic Effect of Ahisomycin Across Lines of Mice

‘ Shock % Amnesia

_ T.C.  Intensity (ma) Na Ani
. 1 0.8 10 70
C57B1/3f I 018 0 45 (Ani+Ani 85)
C57B1/6J I 0.18 10 9%
Swiss (CD-1) I 0.3 10 80
C57Br/cdd 11 023 10 80
BALB/cJ I 0.28 15 85

In all Straiﬁs clear amnestic effectsIWere obtéined with a
single pretfaining injection of'anisomycin. Given similar de-
grees of learning (as demonstrated by the scores of the Na-
injected groups), the amnestic effects are about the same for 5
lines in spite of large dffferences in training strength. The
exception is the C57B]/Jf strain in which two injections were
required to produce a high level of amnesia (see text). T.C. is
‘the training conditioh; amnesia is defined as a test latency of
20 sec dr']ess; 'N=20/1ine/injection group. The smallest percen-
tage differences are in the C57B]/Jf}strain, and eveﬁ these are
highly significant: Ani vs. Na, P.<.001 (Fisher Probability Test);

2

Ani vs. AnitAni, x~ = 7.04, df=1, P <0.01.
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become amnestic. In this rep]icatidn experiment (N¥20), we again

found that a single injection still only caused 45% amnesia.

EFFECT OF MULTIPLE ANI-INJECTION

Expekiment 12

__.,W¢ héve 51ready seen in Experiments 5 and 6 thatvdodbling

the dukatfoh df fnhibition of brain proteih $ynthesis by giving
2~sq¢ces§ive ihjecfions of Ani (Ani+Ani)3caused greater amnésia
fhan a‘sing]e injection of Ani, when the same training conditions
were used for both injection groups. 1t was also reported that
for a éiven number of Ani injections the percent amnésia.decreased
as the training strength increased.

In this experiment the effects of increased duration of the
inhibition of protein synthesis were investigated across.6 1iﬁes
of mice. Since in Experiment 11 the percent amnesia in Ani-

‘1njectéd'$ubjects was a]ready quite high, it was necessary to.
inCrease,thé*training'strength in. order to’detect'what effect
doubling the inhibition time (Ani#Ani) WOuld'have on meméty rela-
tive fo a single injection (Ani). The training stréngth was in-

'preased by ‘increasing the shock intensity by 0.04-0.05 ma for
eaﬁh‘]ine. .Ani or Salinevwds injected 15 min prior to training
and agaiﬁ 1-3/4 hr after training (Ani+Ani, NatNa). Also the

~effect of a single pretraining injection of Ani was assessed at

this higher shock intensity. | v

At the higher shock intensi'ty,‘ Ani+Ani caused significantly
more amnesia than Na+Na or Ani acfosé all lines (TabTé 12). We

should like to stress that the difference between the amnestic
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| _ Table 12 |
Effects of Doubling the Duratidn Of_Protein Synthesis Inhibition
. _on‘Percentage-AmneSiaf -

%'Amnesié .

: : T.C."'Inteﬁsgis (ma) - E N$+Na © _AnitAni “Ani

& 1 02 0o % 2
Cs7B1/3f 1 0.23 070 15
Ccs7BI/60 1. 0.23 o 70 30 |

CSwiss (CD-1) T 0.42 0 80 20

C57Br/cdd 11 . 0.28 o 95 30

 BALB/cJ I 0.33 o 95 65

Two"injectionslbf anisomycin clearly had a greafer amnestic
effect than thé single pretraining'injection alone. By comparing
the Ani groups.in>this.tab]e and Table 5, it can be seen that in-
creasing the Shock in£ensity decreased the effectiveness of Ani
as anvamnesticvagent; BALB/cJ strain seems to be particularly
sensitive to Ani;“this might be interprefed to mean that in this
strain the residﬁa]leffécts of training on the CNS are short
lived relative to the other stréiné. N=20/1ine/injection Qroup.
The sma]]eét_percentage differencg between‘Ahf+Ani and Ani is in
.the BALB/cJ strain.  Even this differen¢é is‘signjficaht:v_xz =

5.625, df=1, P <0.05.



- =110-

effect of Ani+Ani and Ani is due to differential treatment occur-
ring 1-3/4 hr after training. Thus, the»amnestic effect could

" not be attributed to impairmént of dcquisition.>

DISCUSSION

_'::Thé resﬁ]ts of these’experimenfs-dembnstrate a considerable
,degree of generality across 6 mouse lines of findings-brevious]y
reported for a single strain and sex of mousev(C57Bl/Jf, female
~ mice). The_pkincipal findings were these: (a) A single pre-

" training injection of Ani was an effective amnestic treatment
wheh subjects were tfained to a point just below the asymptote
Vfof‘acquisition.and retention (90-100% avdfding), (b)vincreasing
the shock intensity by 0.04<0.05 ma decreased the percentage of
these Sijects forgetting the training, and (c) at the higher
éhock iﬁtensity.a high per;ent amnesiaﬁtbu]d be re-established
by giving a second injectiah of Ani i¥3/4"hk.5fter_training.
| It_Was previousTy suggested that inhibitors of protein syn-

VtheSis should haVe their gréatest amneStic‘effect upon memory
whéh the subjects are trained to a point.tﬁat is just below the ..
:.asymptote of acquisition and retention (pg; 52). In all 6'of the .
'modse Iinés_investigated, a single bretrainingijnjection of Ani
had a sigﬁiffcant amnestic effect in spite of the differences in
the-training parameters that had to be emh]oyed so that eéch line
of mice would have the same relative degree of retentién (i.e.,
90-100% of the subjects passively avoiding).
in Experiment 10 the differences in achisitfon and retention

of the passive avoidance training did not seem to be accounted
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fok by (a) Shock sensitiVity, (b)'diffefencesliﬁvlatency to enter |
| or td escape from. the shock box, (c) weight, pigmentation,»oh
whe;her tﬁe line was‘inbred, outbred, or random]y bred.. Some
-evidence was présentéd that suggests differences across thé_]ines
of mice in motivation to éxplore a‘novel environment affected_:
the amount of tkaining needed to acquire the passive avoidance
respohée.‘ A strain;s wil]ingnéSs tovexpiofé a novel environment
.'(aégméasured by the percent subjects entering the white shock
box with short latencies) was positively correlated with the in-
-~ tensity bf’training'required to 1éarn the passive avoidance task,
suchvthat lines most willing to explore a nové1 environment re-
quired the most intense training (e.g., BALB/cJ){

o fn fhe_two experiments inve&tigating the amheétic effect of
anisomycin, the most notable résu]t was_thé ré1ative1y low varia-
bi]ity.in amnésia across lines. Only the C57B1/Jf strain showed
" significantly less amnesiaithdnrihe other lines. However, this

_and.tﬁe CD line were thé only ones in which the sa]ine“tontr01$’§“y1s
were ét 1002 avoidance. Since no major differences in the degree
- or time course of inhibition of protein synthesis were found, the
' C57Bl/Jf strain may have been "overtrained" relative to the other.
Tines of_miceQ Two iﬁjections of Ani were required to cause the
same Tevel of amnesia in the C57Bl/df straiﬁ as in the other »v
linesfb The possibility of overtraining could not be tésted,v
since C57B1/Jdf mice would not escape from shock of any lower
"inténsity,than already used. |
| 'Although’the results of Experiment 11 ﬁou]d be interpreted

as impairment of acquisition by Ani, I do not believe from the
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preceeding wofk or the results of EXpe(imeﬁf'12 that this is
likely. In Experiment 12, the pretrainingvinjecfion of Ani did
not have a significant effect except in the BALB/cJ strafn} Yet
a second injection given 1-3/4 hr after tfaining'caused signifi-
cantly more amnesia ih all 6 lines of‘mice;' Thus anisomycih was
demonstrated to cause amnesia at a time at which impairment of
acquisition was not in question. Also in Expékiment 12 it can be
seen:that most ]ines show about the same percent amnesia; after
a single injection 15-30% of the subjectS'across'iines were am-
nestic and after two injections of. Ani, 70-95%_weré amnestic. In
addition, the‘previously reported control éxperiments (Exps. 5,
8, and 9) ruled out illness, the injection brocedure itself, or
.the greater quantity of drug administered‘as being responsible
for the greater amnestic effect of the two fnjections.

'Tﬁe post-training effect of Ani on memory and the generality
of thevamnesfic effect across lines having different characteris-
tics of acquisition are strong support for the hypothesis that
protein synthesis is required for the fonnation of.long-térm

memory.
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V. THE RELATION OF MEMORY FORMATION TO

~ CONTROLLED AMOUNTS OF BRAIN PROTEIN SYNTHESIS ~

| Introdnction

- From'the'exnerihents in the previdus seetions, it Was
"concluded that dur1ng 1nh1b1t1on of bra1n protein synthes1s
i,v.the brain reta1ns the capac1ty to synthes1ze spec1f1c memory-
'reIated prote]n( ). such that, if 1nh1b1t1on is npt.suff1c1ent]y
_ Iong, synthes1s of memory reIated prote1n(s) w1II occur after
.e1nh1b1t1on is term1nated. ‘In the experiments that follow, I
haye'dsed the inhibitor Ani'to-cpntro] the dnration and’the
_ time at‘which memory related protein synthesis is abIe to. oceUr.
ThIS was. accomp11shed by perm1tt1ng a part1a1 recovery from |
inh1b1t1on at various times and for various durat1ons dur1ng | B
_the 1nh1b1t1on per1od This enabled us to test the extent
to which the CNS retains the capacity to direct memory-related
Sprdtein(s) synthesis over an inhibition perfod that is needed_
rto ach1eve a high level of amnesia.

INHIBITION OF PROTEIN SYNTHESIS

From the work presented in sect1on III (pp 62 63) on the
'7,1nh1b1t1on of bra1n protein synthes1s by Ani, it was poss1b1e |
to determ1ne the t1me course of inhibition of bra1n protein
synthe51s used in the exper1ments that foIIow The t1me '
'ecourses of 1nh1b1t1on w1th var1ous scheduIes of muIt1pIe

n_ 'inJectlons are shown in Figure 22.
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BEHAVIORAL EFFECTS

Materiais and Procedures

: THe subjects used in the experiments in this section'were
C57B1/Jf female mice about 60 days of aQe'(]é-ZO gm). The colony
was in ifs 29-34th generation of.inbreeding. ‘The training,
testihg, and apparatus were as prevfous1y described for one-trial
passive avoidance training. o |

| AThroughout, Ani was administered in 0.25 ml of a 2 mg/mi
solution/injection. A1l injections were given under very light
‘ether anesthesia. The times that injections were given will
be described under each experiment. Trainingﬂand testing were
done bétween the hours of 7 AM and 1 PM which was during the

early part of the light cycle. .

