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Memory Suppressor Genes:
Enhancing the Relationship Between Synaptic
Plasticity and Memory Storage

Jessica A. Cardin and Ted Abet
Department of Biology and Neuroscience Graduate Group, University of Pennsylvania, Philadelphia

Memory suppressor genes encode proteins that act asmemory storage has been the idea that memory consolida-
inhibitory constraints to impede memory storage. The tion involves alterations in gene expression. A variety of
study of memory suppressor genes is important not molecular models for the processes by which synaptic
only for understanding the link between synaptic events initiate the nuclear events leading to gene induc-
plasticity and learning but also for identifying poten- tion have been proposed (Abel and Kandel, 1998; Silva et
tial targets for future pharmaceuticals to treat memory al., 1998). These models have been guided by ideas
disorders. This article first reviews the evidence for arising from the study of signal transduction in the
proteins that impede memory storage from work in context of oncogenesis and development. The study of
invertebrates and then explores recent evidence for cell division and development has shown that the protein
the existence of memory suppressor genes in verte-products of cellular oncogenes activate a variety of signal
brates in the context of hippocampus-dependent forms transduction pathways, spanning from the cell surface to
of memory. In Aplysia memory suppressor gene the nucleus. Oncogenesis results when these pathways
products act at each step in long-term facilitation: in are constitutively activated by the increased or altered
the cytoplasm to regulate kinase activity, in the activity of these cellular oncoproteins.
nucleus to alter the activity of transcriptional regula- Studies of the role of signal transduction mecha-
tory proteins, and on the cell surface to modulate nisms in memory storage have explored the molecules,
cell-cell interactions. Studies of genetically modified such as calmodulin kinase Il (CaMKIl), protein kinase A
Drosophilahave provided behavioral evidence for the (PKA), and cyclic AMP response element binding protein
existence of memory suppressor genes. One of the bes(CREB), necessary for synaptic plasticity, learning, and
candidates for a neuronal mechanism underlying memory. One of the surprising findings to emerge from
learning is long-term potentiation (LTP), which has the studies of the molecular and cellular mechanisms of
been extensively studied in the mammalian hippocam- synaptic plasticity is that memory storage is mediated not
pus. Recent work has identified a number of putative only by positive but also by negative regulatory mecha-
memory suppressor gene products that act in the nisms, just as cell division is regulated by the proteins
hippocampus at the levels of LTP induction, regula- encoded by oncogenes and tumor suppressor genes.
tion of intracellular signaling cascades, and transcrip- Tumor suppressor genes, whose products normally sup-
tional control. Using these gene products as tools to press cell division, were initially identified as loss-of-
study enhancements rather than deficits in LTP and function mutations that result in increased cell prolifera-
learning may generate more precise information about tion in certain forms of cancer such as retinoblastoma. By
the relationship between synaptic plasticity and behav- homology, genes that encode proteins that act as inhibi-
ioral learning. The study of mammalian memory tory constraints to impede memory storage have been
suppressor genes may provide insights into alleviating termed memory suppressor gen€8bel et al., 1998).
the learning and memory deficits that accompany Like tumor suppressor genes, memory suppressor genes
both normal aging and a variety of human disorders. may function at regulatory checkpoints during learning
J. Neurosci. Res. 58:10-23, 19981999 Wiley-Liss, Inc. and memory consolidation to ensure that only salient
features of an experience are learned.

The evidence for memory suppressor genes is based
largely on studies of long-term facilitation iAplysia
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This article first reviews the evidence for proteins thdPKC) in the presynaptic sensory neuron via 5-HT
impede memory storage from work in ti#glysiaand receptors (Byrne and Kandel, 1996). Both PKA and PKC
Drosophilasystems and then explores the recent evideneghance transmitter release in part by closing potassium
for the existence of memory suppressor genes in vertghannels, thereby increasing the calcium influx that is
brates in the context of hippocampus-dependent formsiafportant for transmitter release. During long-term facili-
memory. Candidate hippocampal memory suppressgfion, both PKA and mitogen-activated protein (MAP)
genes will be identified, and experimental approachesimase translocate to the nucleus. One of their molecular
add!’eSS their function will be described. ThlSdlStlnCt Wawrgets may be CREB1 a transcription factor thought to be
to view the molecular mechanisms underlying synaptigitical for the induction of gene expression during this
plasticity and memory storage may provide a differéfrocess (Bartsch et al., 1995, 1998; Dash et al., 1990).
outlook on the relationship between the cellular meChFh‘deed, treatment with five pulses of 5-HT leads to the

nisms of synaptic plasticity and behavioral memorynqsphorylation of certain isoforms of CREB, and this
Further, the identification and characterization of memo osphorylation is sufficient for long-term facilitation

suppressor genes may be e_specially Important in 1€, sch et al.,, 1998). A cytoplasmic form of CREB

development of pharmaco_loglcal, molecular,_ or gene pears to modulate both short-term and long-term
methods to enhance learning and memory. It is intriguing jiitation (Bartsch et al., 1998)

to speculate that the products of memory suppressof In addition to positi\’/e regulatory mechanisms such

genes may turn out to be attrqctive dru_g targets for.t % the activation of CREB by PKA, the switch from
next generation of pharmaceuticals designed to allevia Lo . .
short-term to long-term facilitation ii\plysia also in-

the memory loss that accompanies Alzheimer’s disease ; L .
mental retardation, and aging. volves the inactivation of gene products that otherwise

would inhibit memory consolidation. Three major inhibi-

tory constraints have been identified thus far for the

MEMORY SUPPRESSOR GENES IN APLYSIA !ong-term process |Aply5|q each'actl_ng at a distinct step
in the process of synaptic facilitation. These memory

The study of the gill and siphon withdrawal reflex ing sressor gene products include the regulatory subunit of
the marine snail\plysia californicahas been important in PKA, inhibitory forms of CREB, and the cell adhesion
outlining the molecular mechanisms that underlie changggs)|ccule (CAM) apCAM (Fig. 1).

