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Synaptic plasticity, the ability of neurons to alter the strength of their synaptic connec- 
tions with activity and experience, is thought to play a critical role in memory storage. 
Molecular studies of gene expression during long-lasting synaptic plasticity related to 
memory storage initially focused on the identification of positive regulators. More recent 
work has revealed that the establishment of long-lasting synaptic plasticity and long-term 
memory also requires the removal of inhibitory constraints. By analogy to tumor su- 
pressor genes, which restrain cell proliferation, we propose that these inhibitory con- 
straints on memory storage, which restrain synapse growth, be termed memory sup- 
pressor genes. 

E s l ? e r l e n c c - i l c p e ~ n t  cllanges 111 the  
strength of neuronal connections are 
thought to play a crltlcal role in rnemorv 
storage and 111 the flne tuning of synaptic 

connectioni during the late stages ot neural 
ilex-elopment. Recently, it has lieen possible 
to gain some lnolecular ~ n i ~ g h t s  into thc 
svnaptic plaiticlty relateci to lnenlory stor- 
age. These stuilies have revcaleci a surprii- 
illg findlllg: Lorg-lastillg f ~ r m s  of s\-naptic 
plastic~ty reiiulrc not ollly tllc activation of 
poGtive r'gulatory nlccllaniiins that favor 
rnemor\- storage hut alio thc  rcmo\-a1 of 
inhlbitory collstraints that prevcnt memorv 
storage. T h e  mportance of negativc rcgula- 
tory ~nccha~l isnls  for memor\- storage invites 
comparison once again bct\'i.cen thc study 
of rnemorv anti that of cellular differen- 
tlatlon, growth, and oncogcnesls. O n  the 
basis of th1i ComparLson, ive uie the term 
"memorv suppressor qenes" to ciescrilie 
tilose genes vvllose proiiucts inhlhit memory 
StOSdge. 

Tlle initial molecular s t ~ ~ d i c s  of dcvelop- 
lnent and tunlor formation focuseii on pas- 
1ti1-e rcgulatorz of growth: domlnantlv ac- 
tive oncogenes, si~cli  as s~c. ivhoie protein 
prociucrz stimulate cell ciivision ( 1  ) .  Thcse 
oncogenes were originall\- identified a i  
genes carried by retro\-~ruics that causc cell 
trL~nsformarion. T h e  cellular progenitors ot 
thcie rctror-iral oncogenci, the proto-onco- 
genci. n.ere dlscovercci to hc parts of normal 
ccllular signaling pathn-avi reiluireJ for 
growth and differentiation, and mutation or 
mlsexpression of proto-oncogenes contrih- 
utes to a variety of human malignancies. 

It was only aftcr traniforming, domi- 
nantly acting oncogenes IlaJ been \\-ell doc- 
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umentcil that hioloiiists tul-neci tllelr atten- 
tlnn to the  moleci~lar character~zation of 
recessive mutations: tumor suy?presmr 
genes, \vhose products normall!- restram 
gro\vth. Henry Harris usecl somatic cell ge- 
nctlcs to Jemonitrate that a nlalipnant ~ i h e -  
notypc coi~lil be suppresscil hy tiision of a 
cancer cell a-it11 a norlnal cell anLl that 
reversion to malignancy was a>aociatcLi with 
chromoiomal lois (2 ) .  T h c  t i n t  penetlc 
lnodcl dcicrllxng a role for tumor suppresior 
genes In human iiiscase caine 111 1971 \\,it11 
Alfred Knuilion'i remarkable stuciy of reti- 
noblastoma, a rare cancer 1371th hot11 sporad- 
ic anil childhood formi (3) .  Knudson pro- 
roaeii a sirnule model for the tn.o forms of 
this diiease, according to w h ~ c h  two iliatinct 
penctic alterations or n ~ u t a t i o n ~ ~ l  "hita" in 
the iame target arc re,lulred. Tlie ~mpllca- 
tion of this hvpothcsis was that rnallgnan- 
CLCS occur as a conseiluence of loss or inac- 
tivation of both alleles (loss of hetero:\-qos- 
it)-) a t  a l o c ~ ~ i  responsll~lc for regulatinq 
nor~na l  groa.th and dcvclopmcnt. This d c a  
suggested to Knuilion that these genei nor- 
mall\- silppres illallgliallcles and, therefore. 
act as "anti-oncogenes" or tumor suppressor 
penes. Knuciion's formulat~on laid the 
grouniinrork for the  molecular c11aracteri;a- 
tion of tumor iuppressor gcnes. \Ylc no\\- 
know, for cxainple, that more than half of 
all human tuinori ha\  e mutations that in- 
activate the tumor supprcasor gene p53. 
whose protein proiluct is a nuclear phos- 
phopro~cin that,  like lvild-tvpe rctinoblai- 
tolna protelni, r e i t r an i  prolvth ( I  ). 