Experiment 13

In all the experiments previouély reported, inhibition was
maintained at 80%'or'greatér for several hours by administering
Ani at two hour intervals. In this experiment; the injection
~ schedule was altered by delaying the timé.of the last of three
Ani‘injections. ‘That is, all groups except Ani+Ani received
 three injections: the first injection at time 0, training at
]Sfmin, the second injection at 2 hrs, and the third injection
at 4 hrs or at 4 hrs plus some dé]ay period: 4 hrs + 50 min,

4 hrs + 60 min, 4 hrs + 70 min or at 4 hrs + 90 min. The delay
perfods(in minutes) permitted a partial recovery of protein

synthesis at a time at which protein synthesis had to be blocked
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.» in‘6fdek to obtain amnesia. Fiéure 22 graphica11y illustrates
‘-thé Hesignvof_thé experimént. Ani+Ani was ihcluded (a) to
" show that under the training conditions employed the third .
‘injection of Ani wés necésSary to'bbtain amnesia and (b) to
| detgrmine at what point -a delay period was sufficient]y-long
gn&ugh so that the third injection of Ani was'withouf efféct.
Prbcedures
- fraining in all cases was begun 15 min after the subject
réceivéd its first injection. Subjects were”inen moderate]y
stpohg training at a shock intensity_of 0.33 ma in training
.cﬁndition III: training latency of 1 - 4.9_§ec, escape latency -

~of 9.05 -0.08 min.

Results

As}can be seen in Figure 22 the third injection of Ani was
criﬁjcal in obtaining amnesfa; §ince Ani+Ahi showed only 102
amnesia whereas Ani+Ani+Ani showed 60% amnesia. Thus the
Capaéity for synthesizing memory-realted protein(s) existéd
over some portion of the third 2 hr period (i.e., from 3-3/4
to 5-3/4 hrs after training) and in some subject that were not
amnestic even longer. When delay periods between the second
~and thifd injection were permitted,'sohe protein synthesis
occurred. It can be seen that as the druation of this_deTay
périod increased, the percentage of amnestic subjects décreasedf

from 60 to 15%. A 90 min delay period completely blocked the

effect of the third Ani injection; that is the percent amnesia
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Figure 22. The time courses of inhibition of protein synthesis -
as a function of the injectfon scedule, and its effects on
amnesia. vSo]id arrows indicate times at which injections

were given. T and a dotted arrow indicates the time of
‘training. Where the third injection.followed the second by
‘more fhan 2 hours, the delay interval is shown in'parentheées.
The shaded areas represent the amount of protein synthesis
occurring. The percent of animals showing amhesia upon retest
1 week after training isgivenih the right-hand column.

Where amnesia differs by 30% or more for two conditions,

P < .05 (Chi-Square, df = 1).



PERCENT INHIBITION

—117-

'INJECﬂON SCHEDULE

X8L739-4047

%

| AMNESIA

60

60

45

25

15

10



=118~

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

Experiment 14

.; Thé_purpose of this experfment was to see if there was a
decrease,invthe'rate of synthesfévof‘memory-félatéd protefh;
If this were the‘cése, a short delay period in the inhibition
schedule would be more apt to Tead to mémory fdrmation the
’clo;er tovtraining the delay occurred. To test this possibi]ity,
- delays of 20, 40 or 60 min were-usedvbetween injections 1 and 2,

" 2and 3, and 3 and 4.

Prbcedures
Subjects were trained at a shock intensity of 0.38 ma in
tfafning condition I: training latency of 1 - 4.9 sec, escape
laﬁenty of 0.01 - 0.04 min. Piiot work . had shown that 4 injec-
ftioné of.Ani given 2 hours apart were fhe minimum necessary to
obtain significant amnesia under these condition of training
(Ani+Ani+Ani = 15% amnesia, Ani+Ani+Ani+Ani = 85% amnesia).
The précedures used 9 conditionéf'3 de}ay periods (20, 40, or
60‘hin) at 3 injection intervals (1-2, 2-3, or 3-4).
~ Two amnestic trends are present: 6né occurs acfoss deTéy '
times, thé other across injectioh intefva]s (Tab]e‘13). At
the somewhat highef training strength, it is clear that the
gréater the duration of the delay period, thé lower the per-

centage of amnestic subjects. This was true for each of the
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» | | - Table 13 .
- Effeéy'of the Duration and Time of Protein Synthesis

i e e 25

" on the Percent Amnesia

| YIIhJectiqn S -Duration of the De]avaeriod :
':Peribd s ' in the Injection Séhedule‘
R | 0 min. 20 min 40 min 66 min @
t w2 e st 3 st -
L e ess 4w 18t -
L S a4 e s est st s

i 2 Ohergroup,'Ani+Ani+Ani+Ani, had no delay in the schedule, so

,ﬁhe_résults are shown under 0 min for all rows .

b Ani+Ani+Ani provides, in effect, an indefinitely long delay

o of the:4th injéction._ For differences of 20% P <0.10; for
~ differences of 25% or more P <0.05..
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times at which the delay period was used (i.e., between injec-
tions given at 2, 4, or 6 hrs). The second is a weak but reg-
ular trend across the fnjection intervaIs.‘}Comparing the
effects of prétein syntﬁesis'on reducing amnesia, we find that
_ nohefdf the comparisons between intervals 1 and 2 and 2 and 3
at 20, 40, or 60 min’differ significantjy. In the fnjection'
| period 1-2, even the 20 hin de]éy'period ﬁeddced amnesia sig-
nificantly from no delay (Ani+Ani+Ani+Ani = 85% amnesia,
_'Aﬁi~20;Ani+Ani+Ani = 55%-amnésia,P<ﬁO;05),~ Af the injection
 intérva] 2-3, a 20 min delay was not effective at'reducing
. the bércentage of amnestic subjects, but a 4Q min de]ay.did
reduce amnesia sighificéntfy (P<'0.05). Aflthe injecti&n
ihter9a1.3-4; only the 60 min'deiay period sfgnificant]y
reduced amnesia (E'< 0.01) compared to no de]éy. vTHé per-
_centage decrease from 20 min to 60 min ié about the same across

_ the three injettion intervals (40 - 50% decrease in amnesia).

Experiment 15

Design

The purpose of th1s exper1ment was to see if delay periods
had additive effects in the sense that two short delay periods
(45/m1n)-wou1d equal one long period (90 min). If the effects
- of the'delay'periods are nofadditive'it might indicate that
 the quantity of protein synthesized ber'unit time (raté) is
important for memory fbrmation. To answer tﬁfs question delays
were intfoduced between injections 1 and ngand between 2 énd 3.

Over this.period the capacity to synthesize the memory-related
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protein(s)_appears»to be nearinCOnstant; sinCe in Experiment
14 the percent amnesfa did not differ significantly between
,'inJectlon 1 and 2, and 2 and 3 for the var1ous delay 1ntervals
employed (Tab]e 13). The groups used in Exper1ment_15 were
‘Ani-45-Ani+Ani+Ani, Ani+Ani-45-Ani+Ani, An'i-9_0-'.An.1'+An1'+An1' .
Ani+Ani-90-Ani+Ani, Ani-45-Ani-45-Ani+An] (the numbers indicate
the de]ayvperiods in minutes and show between which injections
' the’delays occurred). The training conditions were as for .
| Expehiment 14’except that only certain Combinations ofelatencies- _
}‘to-enter and -to- escape were used so as to maximize the am-
nestic difference between the 45 min and the 90 min. s1ng]e
delay groups. An effect of,th1s selection was to give a
vhigher percentage of amnesia in this experiment'than in a
v sjnilar group (40 min delay) in Experiment.]4§ thus in
Experiment 15 the training condition is in effect slightly
lower. | -
Resu]ts

"The two groups with single de]ays of 45 min dld not differ
sign1f1cant]y from each other_(69% vs 75% amnes1a). Similarlys
_ the two groups with single delays of 90 hin did not differ
significant]yvfrom'each other (30% vs 25%). In agreement with
" the results of Experiment 14, a gap in the, inhibition had ah
~similar effect whether it occurred between 1n3ect1ons 1-2 or
2-3. The two 45 min single- de]ay groups were comb1ned for

statistical purposes as were the 90 min de]ay groups. The
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_vcombfned 45'andvthe cémbined‘go min si;gle;delay groups dif-
fered significantly from-each other in the-perCentage of
amnestic subjects (72% vs 28%, P 0.001, N= 24/combined group).
. The amounts of protein synthes1zed during the various de-
lay periods in the 1n3ect1on schedule of this experiment are
- represented by the shaded areas in Figure;23; When ‘a group
received two 45 min delay periods (Ani-454Ani445-Ani+Ani),
‘the total shaded area representing the protein synthesized did
hot-quité equal that of the 90 min delay period However, the
.total shaded area of the two 45 min gaps is clear]y closer to.
: that of the 90 min condition than to that of the shaded area
of a s1ng1e 45 min delay. The amnestic effect of the two 45
min deiéy periqu were'not add1t1ye since ‘the single 45 min
~ delay groups and the‘Ani—45-AniF45fAni+Ani group did not
differtsignificantiy (72% vs 76% aMnesia respectiveiy).
"Appaféntly, thevquantity bf'protefn syntheﬁized per unit

time is an important factor in memory formation.-

Ditcussion
t'Ih Experiment‘7 (p.76) in which ub_to 3 sﬁccessive in-
jections.of Ani were adhinistered, it waé concluded as follows:
"Nithin”bractical.limits of increasing training strength and -
duration of inhibition of brain protéin-synthesis,'it has. in
prihcip]e'been demonstrated that for any increase in training

strength that blocks amnesia, a duration of inhibition exists
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Figure 23. 'The effeétiOf controlled protein synthesis,on'
" retention. The_A‘s in the graphs stand for Ani, the

is the time and duration of the dejay period before the
'next_{hjectioh was given (also giVen,aé_befng'either'Qd :
or 45 min duration).  The shaded area represents the
poésib]e areasndf'hémory re1atedvprotein Synfhesis._>The
tota1 time fqr protein synthesis‘is given as Ah equivalent
of 100% protein synthésis. The'A-45—A-45—A¥A group is
aimdst midway between'fhe‘singledeiay groups in total
protein-synthesfs; yet, the percent amhesia.indfcates

that the two short delay periods were not additive in

their effects on retention. If the two 45 mih,delay periods
héd.been édditive, we would.have expected the”percent amnesi§
for tﬁis group to be closer tovthe 90 min delay groups. The -
percent amnesia fdf the single delay 90 and 45 min delay
| groups is based on the total amnesia for the'éombined 90

min groqps aﬁd for the combined 45 min'groups. The N's for
each group were 12 except for A-45-A-45-A+A which had an
N of 24. Thef results dépictéd in this figure may ihdicate
thaf.thé_rate at which mémory-rélated'protein(ﬁ)-ake~formed

is important for memory formation.
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that'hi]] reestablish the amnesfa"(p;go); Experiment 13 of the_'
*prgsent'study confirms’these earlier resulfs and Exoeriment 14 |
extends them by showing that with still strohger training, 4 -
Asuccessive fnjettfons of Ani Qere required'to_produce amnesia
.'(Table 13, An1+An1+An1+An1 : 85%'amnesia. Ani+Ani+Ani‘='15%
amnes1a) | | |

q The novel aspects of th1s study were (a) to perm1t quant1-
fiab]e amounts of protein synthes1s at st1pu1ated t1mes after
"tralnlng and (b) to determ1ne the effect of such contro]]ed
amounts of synthes1s on memory. Within each of the three
' experiménts; it was seen that'éS'more prote1n was synthesized,
the probability increased fhat the subjeotsiwould remember. the
tra1n1ng ‘