in sy.n.apti_c strength (By”?e _and Kandel, 199_6)' Durlng Long-term facilitation is characterized by the persis-
sensitization, a nonassociative form of learning, an anj

] 0] ¢ ious| Pgt activation of PKA even in the absence of 5-HT or
mal learns to increase responses to a previously NeUllRl, 41aq intracellular cyclic AMP (cAMP) levels. This

f;?u:giéil;;t?o?]s; gﬁzbztr';?\?;ussﬁtﬁ] LTESS'ESSE ’;glf\évr'] rsistent activation of PKA extends through the first 12
P ' of long-term facilitation and is the result of the

to the tail. On a cellular level, sensitization involves aPeguIated proteolysis of the regulatory subunit of PKA

enhancement of synaptic transmission at the sensorys . i )
motor neuron synapse (Frost et al., 1985). This lon %:h".i'n et al_,.1999, Hegde et aI_., 1997). _lee Iong-t_erm
cilitation, this proteolysis requires protein synthesis. It

lasting increase in synaptic strength, termedg-term . . .
facilitation, is mediated by serotonin (5-hydroxytr tgdppears that 5-HT mo!uces the expressionAplysia
y (5-hy yiyp Jbiquitin carboxyl-terminal hydrolase (Ap-uch), a rate-

mine; 5-HT) released from a class of facilitatory interney="""1 £ th o
rons activated by tail stimulation (Brunelli et al., 1976.Miting component of the ubiquitin-dependent proteo-

Glanzman et al., 1989). In a coculture system consistihﬁ'C pathway. As levels of Ap-uch increase, the regula-
of sensory and motor neurons, long-term facilitation {9y Subunitof PKAis degraded by the proteasome. Other
produced by applying 5-HT. Long-term facilitation at th@rote_m; may also be degraded by this pathway, but their
sensory—motor neuron synapse in culture differs with tigentity is unknown. _ .
number of 5-HT treatments (Montarolo et al., 1986), just At the transcriptional level, the induction of new
as behavioral sensitization is a function of the number 8ne expression requires the inactivation of the transcrip-
stimuli applied to the tail (Frost et al., 1985). One pulse dfonal repressor ApCREB2 and an inhibitory isoform of
5-HT produces a synaptic enhancement that is transiéfiCREB1 termedApCREB1b(Bartsch et al., 1995,
and not affected by inhibitors of protein and RNAL998). ADCREB2 appears to inhibit activating forms of
synthesis. In contrast, five pulses produces a long-teARCREBL by forming heterodimers in which the activa-
(24 hr) increase in synaptic strength that, like long-tertion domains on both proteins are masked. Phosphoryla-
behavioral sensitization, is blocked by inhibitors ofion of AbCREB2 by MAP kinase or PKC, both of which
protein and RNA synthesis (Montarolo et al., 1986).  phosphorylate this protein in vitro, may inhibit the ability
On a molecular level, short-term facilitation isof ApCREB2 to repress transcription. After injection of
produced by the activation of PKA and protein kinase B8pCREB2 antiserum into sensory neurons, a single
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e ~, phoresis to identify a group of five proteins whose levels
decrease within the first hour after 5-HT treatment
CREE-2 (Barzilai et al., 1989). These downregulated proteins
« were later identified as apCAMAplysiamembers of the
oo T immunoglobulin class of cell adhesion molecules that
TRANSCHIPTIONAL _:“CHEEHa includes mammalian neural CAM amtosophilafascic-
PEREFRSSSICN ? lin Il (Mayford et al., 1992).

v Although many studies have focused on the role of
| cell adhesion molecules during development, it is now

i ﬁglitfglsl clear from the work inAplysiaand Drosophilathat this
%{ PERSISTANT . {__ class of cell surfface molecule_s can play a c_ritical role ir_1
\_ Of.l PKA® : Pg?é%ggpn . ) synapse formathn and maintenance during 'synaptic
™ le} T ' s plasticity. In particular, both apCAM and fasciclin Il
™ @D MAPK appear to inhibit the formation of new synaptic connec-
T o tions. At the Drosophila neuromuscular junction, the
- presynaptic downregulation of fasciclin Il is both neces-
G—Hf}—«iﬁ] ﬁf:_:_ cAMP * sary and sufficient for activity-dependent synaptic sprout-
~ 1 ing (Goodman et al., 1997). The selective downregulation
of the transmembrane form of the cell adhesion molecule
apCAM, induced in part by the activation of the MAP
apCAM P kinase cascade, may remove an inhibition of synaptic
Internalization growth (Bailey et al., 1992a, 1997) by leading to defascicu-
DEFASCICULATION lation. This defasciculation may act in a permissive way
to allow neurites from the sensory neuron to interact with

the motor neuron, thereby leading to the formation of new
synaptic connections (Zhu et al., 1994).

Fig. 1. Long-term synaptic facilitation idplysia Three inhibi- .Thus, memory §yppre§§0r gene products act at each
tory constraints, or memory suppressor gene products, YFP IN long-term facilitation: in the cytoplasm to regulate
long-term facilitation inAplysia have been identified. TheseKinase activity, in the nucleus to alter the activity of
include the regulatory subunit of protein kinase A, inhibitoryranscriptional regulatory proteins, and on the cell surface
forms of CREB, and the cell adhesion molecule apCAND modulate cell—cell interactions (Fig. 1). Itis interesting
(modified from Abel et al., 1998). to note that MAP kinase appears to be required for
long-term facilitation (Martin et al., 1997). For at least
two of these memory suppressor gene products, Ap-

treatment with 5-HT that normally produces only shorlcREB2 and the transmembrane isoform of apCAM,

term facilitation now produces long-term facilitation/AP kinase may be critically involved in removing these

(Bartsch et al., 1995). This long-term process producdibitory constraints on synaptic facilitation.