T h e  importance of negatil-e regulatory 
lnechanislni estcnds beyond growth anti 
tumorogenesis to include nlany points in 
the normal develormcnt of the emhrvo. Fix 
example, Spemann'i  organizer ~niluces ncu- 
ral tiisile in Xenoplis embryoi, not 1?y rcleas- 
ing poiitive intiuccrs of neuml cell fate, hut 
rather by releasing inhibitory substances. 
Thcse diffusible molecules, such as noggin 

and chorclin, antagonize the  action of a 
potent inducer of epiiierinal cell fate, tione 
mc>rphogen proteln 4 (4) .  Later in iievelop- 
lnent the transcriptional regulation of ncu- 
ran-specific gcnes, iuch as S C G I P  anci s y -  
aj)szn I, appear5 to he mediated 1?y a factor 
that hlnils to a cis-acting silencer element 
,mil represses t r anac r~p t~on  of thesc 2enci in 
nonncuronal cells (5 ) .  Finally, inhi1:itory 
mechanisms are crucial 111 axon outgrort-th 
and guiilance <luring tile later iievcloprncnt 
~t ne~lrondl connections (6) .  

Llke the stuilv of i i e v e l o ~ ~ n e n t  and on- 
cogenesls, the  early molecular stuilies of 
long-term rncmory anii synaptic plasticity 
alsc, focused o n  posltive regulators. Stuilies 
o t  long-term potentlation (LTP) 111 the  
m ~ ~ m m a l i a n  hippocampui (7, ti), long-tcrm 
hcili tatiun at the seniory-motor neuron 
aynapse of the gill-nithtiranal reflex in 
.-ij~lysla (Flg. 1 )  (9, l o ) ,  and odor avoiciancc 
collditionl~lg in Drosophii~z ( I  I ,  12)  have 
revealed that the iynaptic plasticity related 
to lnelnory storage recri~its a variety of pro- 
tein kinasc sig~lallng caicailes and positive 
resulators of tran>crlption such as cy- 
cllc adeliosinc monophosphate (CAMP) rc- 
sponse e l eme~l t -h~n~l ing  protein 1 (CREBl)  
and C/EBP. A c t i ~ ~ a t l o n  o t  thesc positlvc 
regulators is i~nportant  111 the consolidatioll 
of ihort-tcrm mcmory into long-tcrln mcm- 
ory storage. 

T h e  clearest evidence for ret?resslve 
mechanisms that mpede  synaptic plas- 
tlcitv and rneinorv storage has colne 
fro111 the molecular charactcrl;atic>n of re- 
p ~ s o r m f  CREB In .ipllsia and Drosophila. 
,4plys1a sensory neurons constitutively ex- 
press ApCREB2 (13) ,  a leucinc zipper t ram 
scriptlon h c t o r  that is partially homologous 
to human CREBZ anii rnurlne ATF4. T h e  
o1,scrvation that ApCREB2 can rcpreis 
CREBl-mcdiarcd transcription suggested 
that the  threshold for long-term f,~cllitation 
could he r e ~ u l a t e ~ l  and that facilitation 
may reyulre not  only thc  activation o t  
ApCREBl but also thc  relief of ApCREB2- 
lnediatcd represiion (Fig. 1 ) .  If this is so. 
thcll relicvlng this repression ivoi~l<l faclli- 
tatc the  activation L?roceas an<{ lov\er thc  
th res l~o l~ l  for the long-term process. T o  test 
th1i iile<t, Bartsch e t  ill. ( I ? )  injecteJ anti- 

scruni to ApCREB2 (antl-ApCREB2! into 
seniory neurons 1 l lo i~r  betorc exposure to 
s ~ ~ i ~ l c  or multiplc c-~ppllcations of serotonin. 
A sillgle application of serotonin normally 
F r ~ ~ d ~ ~ ~ e s c ~ n l v  short-term facilitation. hut 

348 SCIENCE VcOL. 27:' a 16 !AKUAR'i 139' ~n- \v .sc~encemaq.org 



paired with injection of anti-ApCREB2, 
one application of serotonin produces a 
long-term facilitation that lasts 24 hours, 
which is accompanied by the growth of new 
synaptic connections. 