- The 90 min de]ay per1od used in Exper1ment 13 is equ1va—

lent to_a rather_short period of normal prote1n synthes1s. If
we assume that the area of the 90vmin delay period is the min-
imum'hecessary'to3establish memory under the training cohditions.
of Experiment 13, and then ca]cUlate'the time reqofred for suoh
synthesis under normal conditions of protein synthesis, it
}wou1d take only about 20 minvtovsynthesizé enough additioné]
liprotein to establish memory. In Exper1ment 14, using more
“intense shock to prov1de stronger training, a shorter de1ay

Nperlod -- 60 min -- was suff1c1ent to estab11sh memory in

. most subJects The prote1n synthes1zed during the part1a1

: 1nh1b1t1on of the 60 min de]ay per1od wou]d correspond to that

synthes1zed dur1ng about 8 min of norma] protein synthesis.
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Apparent]y only a small aﬁoUnt of protein synthesis, over a
short period of time, is required to estab]fsh'memory.
| We have observed>repeated1y that the last injection Qf

~a series of injections, such as those used in Expefiment 13
and 14, is critical to obtaining amnesia in:a'high percént
Qf the subjects. The results of Experiment 14-suggest that
the.CNS retaihs a.néarly constant capacity for synthesizing
the'memoryfre]ated protein(s) until this cépacfty begins to
drop off several hours after training. A possible reason
for this is that the raté df memory-re]ated'protein synthesis
remains nearly constant and. then drops off. Table 13 showed
that it made very little difference in thé}pefcent amnesia
whether protein Syntheéis occurred between injections 1 and 2
- or betwegn injections, 2 and 3'(i;g;, 2 or é hrs after tréining).
But if protein synthesis was only permifted between injections
" . 3.and 4 (é hrs after:traihing), then the reduction in the per-
cent amnesia'was;ﬁon-éignificant except for‘fﬁe 60 min delay
period. If we assume that the expressibn 6f.memory réquires
a fixed minimal amount of protein, then it'wduld be true that
the rate of production of this protéin'must be s]owér 6 hours

~after training than 2 or 4 hours after training since it took
- more time for subjects in the 6 hour>groﬁp tp_éynthesizé
enoth protein to show retention (j;g,, 60 min) than for the
subjects assijned’to the 2 or 4 hour groups (i;g;, 40 min).

It appears that the duration of inhibition must extend over a



| | 127~

per1od of t1me 1ong enough for the rate of memory re]ated
proteln synthes1s ‘to decline s1gn1f1cant1y, 1f memory for-
matlon is 901ng ‘to be successfu]]y b]ocked It will be of
‘ con51derab1e interest to know what ma1nta1ns this capacity
in: the CNS - such that memory format1on can. occur ‘many hours
after tra1n1ng. |

Failure to obtain amnesia with inhibitors of‘orotein
vsynthesis has thera1]y beeniaCeouhted forvih two ways: (a)
overtraining or (b)h1eakage of protein synthesis due to
ihcomp]ete inhibition. In this section and in most of the
hpreceedihg sections, overtraining'has been shown to block
amhesia with a given duration of inhibition. However, longer
~ durations of inhibition or proteih‘synthesis have then been
shown. to cause high levels of amnesia again.

It seems reasonabIe to assume that anything less than
complete inhibition would allow the relevant protein(s) to
be synthesized at a low rate but over a considerable time
period and that thﬁé could eventually esfah]ish memory. But
the "leakage hypothesis" is not easily tested and, therefore,
only remeins as an excuse for explaining away negative results.
If smail amounts of protein could add-up to establish memory
- as suggeSted above, then it should have been‘the case that
'.‘two 45 min delay per1ods should have been more like the 90 min
 delay per1od in its amnestic effect than 11ke the single 45 |
vm1n delay periods (Exper1ment 15). . The prote1n synthes1zed
over two d1fferent t1me periods was not additive and,

therefore, th1s would not seem to support the suggestion



-128-
- that protein :synthesis can leak for some period of time and -

theréby establish longterm memory-
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o VI; EFFECTS OF PROTEIN SYNTHESIS INHIBITION ON
- MEMORY FOR.ACTIVE AVOIDANCE~TRAINING

Introduct1on

In the previous chapters, I have emponed on]y pass1ve
avoidance training to evaluate the role of brain protein
Synthesis on memory.formation. In this chaptéf, IfwiII‘éXtend
| this:research-to active avoidance. The effects of Ani on re-
tention for passive avoidaﬁée and active avoidance condition-
vfﬁgpwill be compared in the discussioh section of this chapter.

In studies of memory formation using protein synthesis
inhibition as the amnestic treatment, active avoidance hasv
'béen,QSed infrequent]y.v Flexner and his co-workers have
.keported that puromycin will block memory for a left-right
shock avoidance habit in a Y-maze (Flexner et al, 1967).
However, the amnesia seems to be the result of a disruption
of retrival processes rather than a disruption of longterm
Imemoky formation (Flexner and Flexner, 1967;1968). F]exnef,

F]exner and Roberts'(]966) reported that acétoxycyc]oheximide

so impaired learning of a Left r"ht sh avoidance task

that the effects on memory cou]d ot be*assessed. Reversal

,tra1n1ng was used and acetoxycyc ex1m1de successfu]]y

"~ blocked memory w1thout d1srupt1ng:“earn1ng It should be

, noted ‘that the drug was adm1n1stered 1ntracerebra11y several
hours pr1or to training. More recent work has shown that the

subcutaneous route of administration_estab]ishes high levels
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of inhibition within a short period of time and thus obviates

thevneCessjty'of insult to the brain (Barondes and Cohen,1968).
. INHIBITION OF PROTEIN SYNTHESIS

. The procedures for determining‘the inﬁibition of protein
synthesis éfe as previously described. 'Acétpxycycloheximide_
(AXM) shoWs a dose depedence such that the'gfeater}thé amoﬁnt
~ of AXM.administered subcutaneously the greéter the duration
of inhibition..‘HOWever; 100 ug/injection'seémed to offer
relatively 1ong-inhibitfon at a re]athe]yVIOW-dose (Table 14).
1 feel.that-thé use of the lowest possib]e.effectfve dose is
" important becéuse this reduces problems of'systemic side effects
as the cause of'amnesia. Ani was shown to be for the most part
dose indepéndent (p. 64). Our dosage of Anf has been set at
' 500_ug/injection. AXM is the more potent of the two inhibitorsv
on a gram for gram basis. The 100 g injection of AXM inhibits
_ﬁrdtefn Synthesis'forkabout 5 hours at 80% or‘greatek,vwhi1e
the 500 ug injection of Ani inhibits for oh]y.about 2 hours
at the same leyel; Ahi'injeétidns were reported to be additive

in the sense thatreach-sﬁécessive:injectjqn prb]ongs,inhibitfon
by an additiona] 2 hoursv(p.66)3' Thé combination of Ani follow-
' ed.by:a 100 ﬁg dose ofjAXM (2§Hr§ later) can be seen to exfend
inhibition of AXM to 6 hours, thus the drugs together show some
significant synergistic action. 1n some of'the>groups'that are

employed in the behavioral experiments, twd'AXM injections were



Table 14

" Percent Inhibition of Brain Protein Synthesisv

. by AXM and by Ani and AXM

oM Ani Z4AXM

Dose of . v | )

AXM ug 4hr 6hr 4hr  6hr  8hr . 10hr
50 a | 72 66 51 28
75 3 | ) . 84 70 63 43

10 80 69 87 ; 80 63 53

150 85 77 g7 g

200 84 82 90 80

250 " 86 85 91 83

% hours means the time after the AXM injection; for total time

one should add & hours. Thus Anil

+AXM at the 100ug dose
has a total inhibition time of '10 hrs at 80% inhibition or

-greéter ( 4hrs by AniZ and 6hrs by AXM ).



13-
: given 6 hours apart. Under these cohditfons the"Am'+AXM2 '
'1nJect1ons were found to 1nh1b1t prote1n synthes1s for 13-1/2
to 14 hours at about 80% or greater. | |

In the biochemical and behav1ora1 stud1es, it was observed

 'that no subJect was visably 11 except for d1arrhea wh1ch is to

-bevexpected_after adm1n1ster1ng such.]arge amounts of ant1b1ot1cs.
'BEHAVIORAL EFFECTS

Subjectsv- | .

S ‘The shbjecfs uSed.in‘these experiMente were'randOMIy'Bred
male Swiss (Cb-j) mice reared at opr cdlony.in'Lawrence Berkeley
Labpratpry;_:The-breeding stock was originaliy purchasedvfrom
Charles Rivers Breeding Laboratory Inc, Nf11mington, Mass.”
The‘mice-used in fhese experiments were'offspring.from the.or?
iginal_stock.l For other detai]svabout this strain see
Chapter-lv,p.gﬁ.' Subjec;s were‘housed 48 hrs prior to training
in individual'metal cages. Food and water were ava11ab1e at
a]lbtimes, The mice were maintained on an 8 hr dark and 16 hr
light eyc)e as prev1ous]y descrlbed. The mice were between -~
'66 ahd‘75 days ofﬂage'when trained. o

: Aggaratus

The tra1n1ng apparatus consisted of a black plex1g]ass
T-maze, (12.5 cm high, 9.8 cm wide a]leys, the start alley
being 46 cm long, and the‘goal boxes being 17.5 cm deep).

Shpck (0.40 ma) was administered thrddgh brass floor rods as
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previously described (p.20). Each goal box w&s fitted with
a-ciear'plexiglass liner the bottom of which went below the
shock grid.. This liner was used to remove the subject from
thejgoa1 box._ A small start box was sepafated from the-reét
of thé start alley by a black plexiglass guillotine door
which prevented the subject from moving down the start alley
until the trial started. Subjects were not pékmittéd to

explore the maze prior to training.