by one pulse of 5-HT after the injection of ApCREB2

antiserum requires translation and transcription and oc-

cludes the effects of five pulses of 5-HT, suggesting th&NHANCING LEARNING AND MEMORY

this synaptic facilitation is a phenocopy of long-termfiN DROSOPHILA

facilitation. The power ofDrosophila genetic approaches has
Cellular studies of memory storage in bdtplysia been instrumental in providing behavioral evidence for

and mammals suggest that what sustains long-tethe existence of memory suppressor genes. Classic ge-

memory is the growth of new synaptic connectionsetic studies of olfactory conditioning, initially per-

(Bailey and Kandel, 1993). Long-term sensitization of thiermed by Seymour Benzer and his colleagues, have

gill-withdrawal reflex involves structural changes at th&entified a number of mutants impaired in this condition-

sensory—motor neuron synapse, and the appearancéngfparadigm (Dubnau and Tully, 1998). Two of these, the

new synapses parallels synaptic facilitation. Like longnutants dunce and rutabaga have been particularly

term facilitation and behavioral memory, these structurhportant in defining the role of the cAMP/PKA signal-

changes are blocked by inhibitors of RNA and proteimg pathway in learning and memory. Initial biochemical

synthesis (Bailey et al., 1992b). The first insight into thstudies, followed by molecular cloning, have shown that

molecules that may contribute to these structural changheduncelocus encodes a cAMP-specific phosphodiester-

came from studies that used two-dimensional gel electrase and theutabagalocus encodes a calcium-sensitive
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form of adenylyl cyclase. They have distinct alterations ifacilitation in Aplysiaand long-term memory for olfac-
the cAMP/PKA pathway, withduncemutants showing tory conditioning in Drosophila require CREB- and
increased cAMP levels anditabagamutants exhibiting cAMP-induced gene expression. Strikingly, enhancing
decreased cAMP levels. Both of these mutants exhiltite activity of CREB by increasing levels of an activating
deficits in learning and short-term memory for olfactorjorm or decreasing levels of an inhibitory form results in
conditioning, suggesting that cAMP levels must bsingle trial learning in each of these systems.
modulated within a narrow window for normal learning The difficulty in these invertebrate systems, how-
to occur. ever, has been to study synaptic plasticity and behavioral
This idea has been supported and strengthenedragmory in the same system. Drosophila this relation-
the work of Tully and others who observed learninghip has been investigated by analyzing synaptic transmis-
deficits in transgenic flies expressing a constitutivefon at the larval neuromuscular junction in mutant flies
active form of the G protein, &s, selectively in neurons impaired in learning and memory (Zhong and Wu, 1991).
within the mushroom bodies, a portion of the fly brairrhe mutantslunceandrutabagaexhibit impaired synap-
required for learning (Connolly et al., 1996). Furthefic facilitation and posttetanic potentiation. Interestingly,
experimental support comes from the observation that th@nce but notrutabaga mutants exhibit enhanced basal
heat shock promoter-induced expression of an inhibiteynaptic transmission. However, these physiological stud-
of PKA blocks learning (Drain et al., 1991). Beyond afes have been performed at the larval neuromuscular
optimum range, therefore, the constitutive alteration Qinction rather than in adult mushroom body neurons,
levels of either a positive or a negative regulator of glthough some studies have begun to analyze mushroom
signaling pathway may be deleterious. body neurons in culture (Wright and Zhong, 1995). To
Just as CREB plays a central role in long-termirectly examine synaptic plasticity and behavior in the

facilitation in Aplysia this transcription factor also playssame system, researchers have turned to the rodent
a critical role in long-term memory in the conditionechippocampus.

odor avoidance response DDrosophila (Dubnau and
Tully, 1998; Silva et al., 1998). Spaced training in

plfactory conditionin_g results in Ipng_-t_erm memory thaMAMMALIAN HIPPOCAMPUS:
is bIocked_by protein synthesis |n.h|b|t_ors (Tully et aI'ENHANCING SYNAPTIC PLASTICITY
1994). This long-term memory is disrupted by th%\ND SPATIAL MEMORY
induced expression of an inhibitory form of CREB, .
whereas the shorter-lasting memory is unaffected (Yin et One of the best candidates for a neuronal mecha-
al., 1994). Further, just as inhibiting the action of a CREBISM underlying learning is a form of synaptic plasticity
repressor, ADCREB2, enhanced long-term facilitation f!led long-term potentiation (LTP). LTP is an increase in
Aplysia transgenic flies expressing an activator isofor$ynaptic strength resulting from repeated stimulation of
of CREB exhibit enhanced long-term memory (Yin et aithe afferents to that synapse (Fig. 2). It has been
1995). In an important experiment, it was observed thgktensively studied in the mammalian hippocampus, a
transgenic flies expressing a mutant activator isoform f§&in region critical for certain types of learning and
which the consensus PKA phosphorylation site is di§2emory. There are several identified forms of LTP,
abled did not exhibit enhanced memory, demonstratifiafludingN-methyl-D-aspartate (NMDA) receptor-depen-
that the phosphorylation of CREB is critical for thisdent LTP in the Schaffer collateral pathway and NMDA
enhancement. This observation that increasing the leveg§eptor-independent LTP in the mossy fiber pathway
of an activating form of CREB enhances memory ifi9- 3; Bliss and Collingridge, 1993). In rodents, interrup-
intriguing because most models for the role of CREBON of LTP by pharmacological, genetic, or electrophysi-
have proposed that CREB is constitutively present, wiglogical means causes an impairment of the ability of
the activity of CREB regulated by kinases that modify thanimals to learn hippocampus-based tasks such as the
activity of CREB rather than protein levels (Silva et alMorris water maze and contextual fear conditioning.
1998). Thus, blockade of LTP by treatment with NMDA receptor
Thus reverse genetic experiments using inducibftagonists was found to impair spatial memory under
and cell-type-specific expression systems have beegrtain circumstances (Bannerman et al., 1995; Morris,
instrumental in demonstrating that the learning impai989; Saucier and Cain, 1995), and the saturation of LTP
ments indunceand rutabagamutant flies are not solely in the perforant path of unilateral hippocampalectomized
the result of developmental deficits. These experimengs was found to impair performance on the hidden
have also delineated the neuronal circuits within th@atform version of the Morris water maze (Moser et al.,
Drosophila brain necessary for classical conditioningl998). In genetically modified mice, null mutations in the
Further, they have demonstrated that both long-tergenes encoding a variety of protein kinases or other signal
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Fig. 2. A: The hippocampus con-
tains a trisynaptic circuit: from the
perforant pathway to the dentate
gyrus, from the dentate gyrus to
CA3, and from CA3 to CAL.