The balance between CREB activator 
and repressor isoforms is also critically im- 
portant in long-term behavioral memory, as 
first shown in Drosophila. Expression of an 
inhibitory form of CREB blocks long-term 
memory but does not alter short-term mem- 
ory (12). Overexpression of an activator 
form of CREB increases the efficacy of 
massed training in long-term memory for- 
mation (14). Thus, in both Aplysia and 
Drosophila, blockading or overriding a mem- 
ory suppressor gene has consequences that 
are analogous to interfering with the func- 
tion of a tumor suppressor-gene. It leads to 
a dramatic and. in the limit. abnormal ex- 
aggeration of normal cellular function. 

In a larger sense, these studies reveal 
that memory formation is governed by both 
positive and negative regulators, as is the 
case with many biochemical processes. Be- 
yond a certain optimum, however, altered 
expression of either the positive or the neg- 
ative regulators of these pathways is delete- 
rious. The importance of this optimum 
range is underscored by studies in Drosophila 
that have shown that the opposing bio- 
chemical effects of dunce, cAMP phospho- 
diesterase, and rutabaga, adenylyl cyclase, 
mutations on cAMP concentrations both 
produce deficits in synaptic plasticity and 
behavioral memory (9). 

The cAMPdependent protein kinase A 
(PKA) pathway, acting through CREB, ap- 
pears to stimulate the growth of new syn- 
aptic connections in Aplysia (15). This for- 
mation of new synaptic connections be- 
tween sensory and motor neurons of the 
gill-withdrawal reflex is seen during long- 
term memorv after behavioral trainine in - 
intact Aplysia as well as after repeated ex- 
posure to serotonin in dissociated Aplysia 
cell cultures (Fig. 1). After the injection of 
anti-ApCREB2, the long-term facilitation 
induced by one pulse of serotonin also leads 
to these same structural changes (1 3). Thus, 
ApCREB2 appears to act as a repressor of 
the morphological as well as the func- 
tional changes that accompany long-term 
facilitation. 

An important clue to the molecular ba- 
sis of these structural changes came from 
the identification of a second class of mem- 
ory suppressor genes, the genes encoding 
moteins whose concentrations decrease af- 
ter the exposure of Aplysia sensory neurons 
to serotonin. One group of down-regulated 
proteins, termed Aplysia cell adhesion mol- 
ecules (apCAMs), is part of the immuno- 
globulin family of cell adhesion molecules, 
which includes mammalian neural cell ad- 

hesion molecule (NCAM) and Drosobhila for activitv-de~endent svna~tic 57fF43 
0- 

Fasciclin I1 (Fas 11) (16): After repe'ated sprouting (21): Flies with rehuced 
exposure to serotonin, the concentrafion of 
apCAM decreases as a result of the inter- 
nalization of the transmembrane form of 
apCAM in the presynaptic sensory neuron 
(Fig. I), a process that requires ongoing 
protein synthesis (1 7). Deletion of the en- 
tire cytoplasmic tail of the transmembrane 
isoform, removal of the PEST sequence, or 

ahoun&of Fas I1 have an increased number 
of synaptic terminals, and the increased 
sprouting that normally occurs in the Dro- 
sophila mutants eth-a-go-go/Shake or dunce 
is suppressed by transgenes that maintain 
Fas I1 concentrations. Although Fas I1 
down-regulation results in synaptic sprout- 
ing, CREB-mediated transcription is re- 

mutations in the mitogen-activated protein quired for changes in the functional 
kinase (MAPK) consensus sites block endo- streneths of these connections. - 
cytosis (18). The selective down-regulation In forms oflearning and memory in oth- 
of the transmembrane isoform of aDCAM er animals. such as ~assive avoidance learn- 
decreases the interaction of sensory cell ing, in which chicks learn to suppress peck- 
neurites with each other and leads to the ine behavior toward a bead that is coated 
formation of new synaptic connections 
(19). 