Training Procedure '

The mouse wasvplaced in the start box on the first train-
fng‘tria]. The guillotine door on this and only this trial
‘_ was left in place until 0.01 min pridr to shock onset. On
all.subsequent trials including the retention trials the
guillotine door was removed 5 sec before shock onset. A trial
began when a loud door bell type Buzzer sounded; 5 sec later
shock {0.40 ma) began and both continued until the desired
response was made. bn the first trial the mouse ran into one
of the two goal boxes; in all cases this first choice was‘
treated as incorrect and the sdbject was forced by continuing
the shock to move into the other goal box. On subsequent trials
the non-preferred side (as determined on the first trial) was
" correct. As training proceeded, a mouse could make one of two
responses‘(a) an escape response - running into the goal box
~ while the shock was on or (b) an avoidance response - running

into the goa]'box before the shock came on (i.e., responses
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during theVS sec warning peridd). When the mouse éntered the
correct goal box the buzzer alone (avoid;nce) or buzzer and
shock: (escape) were terminated. The goal box entrance was
blocked off and the mduse removed cafefu]]y.from the goal box
by lifting the Tiner out. The liner was placed in thé mouse's
home cage and gently tilted, thus encouraging tHe mouse to
}returh to its home.cagé. After about 30 sec, thevmousevwasi
‘picked up by the tail and placed into fhe stékt,box_for the
neXt trial. Care in removing the mouse from fhe goal box is
particU]ar]y'importantvin obtaining rapid acqufsition and 

response measures that will best reflect learning.

Fifteen min prior to training, the mice.were given 
either a saline or Ani injection (volume, 0;25 ml) at a
dose of 500 ug or .5 mg (except in Experiment 18). Al
1nJectlons, prior to or after tra1n1ng, were adm1n1stered
under very 11ght-ether anesthesia. A11~1nJect1ons were |
- given subcutaﬁeouély on the back. fnjection schedules

will be described in each experiment.

”Retention Test )
| | The retention test consisted of retrain?ﬁé the subject _ 
until ft méde one conditioned responsev(CR); As wii]lbe o
Shown, with our training procedure once a mouse makes.l avpid-v -
- ance response, it will continue to do sd until extinction

begins to occur. Thus little more information could be gained
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by retraining the mice to a 9 out of 10 fesponse criterion.

© ACQUISITION OF THE AVOIDANCE TASK
If has beeh my contention throughout this thesis that one -

cannot best use the inhibitoré to test‘theif effeéts on memory,
uhtil-bne knows to what extent the mice aré_trained, Thus we.
wf]l first present some daté on acquisifioh of this habit by -
thé:Swiss mice. | | |

- Most mice,léarnéd the avoidénce habit quickly - making
their first avoidance response by the 5th or 6th training trial
(Figure_24)..aThus mice making their ffrst avoidance fesponse
in_fewer than 6 trials would be learning faster'than the aver-
age, and those making their first avoidance re$ponse in 7 or
“more trials would be learnfng slower than the average. I will
refer to these two!groups,kespectively as mice with faSt or
slow rates of léarning. Also from Figure 24, it is clear
that no significant differences in acquisition occurred be-

tween the saline- and Ani-injected mice.

Experiment 16

| The purposes of this experimentwere to test if Ani would
‘cause amnesia for weak training_(dn]y 5 trials) inactive avoid;
~ ance énd how long the inhibition might have to be maintained‘b'
before amnésia, if any, could be detected. The groups used:

were: NaCl (saline), in which one group received a single,
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Figure 24. nThe figures that fo]lqw show the acquisition curves .
- for two groups of subjects being trained to avoid fodtshock.
In Figure 24-A, the cummulative distribution for the fria] on
whigh shbjeCts made their first avoidance response during
training is plotted. Each additional trial contains the per-
cént of the'preceedfng trials. Thus ﬁy"tria] 6, 70% of.the
- subjects have made at least 1 CR. If we were to.plbt the
'pércentvsubjects making an avoidance on each fkiaT'the curve
_wduld-be almost identical because with‘this‘training proé‘

cedure once a subject starts making avoidance responses ft
A cbntinueé to do so.’ Fek subjects required addftidna} shock.
Thfs’curve is based on the subjects run in Experiment 17.
The N's for trials 1-6: NaCl = 46, Ani = 169; trials 7 and
8: NaCl = 26, Ani = 116; trials 9 and 10: NaCl = 16, Ani =
63f' In Figure 24-B, the 1st avoidance response is plotted iﬁ
terms.of what percent of the subjects made their 1st CR's
.6n which trial (ndn-cummulafive)._ From'this,nearly normal
distribution, we can see that the majority_df.subjects have
made a 1st CR on trials number 5, 6, or 7. |

With these measures of acquisition, NaCl and Ani did
not différ significantly. The pretraining injeﬁtion of Ani
apparent]y h;s,no adverse effect upon acquisition of avoid-

ance training.
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NaQ13 which received three successive injections of saline
2 hours apart, and NaC]5 which received 5 sucCessive injections
of saline 2 hours apart. The experimental groups received

either 1, 2, 3, 4, or 5 injections of Ani (Ani, AniZ, ... Ani

°)
éachQSeries startihg 15 min‘pridr to fraining and subsequent
injections at twd_hour jntervals. - (See pages 63-65 and 81-82
for a discussion as to why this particulér injécfi@ﬁ schedule
was used.) In addition two comparison groups were uséd: Iso, .
| “indicates a groub that was isolated during the retention period
‘ahd'trained‘for_thelfirét time when other mice were being given
.'the retention test. This group estab]ishes the haive-subject
baseline. The other comparfson group waé Na+An1’5 in which sa-
line was administered prior'to training and, starting 2:hours
later, 5 sucéessive ihjections of ‘Ani were given. This group
shouid not differ from the éa]ine controls if (a)_Ani5 has
no permanent debilitating effects and (b) the neceésary protein
(s) for longterm memory can be synthesized during the 1-3/4

hours'after training when inhibition is not present.

Pro;eduresv _ v

| All subje;ts were given 5 training trié]s. On the
retention test (given.] wéek after trainihg), eéch'subject
was trained until it made one avoidance response; an avoid-
ance response to the correct side of the T-maze is the con-
ditioned response (CR). Twenty subjects were run for each
group. Amnesia for this task Willvbe defined‘as taking 5 or
more trials to make the 1st CR during retraining (retention

test). .
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Results | -

“31:Cdmﬁaring the saline versus the Ani-fnjected subjects
in Figure 25, it will be ‘seen thatiat'least 3 successive
-1njectionsvof Ani (6 hrs of inhibition) were kequiréd to
cause a significant pertent of the mice td beéome‘amneétit.
However, even after 5 successive injections of Ani (10 hrs
of inhibition) the percentage of amnestic subject§ is
sigﬁificantly less than the naive-baseline (thé Iso group).
A clear trend for'increasihg amnesia with fncreasihg'
| duration bf inhibition is evident; the inéfease:runs from
5% amnesia with a sfng]e injection ovani-tovGO% amnesia‘.

with'Anis. A 15% difference in amnesia exists between

3 3 4 5

Ani? and Ani”, Ani~ and Ani and also between Am'4 and Ani

(Figure 25).
| © The distribution of the retention scores (Figure 26) shows

5

that as one moves from Ani to Ani” subjects take more and more

trials to make their Tst (R on the retention test. In these
graphs, it is‘ciear that the combined NaCl éroups. NaC1+An15
and Ani do not differ significantly in shape, yet all differ
markedly from the Iso Qroup;_ there\is almost ho overlap in
._the distributions. Ani5 is clearly closer to Iso than to the
1-_combined NaCl groupé;

. The Ani injections also had a signifiCant effect upon the

4 anq Am‘5 groups,

escape behavior (Table 15). In the Ani
ﬁignificant numbers of subjects made an error by éscaping to

the wrong side of the T-maze (those mice making an avoidance



' -140° . /f, '

- o
O -
i= 80
B
@ |
:
< 60 |
g | |
gaor- i
2D -
2 L _
w20
Q
1 v
w — :
: T
ol LLT1] ,
 SNeCE NoCY Ani Ani2 Ani> Ani% Ani® Iso
| - Ani® |
~ TREATMENT

XBL739-4049

Figure 25. The effect of the duration of inhibition
_offprqteiﬁ,synthesis by Ani on memory for footshock

~avoidance training.
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- Figure 26. The diﬁtfibUtion of retention scofes (the number
of\tria]s to make the 1st CR). The afea of fhe'éombihed ,
-saline groups (& NaCT) was made équa] in area to the other
groups_because the combined saline controls Cdnstitute’
607$ubjééts while thé other groups have 20 subjects each. The
" shaded area represents those subjett's scores that have been
c]éssified as amnestic (i.e., first CR on trié] 5 or later).
) | Note thaf across the Ani groups (AniltoAAnis)'the shaded
area is increasing,_and the means are shifting toward the
'amnestic Va]ué (those greatef than 4 triais). Three naive
vsubjects learned so quickly that they are classed as having
re@émbered the training which they never had;, Thus to some
‘ektent, even with a reasonable criterion of what constitutes
. ,re#ention, it is difficult to obtain 100% amnesia for this |

task.
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S © 0 Tablels
Effegts df Ani on Retention for the Left or Right Es€ape Response
-5

ni% . Anij

© pNaCl NaCl#Ani®  Ani - Ani2  Ani® Ani

1% sy 15y 20% 204 35%  55%

Naive!subjects showed no left bf'right side breference (54% |

went to the right side on the first training triél);'thus‘50% errors

could be considered complete amnesia. One assumption being made is '

that'if one could repeatedly test a single subject to see what its
first choice would be, it wou]d‘show hd prefefence. We can say

that a group has no side preference. However,‘it}cannot be deter-

" mined if an_individua]lmouse has a side preference. 1In the groups

receiving 4 or 5 Ani'injections, significant numbers of the sub-

jects'forgot which'side was correct. The Ani5

group may be com-
pletely amnestic for the escape response portion of this training

task. A1l the groups have N's = 20 except £ NaCl (N = 60).
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on the first retention trial were not included in these cal-

5

culations). Few Ani, NaCl+Ani~ or NaCl injected subjects made

discrimination errors.

Experiment 17

Design | | igé
. In Experiment 16, subjects received only marginal train- )
ing (5 trials). In this experiment, we tested the inhibitor,

Ani, as an amnestic agent dn much better trained mice. Three .

levels of training were used: 6 trials (T¥6), 8 trials (7-8)

or 10 trials (T-10). Across each of these groups 5 durations

" of inhibition were tested: 2, 8, 10, 12, and 14 hrs. In |

addition, subjects were classified as to how maﬁy trials it

tcok before they made their 1st avoidance resbonse (CR).