NMDA receptor-dependent long-
term potentiation (LTP) has been
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ﬁj 50 A AAAA requires three to four trains of
stimulation to be induced. Whereas
0 T ) T T T T ' T ! L-LTP lasts for many hours in
-60 -30 0

30 60 90 1200 150 180 210 \jtro, E-LTP lasts only 1-2 hr
(modified from Abel and Kandel,
Time (min) 1998).

transduction molecules involved in LTP were found toase to selectively ablate the gene encoding the R1
alter synaptic plasticity and spatial memory (Chen, 199&ubunit of the NMDA receptor only in neurons within
The general view that memory may be stored dsppocampal area CA1l (Tsien et al., 1996a,b). This
alterations in synaptic strengths in appropriate neunagionally restricted knockout resulted in impairments in
circuits has been supported by many experiments. ON& DA receptor-dependent forms of synaptic plasticity in
criticism of the field, however, is that it is dominated byhe Schaffer collateral pathway within the hippocampus,
the LTP, or synaptic plasticity hypothesis, largely becausgcluding deficits in LTP and long-term depression (LTD;
of the lack of alternatives. Place cells, neurons within thisien et al., 1996b). These mice also exhibited impair-
hippocampus that fire at high rates only when the animalents in spatial memory and alterations in the properties
is in a particular spatial location (Muller, 1996), weref place cells in CA1 (McHugh et al., 1996; Tsien et al.,
originally postulated to be the cellular basis for the role df996b). The behavioral deficits observed in these mice
the hippocampus in spatial memory (O’Keefe and Nadeljth a regionally restricted deletion of the NMDA
1978). The recent analysis of hippocampal place cellstiaceptor R1 subunit provide evidence supporting a selec-
genetically modified mice (Cho et al., 1998; McHugh eively important role for hippocampal area CAl in
al., 1996; Rotenberg et al., 1996) and after pharmacolotgarning and memory, as suggested by the study of the
cal blockade of NMDA receptors (Kentros et al., 1998) ipatient R.B. by Rempel-Clower et al. (1996).
promising because it represents a distinct hypothesis that Nonetheless, it has been difficult to demonstrate
can be experimentally tested. definitively that LTP is the cellular basis of learning for
A particularly striking example of the use ofseveral reasons. First, LTP can be evoked in each of the
genetically modified mice to study the relationship behree projection pathways in the hippocampal circuit and
tween LTP and memory comes from the studies of Tsietfiese pathways may contribute differently to hippocam-
Tonegawa, and others who used a site-specific recompal function (Huang et al., 1995, 1996b; Nosten-



Fig. 3. Molecular model for
short-term and long-term plas-
ticity and hippocampus-based
memory. Early long-term po-
tentiation (E-LTP) is produced
by C&" influx through
NMDA receptors, which acti-
vates a variety of kinases. In

contrast, late LTP (L-LTP) is

produced by C& or dopa-
mine receptor activation of
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Bertrand et al., 1996). Several forms of LTP have beetout the relationship between synaptic plasticity and
identified, each with a distinct duration and involvemeriiehavioral learning. One way to study enhancements in
of underlying signal transduction pathways (Huang etalL.TP and learning is to identify negative regulatory
1996Db). Further, an implication of the hypothesis that LTébnstraints on learning, such as memory suppressor
mediates memory storage is that enhancing LTP shogénes, and use them as tools in examining the relationship
lead to increased learning, but few studies have found tiistween synaptic plasticity and learning. Genetic manipu-
to be the case. In some instances, enhancing LTP hafons of NMDA and other glutamate receptors have
resulted in behavioral impairments (Migaud et al., 19983,,ggested several inhibitory mechanisms that regulate the
Although the magnitude of hippocampal LTP may bgxpression of hippocampal LTP. One of these is postsyn-
important in determining learning, there may be a limiteglptic density protein 95 (PSD-95), which contains several
range in which LTP is effective. Itis also possible that thepz domains and which is thought to function in
threshold and frequency response characteristics of e?&?blizing NMDA receptors to synapses. PSD-95 modu-
synapse within the hippocampal circuit are especialf¥ies NMDA channel activity, possibly by promoting
impor_tant. In addition, many studie_s have focused Phosphorylation of the NR2A subunit (Tezuka et al.,
aversive tasks, such as the Morris water maze aRfgg: yamada et al., 1999). To investigate the possible

contextual fear conditioning, which measure spatial angjs of psp-95 in hippocampal synaptic plasticity, Mi-
contextual aspects of hippocampal function rather th ud et al. (1998) generated mice with a targeted

nor}averswe tzsklf’ StUCh as s(;)mal trgr][sr?lsspn of fr?. tation of PSD-95 that excised one PDZ domain, a Src
preference and olfactory paired associate leaming, whigh 010y 3 domain, and a guanylate kinase homology

may measure other hippocampal functions. The resu Smain and left the two amino terminal PDZ domains

described above suggest that LTP may be the underlyin o . o

. . . intact. NMDA receptor localization, synaptic plasticity,
cellular mechanism of hippocampus-based learning. How- : : NS .
ever, because blocking LTP may potentially involvﬁ{]d learning were examined in hippocampal neurons in
changing other basic cellular mechanisms, it is importa ese mutant mice.