In addition to their role during long- 
term facilitation in Aplysia, cell adhesion 
molecules act as negative constraints during 
development and synaptic plasticity in a 
variety of other species (20). At the Dro- 
sophila neuromuscular junction, the presyn- 
aptic down-regulation of Fas 11, a cell adhe- 
sion molecule related to NCAM and ap- 
CAM, is both necessary and sufficient 

W& a bitter-tasting liquid, the synthesis of 
new cell adhesion molecules appears to be 
critical. Relatedly, spatial learning and LTP 
are impaired in NCAM knockout mice 
(20). Furthermore, increases in the expres- 
sion of polysialylated NCAM and in the 
extracellular concentration of NCAM have 
been observed after hippocampal LTP, and 
LTP is inhibited by the application of 
NCAM antibodies, by NCAM-blocking 
peptides, or by the removal of polysialic 

Fig. 1. Three inhibiory 
constraints on memory 
formation. During sensi- 
tization of the gill-with- 
drawal reflex of Aplysia, 
faciliitory intemeurons 
release serotonin (5-KT) 
onto the presynaptic ter- 
minals of sensory neu- 
rons. Binding of seroto- 
nin to a serotonin recep- 
tor stimulates adenylyl 
cyclase, leading to an in- 
crease in intracellular 
CAMP concentrations. 
This increase in tum ac- 
tivates PKA, and the 
PKA catalytic subunit 
then translocates to the 
nucleus, where it may 
phosphorylate CREB1. 
In addition to the actiia- 
tion of CREB-mediated 
transcription, tuming on 
the long-term process 
requires the removal of 
three inhibitory con- 
straints. First, MAPK, 
which is also activated 
by serotonin, translo- 
cates to the nucleus, 
where it may phosphory- 
late the transcriptional 
repressor CREBP, there- 
by allowing CREB1 -me- 
diated transcription to proceed. Second, COOH-terminal ubiquitin hydrolase, an immediate early gene 
product, increases ubiquitin-mediated proteolysis, leading to the degradation of the regulatory subunit 
of PKAand producing persistent PKAactivity. Finally, the phosphorylation of @AM by MAPK triggers 
the internalization of @AM, thereby allowing sensory cell defasciculation and synaptic growth to 
occur. 
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acid by nc~lraminidase (22) .  Addition of 
polyiiallc acld to NCAM mav be f~lnction- 
all\- ccl~~ivalciit to the internalization of ap- 
CAh'I that occuri in  Aplysi~c neuron. in that 
hot11 croce>ie> t?romote defascic~~lation. 
thcrcl~y allo\\-ing for the growth of 1 1 ~ 1 ~ -  

S T - n a ~ t i c  connectioni.  , 
A third category of memor\- .uppresior 

genes ii rcvealcJ by the  ciynamici o t  PKA 
activity in Aplysin. Behavioral training in  
Apl>sici, or espoiurc of ienzory neurons to 
repeated pulses of serotonin, leads to long- 
term facilitation lasting 24 hours or more, 
but the  increases in cL4h'lP concentrations 
last for only about 2 h o ~ ~ r s .  These cAh'lP 
increases, ho~vever,  lead to a persistent in- 
crease in the  activitv of PKA. \vhlch con- 
tlnues for L L ~  t o  24 llours even in the  ah- 
sence of C A M P  or serotonin (53) .  This 
persistent actlvation of PKA bridges the  
transition from short- to  long-term facillta- 
tlon and is the result of decreased nrotein 
concentratiolls of the  regulatory sull~mit of 
PKA after training (53) or treatment x i t h  
serotonin (54) .  This degradation of the  reg- 
ulatory suhunlt requires aclenosille triphos- 
phate and ubiyuitin and is not blocked by 
inhibitors of serlne proteases, suggesting 
that it is mediated by the  ~1biquiti11-depen- 
dent proteasorne yathnay (25). In  other 
systems, the  proteasorne path~vay has been 
shown to mediate the  selective deoradation 
of a variety of regulatory proteins, including 
the  cell cycle regulatory protem cyclin (26)  
and the  n ~ ~ c l e a r  factor kappa B (KF-KB) 
inhibitor IKB (27) ,  as well as the processing 

of proteins such a> the tranzcription factor 
K F - K B ~  (27).  