Other conditions of shock and training were as invExperiment

6. The tab]e}below gives the schedule of injections and

method by which each duration of inhibition wés obtained

(Table 16).

" Results

The main effect of drug versus no drdg showed that

e
Y

long durations of inhibition had a significant amnestic
effect (P < .001) in thése better trained subjects (Figufe
27).‘ A comparison of the saline and combined 8, 10, 12,
and 14 hour inhibition groups showed that 0% of the saline

subjects were amnestic while 59% of those subjects in the
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" Table 16

: , : : . . Duration of
~* Injection Group  Time of Injection(s)  Inhibition >80%
NaCl’." I 4 injections at times .0 hrs}
Ani . 1 ihjection at time 0 - . 2 hrs
Ani+AXM - Ani at 0, AXM at 2 hrs - 8 hrs -
 AniZemm Ani at 0 and 2 hrs, .
- ] - AXM at 4 hrs 10 hrs
AniSeaxm Ani at 0, 2, and 4 hrs, .
o K AXM at 6 hrs A 12 hrs
Ani+AXM? " AniatoOhrs, AXMat

2 and 8 hrs 14 hrs

The groups used in Experiment 17, the types.ahd times of
injection and the duration of inhibition. A]I'ihjections were’
giveh subcutaneously. Training is always 15 min after the first

~injection (first injection‘given at time‘"O").' ,
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long, duration of inhibition groups were amnestic. The sub-
jects receiving a single Aﬁi injection prior to training did
not differ significantly in the percent amnesia from the
saline controls (Figure 27).

, After training and testing the subjects, it was clear
that é great deal of uncontrolled variabi]ity in training
performance existed. Due to the small supp]y of AXM, it
was not possible to determine in addftiona1-ekperiments how
important this variability effected the amnesia induced by
inhibition of protein synthesis. In the fo]loWing paragraphs
some performance variables were factoréd in order to see if
a possible effect on amnesia had occurred. Some of the per-
formance variables are: the number of trials, the rate of
acquisition and the pumber of escape érrors.f

Within the drug conditions using long durations of
inhibition, the rate of learning (number of trainingvtria1s
to make the first CR) had a significant effect on the effective—
ness of inhibition of protein synthesis as an amnestic
_ treatment. The faster the rate of learning the less effective
the amnestic treatment (Table 17). |

The fact that the rate of acquiring the avbidanée habit
~affected retehtiqn raises a question as to what should be
defined as memory loss. If we use a fixed criterion of
mémory']oss, this.imp1ies that the rate of acquisition at

training and testing have no relation; that is those subjects
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.'Figur6'27. The distribution of retention sc6res (triaT on
which thestt avoidance résponse was made)'as a function
of the drug .condition. Across the mu1tip]evinjection drug
.'gfdupgﬁ( 0---0 ), 59% of the subjects were amnestic on 2
fixed criterion bésés (amnesia = 5 or moré triéls'to make‘
~ the Ist CR on retraining). Those subjects receiving only
' the singlébpre—trafning ihjécfion of Ani showed oniy.7%
of-tﬁe éubjeCts to be amnestic. 'Nohé of the NaCl subjects.ﬁ

~ were amnestic.
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o  Tablels
fl'fMade 1st CR ':, o S o o
-oen Trial-No._ I : Percent Mice Amnestic*

:”73%f(N=37 L

547 (N=41)

)
631 (N=43)
)

103 (N=21

‘The effect_of thé_rate'of acquisition on thé;perceht amnesia.

-As the rate of acquisition increases the percent amnesia decreases.

‘ Table 18
e Number'of' e _ . . _
- Training Trials . Percent Mice Amnestic*
677y (N=sa)
8 __ 0 60% (N=35)
0 5oy (v=42)
The effect of the number of training tria]élbn the percent

amnesia in mice. The more trials a subject is given the lower the ‘

- probabiTity'fhét‘it will be amnestic when retrained.

_E*TaneSia-défined‘es a-savings score of less than 30%.
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.]earning quickly do not a]wa&s‘learn‘the task'duickly.- If
we use a savings measure to define amneSia (jess than 30%
savings) then this implies that quick learnefs if they are
'trdlydamnestic will re1earn.quick1y. The_central problems
“are (a) we must make one or the other'assnmpticn since we
cannofrtest.if a.givenvsnbject WOdld a1waysnhave learned
quitkiy'brhslow]y (b) If we do not:assume chaf fast learners
are usua]]y fast, and in fact they are. then by the f1xed cri-
- terlon def1n1t1on of amnesia used in Exper1ment 16 we
could never show that fast learners suffered'a memory loss.
(e) By the same reason1ng slow 1earners W1th a s]1ght memory
loss would in most cases be classed as amnest1c I feel
that the sliding scale prov1ded by defining amnesia as less
than 30% savings.dn re]éarning‘is the best,cniterion since
it would he_a'serious handicap to'nseia criferion of memory
1oss,that might make it ihpossible to:demonsﬁrate memory 1oss.
In this experiment and in Expe}iment 18 amnesia is def{ned as
a sav1ngs score of less than 30% on the retent1on test.

| - The number of training tr1als (6 8 or . 10) seemed to
have had some effect upon the amnesia (Tab]e 18) A trend»ls'
_seen'for more training trials to reduce the percent amnesia.

v.Another‘factor upen which subjects Vary.is how nany

discrimination_errorsbthey-made during the early trainingh‘
Itrials. This factor also had a possib]e effeci upon the.

percent amnesia as those subjects making no error had 70%
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'-amnes1a wh11e those mak1ng 1 error had 55% amnes1a 'In'Table

19 the 1nteract1on between the rate of acqu1s1t1on and the num-

"ber of errors shows a weak trend for those mice mak1ng no -

‘ . errors and hav1ng low rates of 1earn1ng to be the most amnest1c o

"pand those subJects mak1ng d1scr1m1nat1on errors and hav1ng

L%high rates of 1earn1ng to be the Jeast 11ke1y tO be amnestic.

v-pAs the number of errors 1ncreases the amount of shock a subJect
| recelved 1ncreased It maybe that to some. extent the more
shock a SubJECt recelved at tra1n1ng the. less l1ke1y the

- subJect would be amnest1c at retrain1ng l

| The ‘longer the durat1on of 1nh1b1t1on of bra1n protein |
'synthes1s, the h1gher the percentage of amnes1a (Tab]e 20)

" This table also shows that the s1ng1e pre tra1n1ng 1n3ect1on
of An1, under these conditions of tra1n1ng, d1d not cause

';s1gn1f1cant percent amnesia. Thus the maJor effect of-1nh1¥ _

: pab1t10n on memory occurs with 1nJect1on g1ven after tra1n1ng

The Na+Am+Axm2

group demonstrates that the durat1on of.

i inhibition per se does not apparently cause any permanent

| damage.to‘the mice,such thatvthey were notvab]e to remember
the’training -.Also‘{t'dndicates that memory prOtefn, "
suff1c1ent for reca]] 1 week ]ater, was synthes1zed w1th1n .
1= 3/4 hrs of tra1n1ng | | )

| The durat1on of 1nh1b1t1on and the number of tra1n1ng .

 trials both effect amnesia (Table 21), such that those subJectstv

with the most tra1n1ng and the shortest durat1on of 1nh1b1t1on
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| ~ Table 19 |
Made 1st CR Number of Dfscrimfnation Errors
on Trial No. o “Made at Training
| R D
5 . . 60% - . -50% - too few
. ' (N=15) (N=12) ~ scores
6 605  60% 60%
o (N=15) . (N=15) - (N=10)
7 . g% . 55% . 44%

(N=16) ~ (N=T1) ~ (N=9)

' TheleffectIOf fate‘qf acquisifion and numbéf;qf discrimination

f errbrSAbh the percent amnesia. The percent amnesia iS'defined'by |

- a saviﬁgé score of 1és§-than.30%. From the ﬁébie aboVé.it appears
.as if. those sﬁbjécis that hade'mOre errorﬁ'atffhé'traihing'sessiOnv

' Wefe less likely to be amnestic when tested onéxweek'after training.
 Acros§-the subjects making no errors 70% wére:thésfic, while 55%

of thé $ubjecfs making 1 effof were amhestic;l Noﬁe'of the'tomparif

'sons were significant; however, large N's might confirm a weak trend.
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Table 20

.:fTreathent’ ? . Durat1on of Inhib1t1on R Percent Mice
v at 80% or> . o -,Amnestic
o Naf'5!_' . ohes 5;;;(' 0% (N=39)
NeshnisA0? 14 hrs but delayed 0% (Ne10)

- (T-6 only) : until 1- 3/4 hrs post tra1n1ng i
A | 2 hrs 75 (N=30)
et mhes 58 (K=33)
midaM o lomes 55y (Ne29)
fAni34AxM o zmes o ers (N=2))

Canieamet 13-1/2 - V4 hrs . 73% (N=30)

The effect of the duratlon of 1nh1b1tlon on the percent amnesia.
'»As the durat1on of 1nh1b1t1on 1ncreases, the probab111ty increases
"{that a subJect will be amnest1c at retra1n1ng w1th1n the groups
:glven 8 14 hrs of 1nh1b1t10n, the trend does not qu1te reach signifi-
cance however, it is genera]ly conSIStent w1th trends reported in

~other experlments in this thes1s
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Table 21

~ Duratfon of Inhibition

o 2 »' -8_ ' 1Q , ,v]2. 14

0z 102 77%  73% . 70%  90%

C(N=13) (N<10) (N=13) (N=T1). (K=10) (N=10)

0% 10%  44%  50% 7% -77%

CR10) (FTo) (N0)  (NE10) (NeT) (D)

0% 0%  36%- 384  60%  62%
(N=T6) (N=T0) - (N=T1) (N=B)  (N<10) (N=13)

© The effect of thevnumbér of training trials>;ndrthe duration -

. of inhibitioh.onithe pefcént amnesia.j'The tabjé;SdeS'that an

~_interaction exists such that the more trials a subject is given

and the lower the Tevel of inhibition the lower the probability

‘ ,f-that.sﬁch sdbjects,Wi]l be amneétic at retraining.” On the other

: hand,'subjécté that receive the:fewest numbef;bfiﬁria]s”and:the' 

greateStlkoation'of inhibition of protein 5ynthé$i5 are most

- likely £0'become amnestic.
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- r1are the Teast T1ke1y to be amnestic when retested and that

those subJects g1ven the fewest number of tr1a]s and the

- Tongest durat1on of 1nh1b1t1on are most 11keTy to be am-

":nest1c when retested

Thus it seems probabTe that severa] of these factors _
aieffect the memory processes These factors are (,) the
) number of tra1n1ng tr1aTs, (b) the rate of acqu1s1t1on.'
' (c) the number of d1scr1m1natlon errors pr1or “to avoiding