to determine whether enhancing LTP results in improveh H(ljppocarr:ﬁ)\las/lgi&:es frortn tlhe PI.SDt-.QS mL:jt?nt nt1_|ce
ments in behavioral learning. showed norma receptor localization and function

and enhanced paired-pulse facilitation. The mutant slices
demonstrated an increased magnitude of LTP in CALl as
Glutamate Receptors, LTP, Learning, and Memory  compared with controls in response to a single 100-Hz
Examining enhancements, rather than deficits, train of tetanization. Whereas control slices required three
LTP and learning may generate more precise informatiom four trains of stimulation for LTP saturation, slices
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from PSD-95 mutants demonstrated saturated LTP ordf a memory suppressor gene that negatively regulates
after five to six trains. In addition, the PSD-95 mutargynaptic plasticity.
slices exhibited a greater magnitude of LTP than did To assess the role of GIuR2 in hippocampal synap-
controls in response to 5-Hz stimulation and of LTP rathéic plasticity, Jia et al. (1996) generated knockout mice
than LTD in response to 1-Hz stimulation. This suggeslacking the GIuR2 gene. CA1 pyramidal neurons from the
that the loss of functional PSD-95 increases the magi@uR2 mutants demonstrated higher?Cgermeability
tude of LTP, alters LTP saturation, and modifies ththan did those from controls. Mutant hippocampal slices
frequency-response function of the Schaffer collateralso exhibited significantly increased LTP magnitude in
pathway. These results suggest that PSD-95 may nGA1 for over 2 hr in response to five trains of tetanic
mally inhibit the expression of LTP at CA3—CA1 syn-stimulation as compared with controls. In control slices,
apses. This increased LTP resulting from PSD-95 knochpplication of 2-amino-5-phosphovaleric acid (APV), an
out, however, appears to lead to deficits in spatiBfIMDA receptor antagonist, blocked induction of LTP by
learning. In the Morris water maze, the mutants hdi/e trains of tetanic stimulation. In contrast, mutant slices
significantly longer swim paths in the hidden platforndemonstrated some residual LTP in response to the same
task than did controls and did not show a quadraptotocol in the presence of APV. This residual LTP
preference during the probe trial. They also showed somvas blocked by 6-cyano-7-nitroquinoxaline-2-3 dione
evidence of thigmotaxis during the probe trial. Th€CNQX), suggesting that it was due to AMPA receptors. In
mutants had longer latencies to find the platform than déadidition, whereas LTP in the control slices saturated after
the controls early in the visible platform version of theéhree to four stimulation trains, LTP in the GIuR2 mutant
water maze. slices was unsaturable even after five trains. Although these
Because the function of PSD-95 has not yet beeesults suggest that the loss of functional GIuR2 leads to
well characterized, it is difficult to draw detailed concluincreased LTP magnitude following five trains of stimulation,
sions about the relationship between this protein aiitds important to test one- and two-train LTP, which may
mechanisms of synaptic plasticity. One particular concehave different underlying molecular mechanisms, in the
is the role of the first two PDZ domains of PSD-95, whiclGluR2 mutant mice to compare these knockouts with data
were not removed in the mutant mice. The increasedailable from other mutant mice.
paired-pulse facilitation observed in the PSD-95 mutants  Behavioral analysis of the GIuR2 knockout mice by
may be the result of a modified interaction of th&erlai et al. (1998) suggests that the GluR2 knockout
remaining PDZ domains with retrograde signaling mechexay cause both motor and learning deficits. The mutants
nisms or with K" channels or other proteins (Burke et alwere impaired in open-field, locomotor, and sensory
1999; Xia et al., 1999). It is possible that the behaviorglerception tests and exhibited significant impairments in
impairments observed in the PSD-95 mutant mice are diearning the visible and hidden platform versions of the
to the altered frequency response of CA3—CA1 synaps&forris water maze task. The GluR2 mutant mice showed
Such altered frequency responses have been obsemedgreference for the training quadrant during the probe
previously to result in behavioral impairments in spatidfial and spent most of their time in the starting quadrant.
tasks (Bach et al., 1995; Mayford et al., 1995). Further, the mutants were observed to float for long
Although the role of NMDA receptors in synapticperiods of time in the water maze. These results suggest
plasticity has received a great deal of attention, thbat the GIuR2 mutant mice may be impaired in spatial
possible role o&-amino-3-hydroxy-5-methyl-4-isoxazole-learning, but because the observed sensory and motor
propionate (AMPA) receptors, which mediate most of thiempairment may have affected performance in the water
fast excitatory synaptic transmission in the hippocampusaze, it is difficult to interpret these results with respect
is less well characterized. Recent ideas about silgotthe relationship between synaptic plasticity and learn-
synapses have begun to focus attention on the AMRAg. It is possible that testing these mice in other
class of glutamate receptors (Malenka and Nicoll, 199%)ippocampus-based learning tasks, which do not have as
Four glutamate receptor (GIuR) genes encode the hetestringent motor requirements, such as social transmission
meric glutamate AMPA receptors (Hollmann and Heinesf food preference (Bunsey and Eichenbaum, 1995; Galef
mann, 1994). GIuR2, which has a much lower?Ca et al., 1988; Galef and Wigmore, 1983; Kogan et al.,
permeability than the other AMPA receptor subunits, may997) or object recognition (Mansuy et al., 1998), may
play a dominant role in inhibiting Ca influx through shed more light on the nature of the behavioral effects of
AMPA receptors (Brusa et al., 1995; Hollmann et althe GIuR2 knockout. It would be especially interesting to
1991; Koh et al.,, 1995). Thus, GluR2 may have aimvestigate whether a hippocampus-specific GIuR2 knock-
inhibitory effect on the C& permeability of hippocampal out, which might avoid confounding sensory and motor
neurons. Because &ainflux is an important step in the deficits, would result in enhancements in hippocampus-
induction of LTP, it is possible that GIuR2 is the productependent tasks. In addition, a temporally regulated
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hippocampal GIuR2 knockout under the control of the  The dependence of L-LTP on cAMP and PKA
tetracycline system might allow the study of transiersuggests that increasing CAMP signaling at active syn-
increases in LTP and learning. apses without changing basal levels of cCAMP or altering
In contrast to the results from genetic manipulationsasal synaptic transmission might enhance L-LTP and
of specific AMPA receptor subunits, pharmacologicahus increase long-term memory. Barad et al. (1998) used
evidence suggests that facilitation of hippocampal AM_P,%W levels of rolipram, a type IV phosphodiesterase
receptors may reduce the threshold for LTP inductiqfpipitor, to selectively enhance cAMP levels at active
without changing the properties of LTP itself. Systemigynanses while leaving basal levels of cAMP unchanged.
administration of AMPA receptor-facilitating drugs en-rq effects of this manipulation were tested on synaptic
gzgfﬁza?ﬁ;:gs?natﬁuigd;nodnS;;ag:jalrgftzp(oéfamnggf'gfeﬁﬁsﬂcity and learning. In control slices, one train of
Hmulation to the Schaffer collateral pathway in murine