How is proteolysis of the regulatory sub- 
unit induced, \vhy does it not  occur ln other 
tissues, and why does it not occur under 
other circumsta~nces 111 which cAA'lP con- 
centrations are increased (for example, dur- 
inc short-term facilitation) l L4 c l~ le  comes 
fl-om the fact that degrailation requires new 
protein synthesis, suggesting that a rate- 
limiting component of the  uhiiluit i~~-pro- 
teasome pathway may be among the n e ~ v  
genes i n i l ~ ~ c e d  in resnonse to serotonin. 
O n e  of these genes is a neuron-speclfic form 
of ublouitin COOH-terminal hydrolase 
that is rapidly induced after serotonin treat- 
ment (58).  This enzyme, n.hlch removes 
ublyuitin from multiuhii~uitinatecl sub- 
strates d ~ ~ r l n g  proteolysis by the proteasome, 
appears to be essential for long-term facili- 
tation: blocking the expression or function 
ot  Apl>sia ul-iquitin COOH-terminal hy- 
drolase selectively impairs long-term facili- 
tation induced by repeated serotonin treat- 
ments. Thus, as a result of the increased 
expression of the ubiiluitin COOH-termi- 
l ~ a l  hvdrolase and the  sul~seiluent activation 
of the ubiquitin path~vay, learning induces 
proteoll-sis, thereby removing a thirLl inhih- 

itor\- coilitraint o n  memory storage: the 
regulatory iuhuilit of PKA (Fig. 1 ) .  

T h e  genetic .a-itch from short- to long- 
tern1 plasticity can be dil-ided into three 
componcn t~ :  ( i )  initiation ( the  removal of 
C R E E  and activation o t  CRERl) ,  ( 2 )  con- 
solidatloll ( the  in~luction of immediate re- 
sponse genes, incl~liling ~ t h i i ~ ~ ~ i t i n  COOH- 
terminal hydrolase and the  tran.cription ac- 
tivator ApC/ERP), and ( 3 )  ital7ili:ation 
( the  gro\vth of new connection.). Each of 
the  three inhibitory constrai~nts that we 
have considered here acts in one of these 
three phases. 

Is there a common pathway for the  re- 
moval of these inhibitory constraintsI Prob- 
ably not,  I ~ u t  one signaling system for re- 
moving inhihitory constraints that has been 
identified is the  h'lAPK p a t h ~ a y .  During 
tralning for sensitiratioll in Apl>siii, seroto- 
n in  is released onto  the presynaptic neuron 
hy a facilitatory interneuron. Binding of 
serotonin to the  sensory cell serotonin re- 
ceptor s t im~~la tes  a d e n ~ l a t e  cyclase, leading 
to an  increase ln intracellular CAMP con- 
centration (Flg. 1 ) .  Thls increase in turn 
actir-ates PK.4, and the  catalytic suh~mi t  of 
PKL4 then translocates to the n ~ ~ c l e u s ,  
 here it may phosphorylate CREB1. T h e  
increase in in t racel l~~lar  cAA'lP also acti- 
vates the  A'lAPK pathxvay by an  ~ m k n o ~ v n  
mechanism, leading to the translocation of 
A'lAPK to  the nucleus (59).  O n e  potential 
~nlclear target 1s CREB2, a MAPK substrate 
in r-itro (13).  CREBZ is phosphorylated in 
vivo after serotonin treatment ( 1  31, and it 

he interesting to examine exyerimen- 
tally whether phosyhorylation hy h'lAPK is 
responsible for the derepresslon of CREB?. 
iluring long-term facilitation. In  addition to 
its potential nuclear targets, ML4PK sub- 
strates incluile the  cytoplaslnic tail of ap- 
CL4h'I (18).  T h e  yhosphorylation of the  
cytoplasmic tail of apCL4M by MAPK trig- 
gers the ~nternaliration of apCAM, thereby 
allo\vlng sensory cell defasciculation and 
gro\vth to occur (Fig. 1) .  These findings 
suggest that MAPK may relie1.e inhihitory 
constraints o n  both gene expression a n 3  
synaptic gro\vth, thereby facilitating the  
formation of long-lasting transcription- and 
growth-dependent synayric plasticity. 