"'shock, and (d) the duration of 1nh1b1t1on:,h |

»'ggperiment 18
o The reader maybe asking why we did not'use'one Targe
1n3ect1on of An1 rather than giving severaT smaTT doses of An1.
.The answer is in two parts (a)_Targer doses_of’An1 do not_'
greatly pro]ong 1nh1b1t1on (p. 64) - thus if'en'increase in -
Tamne51a were shown to be related to an increase in dose, |
it would have to be due to some side effect;slnce the 1nh1bition
would be re]ative]y‘Unchahged and (b) Targe'doses of Ani oiven
: prtor to training could 1mpa1racqu151t1on reduce sensitivity
to shock etc. In this exper1ment, we will compare the effects
Jof_a 500 pg,dose against that of a 2500 ughdose. The groups
R used - were: 5Ani+Ani -:in this group the sybjects received a_
iZSOO'hQ'dose_TS min prior to training and 2 hrs Tater received
'the*standard'SOO ug dose. The second group receiVed Ani+5An{

(500:og dose foT]oWed 2 hrs later by the 2500 ugvdose).
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.‘The th1rd group. An13. rece1ved three success1ve 500 ug -
1nJect10ns of Ani-at.2 hr 1ntervals The last group, An16,
recetved six successive 1nqect1ons of Ani at;the 500 ug

| dOse.v]in‘all these groups the first injection'was given
IShmtndphior to training. The fo]low1ng data shou]d make
-' it cTear why these various groups were emp]oyed 'The
durat1on of 1nh1b1t1on at- 80% or greater is approx1mate]y
as fo]]ows Am6 12 hrs An13 =6 hrs, An1+5An1 5 hrs

. and 5An1+An1 = 4 hrs. In addition, the tota] amount of drug )

~given to the subJects in the Ani®

s An1+5An1 and 5An1+An1
"t_-groups was 3000 ug. L
| The subJects in th1s exper1ment were g1ven 8 tra1n1ng
‘tr1als and only those subJects mak1ng their f1rst avo1dance
reponse on trials 5, 6 or 7 were-1nc1uded Other con-
' d1t1ons of tra1n1ng and. test1ng are as for the prev1ous two

exper1ments Amnes1a is def1ned as a saV1ngs score on the o

retentlon test of 1ess than 30%

vResUlts

_ The resu]ts of th1s exper1ment can be compared in two
vways (a) the tota] 1nh1b1t1on time and (b) the total amount )

3, An1+5An1 and 5An1+An1 caused about

'“-of drug rece1ved Ani
the same durat1on of 1nh1b1t1on of prote1n synthes1s _Ani3
hvcaused 102 amnesia, An1+5An1<caused 0% amnes1a, but 5Anj¥Ani
caused 80% of thevsubjects to be cTassedias amnestic. - The't

“second comparison is based upon. subjects receiving 3000 ug
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._of Anivin'total An1+5An1, An16, and 5An1+An1 a]l rece1ved
h;theisame“amount of drug. An1+5An1 caused 0% amnesia, Ani®
" caused 40% amnesia, but 5Ani+Ani caused 80%-of ‘the’ subJects
td-heCdme amnesticv By each compar1son the 5An1+An1 group
;does not ref]ect the expected outcome. | w1th th1s 1eve1 of
tra1n1ng the short duratlons of 1nh1b1t1on (4-to 6 hrs)
' shou]d not have had a- s1gn1f1cant amnest1c effect Judg1ng
."from the results of‘Experxments 16 and ]7a of the groqps
' ﬁnfth Shprtrduhatjons'of inhibitfdn_only the SAni+Ani,group
:ZShowed sighificant;ahnesia.> By_consideringvthe}totaltam0unt
'Of'drug given one. can only conc]ude:from Anfs:and Ani+5Anih
v_that total’ drug rece1ved does not necessar1]y lead to amnesia.
A s1m11ar experiment us1ng passive avowdance (p 80- 8]) concluded
athat durat1on of inhibition,not the. quant1ty of drug per se
r1nfluenced amnes1a. . For 5Ani to cause a h1gh percentage of
' the subJects to become amnest1c, 1t had to be g1ven prior to
. training as the 5An1+An1 and An1+5An1 compar1son shows. If
5Ani does not,ach1eve its amnestic power by-ejther,duration
.ofvinhfbitidn or by virtue of the total amount,df drdg ad-

- ministered, then how does 5Ani cause amnesia? -



-158-

DISCUSSION
v The f1nd1ng of pr1nc1p1e 1mportance 1n th1s ‘chapter,
is that there appears, in principle, to be 11tt]e d1fference
v'between the effect of brain protein synthes1s 1nh1b1t1on on

Umemory for pass1ve avo1dance and active avo1dance

_Tra1n1ng'Strength : |

' - If we consider tra1n1ng strength as any parameter of

'.tra1n1ng that 1nf1uences retent1on then 1ncreases in training

strength, in both pass1ve and act1ve avo1dance- reduce the.

v}vamnest1c effect of a g1ven durat1on of prote1n synthes1s in-
gh1b1t1on. However, 1ncreas1ng the durat1on of ‘the 1nh1b1t1on-~

was obserued in both paSS1ve and actlve avo1dance to counteract |

the effect of 1ncreas1ng the tra1n1ng strength

Duratlon of Inh1b1t1on

| The resu]ts with pass1ve and act1ve avo1dance tra1n1ng
}dlffer w1th respect to the durat1on of 1nh1b1t1on that one
‘must workvw1th1n . In the best - tra1ned subJects of pass1ve |
avo1dance, no more than 5 successive An1 1nJect1ons (10 hrs
'of 1nh1b1t1on) were requ1red to cause 80% to 100% amnesia.
- Th1s same level of amnesia was obta1ned w1th act1ve avo1dance
: but on]y in the most poorly trained subJects and w1th 14 hrs
. Qf inhibition. The two tasks differ cons1derab1y_1n the
(a) total amcunt of shock received‘by the subjects.(paSSive
“avoidance, 0.01-0.08 min; active avofdance,'0;3 to .8 min)
and (h) the total time exposed to thevtraining sjtuation_

(passive avoidance,'SO-sec; active avoidance 10-15 min).
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Forjthé éwiss strain~ the shock intensity producing minimal
f‘learn1ng in pass1ve avo1dance was 0.38 ma and in act1ve
avo1dance 0.40 ma. SubJects tra1ned on act1ve avo1dance
',dexper1ence more shock and have longer exposure to the train-

| 1ng s1tuat1on These two factors probab]y account for the -
greater durat1on of 1nh1b1t1on requ1red to ach1eve amnes1av
- for act1ve avo1dance tra1n1ng
| As in pa551ve avo1dance act1ve avo1dance was shown to
| ;be sens1t1ve to the»durat1on of 1nh1b1t1on ‘ The 1onger the
'fdurat1on of inhibition the more likely the subJect was to

.be_amnestlc when tested 1 week after or1g1na1 training.

Active Avoidance as a Research Tool

Act1ve avoidance seems. to involve 1earn1ng two tasks
(a) where to d1rect the escape response and (b) to ant1c1pate
the shock onset  Where the subJect d1rects 1ts response is
-learned w1th1n the f1rst few tr1als. many subJects never made

a d1scr1m1nat10n error (left-right cho1ce) except on the ]st

fo.tra1n1ng trial in wh1ch the first choice wasrtreated»as-an in-

,.correct response for all mice.A.Thus most,mice'receivedva
vconsiderab1e amount of practice on Iearning where'to direct

. ‘their avo1dance response before they actua]]y 1earned to |
vavo1d the.footshock Learn1ng to ant1c1pate the onset of shock
| is. necessary 1f a subJect is to 1earn to avo1d be1ng shocked

| Most subJects learned this portion of the task by the 5th or

6th tra1n1ng tr1a1.. Thus those subJects in the 10 tr1a1 group.
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-g rece1ved considerable pract1ce at avo1d1ng the footshock |
(4 or 5 CR s on the average) This may not seem like much
. pract1ce yet the change in behavior over the 4-5 (R's is
; dramatlc.‘ The 1st CR 1s usua]]y ofa 1ong durat1on (4 -.4.9
: ~-S§C.t;fhe shock com1ng on at 5.1 seconds).t The an_and 3rd
_rayoidanCe:responsesstend'to show Tatenctes;of”aboutiz.sré 3
seconds duration. The 4th and 5th CR's are usu{aﬂ'_y Tess
v:than 2 sec duration and many responses of only 0. 6 sec -
duratjon. The subJect mak1ng the fast 1atency CR s has
nlnovtfme to ponder the situation; the response appears to be
vi'a]most automat1c and will show no further 1mprovement w1th
tadd1t1ona] tra1n1ng | | |
o order to obtain 100% amnesia one w0u1d have.to cause
: sign1f1cant amnesia for both the escape and avo1dance learn-
-1ng as we]] as for the assoc1ated hab1tuat1on to the nove]tyv
” of'footshock and the apparatus 1tse]f.: Wh11e th1s m1ght
' be poss1ble the duration of 1nh1b1t10n requ1red m1ght have
g to be e1ther 1mpract1ca]1y or proh1b1t1ve1y 1ong /' _
Act1ve avo1dance generates a great dea] of var1ab111ty
_Some trends were reported wh1ch suggest that var1ab1]1ty in f
the number of tra1n1ng trials, number of dlscr1m1nat1on errors,
'rate of acqu1s1t1on and probab]y the tota] amount of shock -
“influence the:degree.ofelearnIng. In order to_obta1n control
" over the amnestic effeet one needs»control over the amount
of 1earning This control requ1res factor1ng the training data
1nto ‘many groups, thus mak1ng even a sma]] exper1ment a maJor

project.
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-'The measures of'Tearning (avo1dance and escape responses)

are not a]ways re]1ab1e 1nd1cators of what and when a subJect

- has ]earned ‘Numerous mice in the contro1 groups . showed no

's1gns of hav1ng 1earned to avoid shock; yet, at the retent1on
: test they requ1red on]y 1 or 2 tr1a15 to make the avo1dance
, response SubJects may make escape errors for no apparent

-reason;‘ some ‘mice ‘will be mak1ng several correctly d1rected _

reSponses and‘then make'an error. It is:unlike]y that the:mice-

.forgot:or did not know which side was correct'since they
'CbPrECf their choice, without fail, on the next trial. Thus

'while our procedure “improved the re]iabi]ity;of the learn-

ing measures there are st111 obvious dlscrepanc1es between what . -

the tra1n1ng record 1nd1cated was the 1eve] of 1earn1ng and

| what the retention test showed to be the ]eve] ‘of learning.-

.One can eas11y overtra1n a subJect and not be ab]e to detect
it - thus add1ng variance to the amnestlc effect : : -
‘_ It is myvop1n1on that act1ve avo1dance”1s;not particularly

useful for a‘careful study of the processes;underlyfng memory
formatlon because (a) reliability of the 1earn1ng measure is