1996; Hampson et al., 1998; Larson et al., 1995; Stau . :
et al., 1994). In addition, facilitation of AMPA receptor ﬁlppo_campal slices produced E-LTP, which decay_ed to
aseline levels after several hours. In contrast, in the

in hippocampal slices significantly increases the mag . .
tude of LTP produced by tetanic stimulation, thereb}/€Sence of a low dosg of rollpram thatdld not alter basal
reducing the number of tetanic stimulations necessary&@MP Ievels, one train of stimulation to the Schaffer

produce maximal LTP (Arai et al., 1996). These resulollateral pathway produced L-LTP that persisted for
suggest that facilitating hippocampal AMPA receptors efeveral hours. These effects were seen only when roli-
hances neuronal depolarization, leading to increased NMPram was present at the time of tetanus.

receptor currents, increasecPCanflux, and increased LTP. To examine the effects of rolipram on learning,
Barad et al. (1998) treated mice with a low dose of
L-LTP and Long-Term Memory Storage rolipram and tested them on the contextual fear condition-

Although our discussion has focused thus far on thad task. Mice treated with a low dose of rolipram prior to
early, transient phase of LTP (E-LTP) that lasts 1—2 Hfaining showed no differences from controls 1 hr after
hippocampal LTP, like behavioral memory, has distindt@ining but exhibited increased freezing to context 24 hr
temporal phases (Figs. 2, 3). The late phase of L@#er training. The results from low-dose rolipram treat-
(L-LTP) lasts for up to 8 hr in hippocampal slices (Frey enent fit well with those from the R(AB) mice, which
al., 1993) and for days in the intact animal (Abraham exhibit normal freezing to context 1 hr after training but
al., 1993). L-LTP can be induced by repeated bursts décreased freezing as compared with controls 24 hr after
tetanic stimulation in each of the three major pathways training (Abel et al., 1997). One potential confounding
the hippocampal trisynaptic circuit (Huang et al., 1996byariable is that rolipram treatment caused a significant
by treatments with activators of PKA (Frey et al., 1993mpairment in performance on the hippocampus-indepen-
Nguyen et al., 1994), or with dopamine receptor D1/Dgent visible platform version of the Morris water maze.
agonists (Huang and Kandel, 1995). L-LTP in each of thgnese results suggest that rolipram enhances contextual
hippocampal pathways shares with long-term memoryi@ming, but without testing the effects of rolipram on
requement for translation and transcription (Davis anginer hippocampus-independent control tasks, such as
Squire, 1984; Frey et al., 1988, 1993; Huang and Kandg|yeq fear conditioning, and other hippocampus-based
1994; Nguyen et al., 1994). tasks, such as the hidden platform version of the Morris

- : Mhter maze, it is difficult to determine whether rolipram
that PKA plays a critical role in L-LTP (Frey et al., 1993; ' P

‘specifically augments hippocampus-based learning.
Huang and Kan_del,_1994_), Abel et al. .(1997) created g The results of Barad et al. (1998) suggest that type
line of transgenic mice with reduced hippocampal PK