In  addition to the regulatory proteins 
that have so far heen ilescrihed, other can- 
clidate memory suppressor genes are the  
molecules involved in regulating protein 
klnase cascades, such as p r o t e n  phospha- 
cases and phosphoiliesterases. Recent work 
suggests that phosphatases provide one in- 
hibitory constraint in the  hippocampus 
moilulating the transition from short- to  
long-term memory storage, acting as a gate 
r eg~~la t ing  the  activity of a variety of kinases 
(3C-35). Transgenic mice overexpressinq a 
truncateil, actlr-e form of ca lc ine~~r in  exhib- 

it specitic ileficlts 111 hippocamp~~s-hased 
l o i ~ ~ - t e r m  memo1.y (3 1 ) and in  a novel in- 
terlncdlatc phase of LTP (32).  These find- 
ings underscore the  Inilportance o t  the  hal- 
ancc l~etwccn kinases and ~11oiphata.e~ 111 
regulating memory .torage and iL1gge.t that 
calcineurin may f ~ ~ l ~ c t i o n  a i  a memory sup- 
pressor gene in mammals. 

Tumor suppreisor genes often function 
as checkpoints, allo~ving a r-ariet\- of signali 
to he integrated into a single c e l l ~ ~ l a r  re- 
sl~onse-cell proliferation. Similarly, cas- 
cades of gene actlvation are switched o n  
during memory consolidation, and ~t 1s im- 
portant that this switch be tightly con- 
trolled. In  thls way, memory suppressor 
genes may provide a checkpoint for menlory 
storage to ensure that only salient features 
are learned. This c h e c k ~ o i n t  1s es~ecla l lv  
important because one of the  hallmarks of 
human cognition is the  alxlity to  remember 
a slgnal from a noisy backgro~~nd  by attend- 
ing to and rememllering only the  most crit- 
ical details. It is an  evolutionary ail~.antage 
for individuals to learn only facts that are 
important for survival, rather than storing 
in long-term memory everything that is en- 
countered. T h ~ l s ,  as was shown hy Kamin 
, ~ n d  Rescorla and Wagner, temporal conti- 
guity is not the  only i~nportant  varlable in 
associative learning; the  f ~ ~ n c t i o n a l  impor- 
tance anil salience of the stimulus as well as 
the  relevance of the  association are also 
crucial (33) .  Me~nory  suppressor gene prod- 
ucts may l ~ e  a central part of the  integrative 
lnecllanisrns that allow for the  formation o t  
these associations. 

Although our discussion has focused o n  
synaptic plasticity and learning, memory- 
the storing of new information-is likely to  
reflect some sort of a balance lietween 
learning and forgetting. If illformation is 
con t in~~a l ly  stored in existing synapses, re- 
training may be difficult. In  thls context, 
memory suppressor genes may decrease syn- 
aptic strength In much the same way that 
tumor suppressor genes stop or limit growth. 
These limitations impox"il by memory sup- 
pressor genes may provide an  important 
condition for s~thseyuent learning. 

O n e  of the  hallmarks of memory storage 
is that spaced training produces stronger, 
longer lasti~lg memory than lnassed training 
(12-14, 34, 35). As s h o ~ v n  in the  work o n  
Dl-osophila and mice, the  lnodulation of 
memory storage by CREB is particularly 
sensitlr-e to the  spacing and repetition of 
training trials (15, 35 ) ,  and altering the  
balance between activating and repressing 

isoforlns of CREB call cause single events to 
he stored for longer perioils (13, 14).  These 
observations suggest that m e m o y  suppres- 
sor genes may be particularly important in 
spaceil training paradigms. Positive a n ~ l  
negative regulatory ~nechanisms may be ac- 
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tix-ated with different kinetics, and these 
distinct time courses may help to  orches- 
trate the  balance hetween these nathwavs 
during spaced traming. In  addition, the  
p roduc tmf  memory suppressor genes may 
play a role in the  ~nodulat ion of memory 
storage by emotional stimuli (36), as occurs 
in "flashbulh memon." and in memories 
rhat are emotionally charged. 