:quest1onab1e, (b) too much var1ab111ty is generated, and
(c) the task 1nv01ves learning at least 3 problems (1 e.,
habituatton eSCape ‘avoidance). While one is tra1n1ng the -

| subJect on the avo1dance component you are overtra1n1ng the

subJect on the escape component and even more overtrarn1ng_on

the _'hab‘itu'ation.. that is Tikely to have o,cc'junr'ei_'d. Indeed, 20

| subjects given 5 escape training trials‘showed"a mean of 3.5
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trials to make their Ist avoidancefresponseﬂwhen tested on -
- the avo1dance tra1n1ng 1 week after the escape tra1n1ng
h'Na1ve subJects took only 5.6 tr1als to make their 1st
avotdance responses.”vThus the escape tra1n1ng prov1ded
IISOme sawings:when'it came to 1earntng todavotd'the footshbck,~ AR .
Ai_’By compar1son pass1ve avo1dance rema1ns the more usefu1 | |

‘,research too]

'Memony Loss w1th Three Inh1b1tors

. It was a]so shown in th1s chapter that An1 and AXM |
A_pcould be adm1n1stered hours after tra1n1ng, as part of an
: 1nJectlon series, and cause s1gn1f1cant amne51a where a
e'SIngle pre tra1n1ng 1n3ect1on of An1 had no detectao]e am=
-nest1c effect ~ Cylo had prev1ous1y been shown to :
'be an: effect1ve amnestic agent ‘when adm1n1stered as the d
.second 1nJect1on of a sere1s of 1nJect1ons 1n a pass1ve R 1_,fw
_.avo1dance exper1ment (p 76) Thus Ani, Cyc]ovand AXM '
_,have been demonstrated to cause amnes1a at a t1me

;vwhen they cou]d not have 1mpa1red 1earn1ng

*Poss1b1e Drug Effect on Acgu1s1t1on

' ' In the ear]y tra1n1ng tr1a]s subJects escaped from shock
by a s1mp1e or comp]ex pathway -S1mp1e pathways are those_
‘that get the SUbJECt to the goa] box with a m1n1mum of retrac-
(Y1ng-of its prev1ous run through the box. F1gure 28 shows
some’ examp]es of s1mp1e and comp]ex escape responses in ) o )
.1._Exper1ment 16, the NaC]~ and An1-1n3ectedvsubgects showed - | ;

‘no significant differences in the percent of’simple versus
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 SIMPLE

| XBL739-4074
Figure 28. Examples of simple and complex escape
responses for thé'éarly training trials of active

avoidance.



 -164- |
'comp1ek responses However, 1n Exper1ment ]7 An1 1nJected 
_subJects made s1gn1f1cant1y more comp1ex escape reSponses'
dthan,the NaC1v1nqected subjects (P < 0. 01) However, it

. was the NaC].grouplthat changed between Exper1ments 16 and

B 17 (Figures;29 and 30). In spite of the very 1arge N's 1nj;::>

‘-each exper1ment the tendency for NaC] 1nJected subJects to h

_ make fewer comp]ex escape responses does not seem re11ab1e

';In add1t1on when the An1 1nJected subJects are compared on -

the comp]ex Vs s1mp1e repsonse measure the per cent amnesia d

c was not slgn1f1cant]y d1fferent (44% amnes1a-for comp]ex,

h 58% amnesia for simple)' The genera] pattern seems to

‘11nd1cate that the pretra1n1ng injection of an1somyc1n had
no systemat1c effect on acqu1s1tion In add1t1on, subJectsm'
’1g1ven only a s1ng]e pretra1n1ng 1nJect1on of An1 did not

‘show significnat levels of_amnes1a (Fjgures 25vand 27);

'Amoont of Drug versus Doration of Inhibittonjf' |

| The’resu]ts of‘ExperimentVIB-raise acproh]em ot how.
dné'cah_1nterpréterthe'findings.ffhe-5Ani+Anf'tnjection’
| caused no s1gn1f1cant detectab]e 1mpa1rment of acqu1s1tlon :
}The mean tr1als to make the Ist avo1dance response the
percent s1mp1e versus comp]ex responses (F1gure 30) and the_‘
v'durat1on of shock were w1th1n norma] 11m1ts Yet 5An1+An1
:caused h1gh]y s1gn1f1cant percent of the SUbJECtS to become |
amnestic, while An1+5An1.d1d not. How? The‘2500_ug dose
of Anj‘does not sionificantly alter the doration or extent

of inhibition caused by the 500 ug dose of'Ani; Why wou]dd
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1 the 2500 ug dose of An1 onTy have th1s greater amnest1c effect
‘when g1ven prlor to tra1n1ng as the f1rst but not as the |
second 1n3ect1on : Thus the pr1nc1p1e probTem of interpreting
.: how the Targe dose of An1 caused amnesia, 1s that no. known
'mechan1sm can be: reTated to th1s amnestic effect Therefore,
the amnes1a caused by the Targe dose of Ani prov1des us w1th
l1tt]e 1nformat1on as to the mechan1sms under1y1ng Tongterm _
memory format1on The Targe dose of Ani coqu conce1vab]y
cause amnes1a in many ways such as by some suthe 1mpa1rment
of 1earn1ng, 1nterference w1th eTectrophys1oTog1caT activity
;or by d1srupt1ng other b1ochem1caT processes be51des prote1n
synthes1s o | |
| The resu]ts of . the exper1ments in this chapter extend
the prev1ous f1nd1ngs w1th passive avo1dance to act1ve v
av01dance This extens1on adds add1t1ona1 support to. the
hypothes1s ‘that prote1n synthe51s is requ1red for Tongterm

. memory format1on
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. VII.. DISCUSSION.

The Research Prob]ems

The thes1s research focused on four maJor prob]ems 1n the

- llterature wh1ch tended not to support the hypothe51s that prote1n

Tsynthes1s was requ1red for Tong term memory formatlon The f1rst
d1ff1cu1ty was that the cr1ter1a of what was memory loss was usua]]y |
gftnot very r1gorous I feel that the cr1ter10n of amnes1a used 1n
"fthis thes1s for both passive and actlve avo1dance 1s r1gorous enough
such that few wou]d doubt that the retent1on performance ‘was c]ear]y
different between those subJects c]assed as amnestic and not amnes-
.pt1c._ It seems that comp]ete amnesla for a group-of subJects is
’poss1b1e 1f tra1n1ng is not too strong and/or 1nh1b1t1on 1s of Tong
‘duration. | o | \: |

f The second prob]em upon wh1ch thTS research was focused was
‘that most of the literature reported statistlcal effects, the mag-
nitude and the degree of effect were generaTTy such that contro]
‘and exper1menta1 groups showed a great deal of overlap Rare]y are:
more than 60% of the subJects affected In many of the groups that '
| have been run in the exper1ments reported here both the magn1tude |
:of the effect and . the aTmostvcompTete lack of over]ap between experi-
ments and control subjects made stat1st1ca1 ver1f1cat1on that the
drugs had had an effect unnecessary | |

The third prob]em is re]ated to the ones above, if not the

cause. Amnest1c ‘treatments have rare]y been reported that affect
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‘,most of the subJects : Nith'control OVer'the-degree of training'

o that each subJect recelves we have been able to obtaln qu1te

_cons1stent effects rang1ng from 1itt1e or no amnes1a in "over-
trafned" subJects to. comp]ete amnes1a The var1at1on in effectlve-
"ness of the amnestlc agent I have attributed pr1mar11y to (a) |
var1at1on in the tra1n1ng parameters (which were. prev1ous1y uncon-
.tr011ed and unmeasured) and (b) to uncontro11ed sources of |
’var1ab111ty such as ‘variation 1n shock sens1t1v1ty, arousa1, and
fd1nd1v1dua1 d1fferencesa1n 1earn1ng,vetc In our exper1ments,
much of the var1ance has been reduced (part1cu1ar1y in pass1ve |
- avoidance) by record1ng the parameters of tra1n1ng and grouping -
' subJects‘accordlng.to the degree of training whjch_they actually
received. | o | 'h:
"The'1ast.prob1em was that too much training7b1oCKed or reduced
- the amnestlc effect of bra1n protein synthes1s 1nh1b1t1on This’has
.rbeen demonstrated to be true w1th1n and across many of the experi-
_ ments of th1s thes1s-(both for»passxve and act1ve avo1dance) How-
'ever, it has been shown JUSt as frequently that 1onger inhibition
per1ods w111 reestabllsh the amnest1c effect It is. st1]] hard to
understand how a smal] 1ncrease in training strength requ1res a
:rather 1arge 1ncrease in the durat1on of 1nh1b1t10n of prote1n
br ynthes1s (th]s is partlcularly true of act1ve av01dance) to
reestab11sh-amne51a Many of our preconcept1ons about what seems
As reasonab]e 1n memory format1on may “have to be set as1de unt11 more .

_is known about the processes and the1r t1me courses
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_Prob]em of'Interpretation*

Block1ng prote1n synthes1s, like mak1ng a bra1n lesion and then
_'attr1but1ng a loss of function to a process or t1ssue that is not

: present, offers a long. known and expounded 1oglca1 prob]em For'd‘
this reason Chapter V offers 1mportant support for the hypothe51s
-that long term memory requ1res proteln synthe51$ In Chapter V _‘
wibamnes1a was estab11shed by us1ng “Tong duratlons of 1nhib1t1on of. i
prote1n synthes1s In compar1son groups, smal] amounts of prote1n
‘syntheSJs were a]]owed to occur at various tlmes-and for various
durationsrof time atter tratning This contro]]ed post tra1n1ng, .
.vprote1n synthe51s was shown to lead to memory format1on Two
1mportant trends were reported (a) the 1onger the-pernod of con-
tro11ed proteln synthes1s, the more subJects remembered tra1n1ng,

: and (b) ‘the c]oser the proteln synthes1s occurred to tra1n1ng, the
"more subJects remembered tra1n1ng Some p11ot studles, thus far
not reported, suggest that the length of retentlon for the tra1n1ng’
from 24 hrs to 7 ‘weeks after tra1n1ng is direct]y re]ated to the
'durat1on of prote1n synthes1s The control subJects showed no 1oss
of memory over th1s same per1od of t1me These expertments showed.