A . .
activity to examine the behavioral role of differen{v phosphod|ester_ase IS a memory Suppressor gene
temporal stages of LTP (Abel et al., 1997). These miggoduct that negfsmvely regulates'L-LT'P and long-term
express R(AB), a dominant negative inhibitor of PKAMEeMOry. Increasing cAMP at active hippocampal syn-
under the control of the CaMKd promoter. The R(AB) 2PS€s without affecting basal levels appears to increase
transgenic mice do not differ significantly from wild-type--LTP and thereby enhance contextual learning. In con-
animals in basal synaptic transmission or short-terist, theDrosophila duncemutant, which also shows
plasticity but have selective deficits in L-LTP in hippocamincreased cAMP levels as a result of phosphodiesterase
pal area CA1 and corresponding deficits in long-term, boanipulation, demonstrates decreased synaptic plasticity,
not short-term, contextual memory (Abel et al., 1997)ncreased basal synaptic transmission, and learning defi-
Further, pharmacological inhibition of PKA or proteincits. Alterations in basal CAMP levels iluncemay be
synthesis also selectively impairs long-term contextuegsponsible for the observed behavioral impairments.
memory (Abel et al., 1997; Bourtchouladze et al., 1998\lternatively, the genetic manipulation may result in
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developmental abnormalities or compensations not sesaministered to the subjects was chosen to avoid affecting
after transient pharmacological treatment. basal levels of cAMP, based on the studies of Barad et al.
With advanced age, the ability of rodents to lear(i998). A significant increase in the number of animals
and remember spatial tasks declines (Gallagher atiét learned the task and a significant reduction in errors
Rapp, 1997). Aged rodents appear to have a deficit in thering the last block of trials were observed in the
consolidation of short-term into long-term memory. Teolipram-treated aged mice. It will be interesting to see if
examine the relationship between L-LTP and age-relatedure genetic or pharmacological experiments will di-
memory deficits, Bach et al. (1999) investigated learnimgctly demonstrate that similar alterations specifically
and hippocampal L-LTP in aged and young mice. limited to the hippocampus result in similar enhance-
The Barnes circular maze task is sensitive tments in learning and memory.
manipulation of hippocampal LTP, and aged animals New information on negative regulatory mecha-
exhibit learning deficits in this task (Bach et al., 1995jisms of LTP and learning was generated from a series of
Barnes et al., 1994, 1996; Geinisman et al., 1995). Bastudies on a member of the opioid family, nociceptin/
et al. found that, although aged and young mice pesrphanin FQ, and its receptor, ORL-1/KOR-3 (hereafter
formed equally well in the cued portion of the Barneseferred to as nociceptin and ORL-1). ORL-1, a G-protein
task, 18-month-old mice performed significantly worseoupled receptor similar to other known opioid receptors,
than younger mice (3—-12 months old) on the spatia expressed in projection neurons in all areas of the
version of the task. In addition, hippocampal L-LTP wakippocampus (Bunzow et al., 1994; Meunier et al., 1995;
significantly decreased in the aged mice. The number Mbllereau et al., 1994; Reinscheid et al., 1995). ORL-1
errors made in the Barnes task was significantly amdtivates G-protein coupled *K(GIRK) channels and
negatively correlated with the magnitude of hippocamp@la?*-activated K channels, inhibits voltage-gated €a
L-LTP across all ages. channels (VGCCs) and L- and N-type €achannels,
Previous evidence in young rodents has suggesteadibits adenylyl cyclase, and activates the PKC pathway
that D1/D5 receptors may be critically involved in L-LTRBevan et al., 1998; Connor et al., 1996; Fukuda et al.,
(Fig. 3; Huang and Kandel, 1995). To determine wheth&898; Hawes et al., 1998; Knoflach et al., 1996).
D1/D5 agonists could attenuate age-related deficits in  There is evidence that nociceptin and ORL-1 are
L-LTP, the researchers applied the full D1/D5 agonistvolved in modulating hippocampus-based learning.
6-bromo-ApB and the partial D1/D5 agonist SKF 3839Rats injected intrahippocampally with nociceptin before
to hippocampal slices from aged mice (Bach et al., 199%9)aining show little learning in the hidden platform
Although 6-bromo-ApB has been shown to increase basarsion of the Morris water maze task (Sandin et al.,
hippocampal synaptic transmission in young mice (Huad®97). Mice lacking the ORL-1 gene learn the hidden
et al., 1996a), neither compound altered baseline synamiiatform version of the Morris water maze faster than
responses in hippocampal slices from aged mice. Batbntrols, although visible platform performance and
6-bromo-ApB and SKF 38393 significantly attenuatelbng-term retention do not appear to differ (Manabe et al.,
the age-related deficit in L-LTP when applied prior td998). Whereas application of nociceptin to normal
tetanus. The agonist 6-bromo-ApB did not enhandeppocampal slices attenuates the induction of L-LTP by
L-LTP in hippocampal slices from young mice. Wheffour trains of stimulation (Yu et al., 1997; Yu and Xie,
SKF 38393 was administered to aged mice, a significat898), hippocampal slices from the ORL-1 mutant mice
dose-dependent improvement was seen in both the perceeimonstrate increased E-LTP magnitude in response to
age of animals that learned the Barnes task and tbee train of stimulation as compared with slices from
number of errors made during the last block of trialsontrol mice (Manabe et al., 1998).
These results suggest that one of the changes in aged mice Although these results suggest that nociceptin and
responsible for impairments in synaptic plasticity an@®RL-1 are memory suppressor gene products that play
learning may be altered signaling through D1/D5 recepzhibitory roles in regulating hippocampus-based synap-
tors. This alteration could be at the level of the D1/DEc plasticity and learning, additional experiments are
receptor itself or at the level of the signal transductionecessary. It would be interesting to investigate whether
pathway coupled to the receptor. This hypothesis could fiee ORL-1 knockout mice also exhibit increased hippo-
tested directly by comparing the effects of D1/D5 agaampal L-LTP and whether the ORL-1 knockout alters
nists, forskolin, and Sp-cAMPs on L-LTP in hippocampahe hippocampal frequency response function. It would
slices from aged mice. also be interesting to explore learning and memory in
To test further whether modulation of cAMP signalmice lacking ORL-1 only in the hippocampus. Mice with
ing facilitates memory in aged mice, Bach et al. (1999 hippocampus-specific knockout of ORL-1 would offer
administered a low dose of rolipram to aged mice prior tan opportunity to investigate in detail the role of hippo-
each day of training on the Barnes task. The dosampal ORL-1 in various forms of LTP. In addition,
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testing ORL-1 knockouts on other hippocampus-bas&@DNCLUSION

Iegrning tasks, such as contextual fear conditioning,  The initial evidence for Memory suppressor genes
might generate more information on the nature of theyme from electrophysiological and molecular biological
observed learning enhancement. _studies inAplysiaand from behavioral genetic studies in
As described above, transcription and ”a”5|at'Qﬂrosophila but recent work in rodents has begun to
are necessary for both L-LTP and long-term memoryyqress this issue at both the electrophysiological and
C/EBR is a member of the CCAAT/enhancer bindingyepayioral levels. Although this work is at an early stage
protein family of transcriptional regulators that has bee&hd not all of the described experiments have examined
implicated in long-term facilitation iAplysia INAplYSia  eftects on both synaptic plasticity and behavior, the
C/EBP is mdug:ec_j in response to cAMP 5'9”?"5' perha, §periments described above have identified putative
by the transcription factor CREB, and blocking C/EB mammalian memory suppressor genes whose products
inhibits Iong—term_ facilitation (Alberini et al., 1994). In unction at three distinct points in the cascade of molecu-
mice, C/EBR, an isoform of C/EBP, is highly expresset{ar events underlying synaptic plasticity. GluR2 and

in each region of the hippocampus. Murine C/BEBP, : : .
LTI PSD-95 affect LTP induction by regulating the response
expression is induced by CAMP andTqYukawa et al., to glutamate, whereas ORL-1 may modulate membrane