Does the  finding that both positive and 
u 

negative regulatory mechanisms play a role 
in memory storage-as they do  in cell divi- 
sion, differentiation, and develonment- 
provide other insight into future studies of 
the  molecular basis of synaptic plasticity 
and memory storage? In  particular, what are 
its i~nplications for our search for poten- 
tial memory suppressor genes in mammals? 

T h e  key lesson may be that we need to  
search in different ways. T h e  central ohser- 
vation that  long-term memory storage re- 
q ~ ~ i r e d  protein and RNA synthesis focused 
attentlon o n  the  Importance of gene-induc- 
tive ex-ents (37). As  a result, many screens 
\yere carried out to identify genes whose 
expression was increased by neuronal activ- 
ity. T h e  importance of negative regulatory 
mechanisms in memory storage in inverte- 
brates suggests that functional screens that 
focus o n  changes in phenotype may be crit- 
ical in the future for elucidating the  molec- 
ular basis of long-term memory in  mani- 
mals. Such screens might directly use clas- 
sical mutagenesis to identify important 
genes or might take advantage of the wide 
x-ariety of available mouse strains to identify 
auantitative trait loci or modifier loci. T h e  
fact rhat p53 was identified as a host protein 
that interacted with the  tumor antigens of 
several DN,4 tumor viruses suggests that 
these functional screens should also use the  
variety of molecular technizlues ax-ailable to 
identity proteins that inte;act with mole- 
cules, such as PKL4 and CREB, which play a 

central role in long-term lnelnory storage. 11. P Dran, E Fokers, W G. Qunn, 

ApCREB?. was Identified with such a Neuron 6. 71 (1991): R. L. Dav~s, 
Ph;/s/oI. Rev. 76, 299 (1 996) 

screen. T h e  identification of differences in 12, J, C, p y l n  , fa/ , ,  ~ ~ 1 1 7 9 ,  49 (1994) 
gene expression after learning needs to be 13 D. Ba-tsch et al., ib~d. 83,979 (1995). 

expallded to focus on genes are dowll- 14. J. C. P. Yin. M De Veccho, H. Zhou, T Tuly ib~d.  
81, 107 (1 995). 

r eg~~la ted  during memory storage by the  use 15 C, H, Bailey and E, R,  Kandel, Rev, Phpiol, 
of larqe-scale approaches such as differential 55,397 (1993) 

L. 

display, DKL4 chip, and serial analysis of 16. M. Mayford, A. Barza~,  F. Keler, S. Schacher, E. R.  
Kandel, Science 256, 638 (1992). gene expression technology. 17. C. H. Baey, M. Chen, F. Keller, E. R. Kandel, i b~d . ,  p. 

In  a broader sense, it is becoming in- 645. 

creasingly clear that the  molecular compo- 18. C. H. Baileyet a/ . ,  Neuron 18, 913 (1997). 

involved in long.terln lnemory stor. 19 H. Zhu, F. Wu, S. Schacher, J Neurosci. 14, 6886 
(1 994). 

age, PKA and CREB, are 20. R. D. F~elds and K. toh, Trends Neurosc~. 19, 473 
tant for other long-term adaptix-e chanqes (1996); K. C. Maltin and E.  R. Kandel, Neuron 17. 

In the  brain, such as those associated with 567(1996) 
21. C. M. Schuster, G. W. Dav~s, R.  D. Fetter, C. S. 

addiction to  alcohol, cocaine, and other Goodman, Neuron 17, 641 (1996); ,bid,, p, 655; 
drugs of abuse (38). If melnorv suppressor G W. Davs, C. M. Schuster, C. S. Goodman, ibid., , & &  

genes act a t  key co~ntrol points in these 
processes, then they might serve as the  tar- 
gets of novel pharmaceuticals useful 111 t he  
treatment of drug abuse as \yell as memory 
disorders. Because these suppressor genes 
modulate or gate other signaling pathways 
rather than directly activating them, drugs 
targeted at memory suppressor gene prod- 
ucts may prove to he more therapeutically 
precise than those pharmaceuticals targeted 
a t  positix-e regulators of memory storage. 
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