; 1rect1y that prote1n synthes1s is necessary for 1ong -term memory

Training

A great deal of stress has been placed on the parameters of . .f
' -tra1n1ng since (a) better tra1n1ng results in lower 1eve1s of

amnesia unless longer durations of inhibition are;used and (b) even
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A in a seemlngly simple trainlng procedure 11ke that of pass1ve '

| .avo1dance a number of tra1ning parameters ex1st and var1ab111ty
exists in the va]ues of these parameters that a g1ven subJect
_w111 have - In pa551ve avo1dance, the fol]ow1ng parameters were
found to contro1 the degree of acqu1s1t10n and retent1on (a)
'_'duratlon of shock (b) 1atency to enter the shock compartment,i
A'(c) shock strength and (d) the size of the mouse hole (prev1ous]y: -
unreported—-the 1arger the diameter of the mouse hole the greater _'“E
~ the train1ng strength) A]so the retentlon per1od affects the
‘percent amnes1a such that the ]onger the retent1on per1od the
hlgher the percentage of amnest1c subjects - (cond1t1ons of tra1n1ng
~-and 1nh1b1t1on being constant) | o
~In act1ve avoidance, the pr1ncipa1 problems are"'(a)'how
| rellab]e is the behav1ora1 measure of learnxng and (b) what
criterlon shou]d one use to def1ne memory 1oss The behav1oral
measure must reasonab]y reflect what a subJect has learned other—
wise one is unable to determ1ne how much 1earn1ng a g1ven degree of"
' training'actualTy causes' In our ear]y attempts to deal w1th
actlve avo1dance, it was found that by sone: tra1n1ng procedures
subJects 1earnedv1n 6 tra1n1ng trials, but by other procedures
".varying on]y s]1ght1y it seemed to take 10- 14 tr1als In addt-
tion most of the subJects trained using the latter procedure
-‘showed;no;51gns of'hav1ng learned to make avo1dance,responses.at
hthe-time éf training, yet at the retention testvthetr performance

‘indicated that they had clearly acquired the task in spite of the
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vappearances of the tra{nlng record The trainingvprocedure-that we
-used in Chapter VI he)ped to reduce the d1screpancy between what the
_retentton test was te]llng us and what: the tratnlng record was
vfshowing However, there are still subJects that show a great d1s-
crepancy In order to use the 1nh1b1tors effect1ve]y, the measure
_)of )earn1ng must be re1iab1e,‘1t must tell us when~and how we]] the
subject’has-learned In genera], it is my conc]u51on that act1ve
;:avo1dance (T-maze) is not well su1ted to carefu] ana]ys1s of the _v
:effects of. drugs on memory for three reasons (a) The measure of -
1earn1ng (1 e., the avo1dance response) is not a re]1ab1e 1nd1cator
j70f what a subJect 1s 1earn1ng at tralnlng (b) Too many factors seenlto |
eor are poss1b]y 1nf1uenc1ng 1earn1ng Th1s means that in a care- : S
fu])y contro]]ed exper1ment the nunber of groups wou]d be very 1arge
" and thus requ1re an enormous number of . subgects (c) The. durat1on '
v‘of 1nh1b1t1on requ1red to cause amnes1a is 1mpract1ca1 for regu]ar
use} One add1t1ona1 prob]em is that avoidance . cond1t1on1ng is not
a s1ng]e Tearning task Two obv1ous components can be seen: .(a) the
subJect 1earns where to d1rect 1ts response (to the ]eft or r1ght
goal box) and (b) to ant1c1pate the shock (avo1dance) SubJects
itvbe1ng tra1ned to avoid shock are overtra1ned on the escape port1on ‘
of the task thus one wou]d always expect some sav1ngs unless the |
inhibition were very long. Subjects that are»gust given escape
: training, without the possibility of making'an‘avofdance,rshow a
)significant’savings in ]earning.the avoidance part‘of'the-task when

retrained a week later. Thus the avoidance training_situation,is a
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comp1ex task wh1ch across the mu]tlple tra]nlng tr1a]s generates a
}):lgreat dea] of var1ab111ty wh1ch must be - contro]]ed and measured
if carefu] work on memory is 901ng to be done. g
: Ne ‘were ab]e to determlne at least some of the parameters that

" have to be controlled in the act1ve avo1dance s1tuat10n , ( ) the
'rate of acqu1r1ng the hab1t (b) the amount of pract1ce, and (c) the
number of d1scr1m1natlon errors for a given rate of 1earn1ng “Th e
'v_totaI amount and dlstr1but1on of shock very probab]y mod1f1es Tearning.
I fee] that the p01nt has been demonstrated that retent1on for
L-passive or act1ve avo1dance depends upon . prote1n synthes1s occurr1ngbi _.“
;.w1th1n a re]at1ve1y short perlod of time after tralnlng Two genera]
trends were demonstrated to be true across the two types of tra1n1ng
“procedures (a) 1ncreases in tra1n1ng strength b]ock amnesia (or

-promote better memory proce551ng) and (b) ‘the 1onger the perlod of

.', 1nh1b1tlon of prote1n synthes1s, tra1n1ng strength be1ng constant

'-.‘the greater the disruption of memory (1 €., h1gher the percentage .‘
of amnest1c subJects) ; -
wh11e 1t was des1rab1e to test the effects of inhibition of ~
prote1n synthes1s on memory for active avo1dance I fee] that the
' task is not suitable for careful study of memory, s1nce contro]
over the acqu1s1t1on is very dwfflcult Pass1ve av01dance 1s far
'eas1er to control and remalns the best tra1n1ng task avallable to
."'evaluate the ear]y stages of long-term memory format1on
whatever task one emp]oys, I hope that the p01nts have been made E

' that (a) the behav1ora1 measure of acqu1s1t1on and retent1on must

' ‘reliably ref]ect the 1nd1v1dua1 subjects 1earn1ng and (b) the p]ottlng

e
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- of an acqu151tlon retent1on curve is 1mportant so that one can
estab11sh how much tralnlng a subJect has been g1ven Recent]y,_
: Squ1re and Barondes (1972) reported that open f1e1d hab1tuat1on in
m1ce was unaffected by pretraining 1n3ect1ons of cyc]ohex1m1de
1That~1s, sa11ne--and cyc10—1nJected mice reduced the1r act1v1ty
“about the ‘same degree when re- 1ntroduced to the open -field at some .
1ater t1me Th '"tra1n1ng sess1on was 10 min 1ong Is a 10-m1n |
' exposure perlod a ]ot of hab1tuat1on or very 11tt1e 50 far- as.
-;?]earn1ng and memory are concerned7 .If they had p1otted acqu1s1-h.'
‘vt1on (__jL_ decrease 1n act1v1ty) as a functlon of the: number of .
»minutes exposed to the open f1e1d we would have some idea afterh
how many m1nutes most of the 1earn1ng takes place As it stands,
we do not know whether a 10 -min session is JUSt enough tra1n1ng to
| cause a decrease in activ1ty or whether it is 8 or 9’ mln 1onger
'than necessary The point is that.un1ess we knOW-tO'What extent the
:an1ma1 has been tra1ned relat1ve to the m1n1mum necessary, we cannot
-Judge what constltutes overtra1n1ng | - , |
- The acqu1s1t1on retent1on curve m1ght a]so he]p e11n1nate false

vreports of stra1n d1fferences in susceptfb1]1ty to the amnestlc

”agent In Chapter V, it was shown that the parameters of tra1n1ng

A‘requ1red for d1fferent strains to 1earn pass1ve avo1dance d1ffer

remarkab]y G1ven that the same relative degree of 1earn1ng 1s

'1‘obta1ned from each straln An1 had a 51m11ar effect on memory

across_aIT strains; If we had used one level Ofltraining and did

- not p]ot the-acquisition—rentention curve, we cou]d havejfalse1y '
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conc]uded that the BALB/cJ and C57Br/ch stralns were h1gh1y
'suscept1b1e to An1 whi]e the CS7B]/Jf and CB stra1ns were _
fnnot affected at a]] If each investigator'were'to show the
"acqu1s1t1on retent1on curve, - 1t m1ght great]y fac111tate the
ver1f1cat1on of researchzfandxngs in other,jahqrater1es and

- would facilitate acr055,1aboratbry comPaFison§eof results.

* Permanent Incapacity or Impairment of Memory Formation.

~-In several of the experimentsein thfs_thesjs, saline -

: wastadministered 15 min.prfor to training and-bne’dr meref

' drug 1nJect1ons adm1n1stered after tra1n1ng fhe resu1ts |
:'jhave been cons1stent 1n that Tittle or no amnes1a was caused o

by 1nh1b1t1on start1ng 1-3/4 hrs after tra1n1ng -For

_ﬂ_'examp]e in Exper1ment 8 one group rece1ved An1+An1+An1 v
.}-whlch resu]ted 1n 100% amnesia. But another group rece1ved
- a pseudo 1nJect1on (1) and then the three sucess1ve Ani
1n3ect10ns 1-3/4 hrs after‘training;_ I+An1+An1+An1 resu]ted.
in IOA amnes1a and Na+Na+Na in 0% amnesia. Thus ne1ther the :
drug nor the long durat1on of inhibition (6 hrs at 80% or
greater) cou]d have caused a permanent 1ncapac1ty to account
‘fer the amnes1a.»}An even more dramatic case was shown Jn .

~ Experiment 17 in which one group received'AnifAXMz

and 6
_‘actire'avoidance-training trials; this groupfshowed 90%
“amnesia. eHowever,'Na+Ani+AXM2 group also given only 6 active.

anidanCe training trials yielded 0% amnesia.. Thus, it seems.
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.uniikejy that either the drugs used or the‘TOng duration of -
,'inh1b1t1on (up to 14 hrs for An1+AXM ) caused permanent “
incapac1t1es in general brain funct1on that could account
for theramnes1a. ‘ | ,

In'additiOn, these results 1nd1cate that memory re]ated
prote1n synthes1s, suff1c1ent for reca11 at 1east 1 week |
after tra1n1ng,‘was formed dur1ng the 1- 3/4 hr per1od

| pr1or to’ 1nJect1ng the 1nh1b1tors of" prote1n synthes1s

._Amnes1a by Three Inh1b1tors H : |

| ch]ohex1m1de and AXM had never been shown to be part1-
cular]y effect1ve amnest1c agent when adm1n1stered after train-
ing. Using the mu1t1p1e injection des1gn, 1t has been shown
in Chapters ITI-VI that An1 Cyclo and AXM when adm1n1stered ’
post training as: the 2nd or later 1nJect1on can cause
vs1gn1f1cant degrees of amnesia, where a s1ng]e pretra1n1ng
1n3ect1on of Ani does not. Thus a]] three 1nh1b1tors of
protetn synthesis have been shown to be effect1ve in caus1ng
amesia at a t1me at which none of the drugs cou]d have
1mpa1red 1earn1ng |

wh11e I feel that the four quest1ons or1g1na1]y set “forth

o as the purpose of these stud1es have been answered another major

questlon has been ra1sed What processes under11e.the ability
- of the CNS to retain the capacity to promotermemory—re]ated .

protein synthesis for hours after training? .
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