1998). To explore further the role of this regulator protein

 eaming an memary Stemeck et o, (1986) generafe7 % RO Ikts ope v prosenodesirese
mice with a targeted deletion of the C/EBBene. The b

C/EBR mutant mice were tested in both the conteﬁignaling pathways activated during L-LTP. ORL-1 may

conditioning and Morris water maze tasks. The mutan?éso act at this intermediate level by inhibiting adenylyl

showed no differences from controls when tested imme p_/clase or altering PKC activity. In contrast, C/EBiRay

ately after context conditioning but exhibited enhanc antlon as a memory suppressor by regulating transcrip-

freezing as compared with controls 24 hr after trainin on. Thus, memory suppressor genes, like tumor suppres-

suggesting selectively enhanced long-term memory. M o genes, may play roles at mgltiple r_egulatory CheCk'
tants and controls performed similarly in the cued cond?CiNts during hippocampal synaptic plasticity and learning.
tioned fear task. In the hidden platform version of the . ©One of the best tools for investigating the relation-
water maze, escape latencies were similar between cSpiP Petween synaptic plasticity and learning may be to
trols and mutants, as was time spent in the target quadraftdy enhancements of leaming. Some of the memory
during the probe trial. During reversal learning, th&UPPressorgene products described in the present a_rtlcle,
mutants had significantly shorter escape latencies th4Ren inhibited, led to some form of increased leaming,
did controls during the first block of trials. Performancé&!though others led to leamning impairments. However,
on the probe trial was the same between the two group&€ Precise nature of the changes in LTP which lead to
These results suggest that C/EBay be selec- €nhanced learning are not clear. One possibility is that
tively important for long-term memory retention ofchanges in LTP magnitude, LTP threshold, or the hippo-
contextual fear conditioning, a task sensitive to hippocar@@mpal frequency response function may be responsible
pal lesions (Kim et al., 1993; Phillips and LeDoux, 1992)0" th.e observed increases in learning. However, it is _also
Because CREB and C/EBP can compete for binding R9Ssible that only a narrow range of such manipulations
cyclic AMP response elements (CRESs), it is possible th@t LTP will lead to enhanced learning. Thus, future
C/EBR normally heterodimerizes with an inhibitory€Xperiments should include manipulations that selec-
CREB isoform’ thereby preventing activation by CREQVG')’ enhance LTP magnitude without altering threshold
(Vallejo et al., 1993). In the C/EBPknockout mice, this Or frequency response. An important element of these
inhibitory constraint on CREB is absent. In this sense, ti§éudies should be to look at the effects of memory
knockout of C/EBR may be similar to the inactivation of SUppressor gene products on all three measurements, as in
ApCREB2 which leads to enhanced synaptic facilitatioMligaud et al. (1998), and on the various forms of LTP. In
in Aplysia Because genetic manipulation of C/BEBP addition, regional and temporal control of genetic manipu-
enhanced only contextual learning, it would be interedgtions of memory suppressor genes may also shed some
ing to discover whether this transcriptional regulator kght on these issues.
activated only by fear or contextual learning and not by ~ The important role of the hippocampus in a variety
spatial learning. In addition, it would be intriguing toof behaviors provides the opportunity to examine the role
investigate the effects of C/EBRnockout on the various of memory suppressor gene products more closely. This
forms of hippocampal LTP. Because C/EBRnockout can be accomplished by using nonspatial and nonstressful
affected only long-term memory for contextual conditionhippocampus-dependent tasks and all the versions of the
ing, the C/EBR knockout mice may have a correspondMorris water maze and contextual and cued fear condition-
ing selective increase in hippocampal L-LTP. ing. Precise behavioral information from these tasks will
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generate a comprehensive picture of the selective effects kinase blocks learning-related internalization of apCAM in
of memory suppressors on various types of memory. Aplysiasensory neurons. Neuron 18:913-924.
The study of memory suppressor genes and thgﬁ\nnerman DM, Good MA, Butcher SP, Ramsay M, Morris RG. 1995.

L . . Distinct components of spatial learning revealed by prior
products is important not only for understanding the link training and NMDA receptor blockade. Nature 378:182-186.

between synaptic pIaStiCity and Ieaming but also fcﬁ’arad M, Bourtchouladze R, Winder DG, Golan H, Kandel ER. 1998.
identifying potential targets for future pharmaceuticals. Rolipram, a type IV-specific phosphodiesterase inhibitor, facili-
Recent evidence has shown that it is possible to bring the tates the establishment of long-lasting long-term potentiation
results of animal research to bear on human problems of and improves memory. Proc Natl Acad Sci USA 95:15020—
learning and memory. In particular, treatment with AMPA ~ 15025.

receptor facilitating drugs attenuates some of the agéa™mes CA, Jung MW, McNaughton BL, Korol DL, Andreasson K,

. L. . Worley PF. 1994. LTP saturation and spatial learning disruption:
related Ieammg and memory deficits observed in aged effects of task variables and saturation levels. J Neurosci

humans (Lynch et al., 1997). Similarly, further study of  14.5793_g0s.
mammalian memory suppressor genes may provide Ng¥nes CA, Danysz W, Parsons CG. 1996. Effects of the uncompetitive
insights into alleviating the learning and memory deficits =~ NMDA receptor antagonist memantine on hippocampal long-
that accompany both normal aging and a variety of term potentiation, short-term exploratory modulation and spa-
human disorders. tial memory in awake, freely moving rats. Eur J Neurosci
8:565-571.
Bartsch D, Ghirardi M, Skehel PA, Karl KA, Herder SP, Chen M,
Bailey CH, Kandel ER. 1995AplysiaCREB2 represses long-
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