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ABSTRACT
Recently, dozens of mutant mice generated with gene targeting or transgenic
technologies have been shown to exhibit a distinct set of impairments in the brain
and behavior. In this review, we discuss how studies of mutant mice have helped
elucidate the mechanisms that underlie synaptic plasticity and the relationship
of these synaptic mechanisms to the activity-dependent phase of neural develop-
ment and learning and memory. We focus on the recent progress in the analysis
of whisker-related pattern formation, elimination of climbing fibers, long-term
potentiation, long-term depression, and various learning and memory tasks in
mutant mice.

INTRODUCTION

One of the greatest challenges in neuroscience is understanding how the ner-
vous system acquires, stores, and utilizes information derived from the sen-
sory world. With the establishment of the “neuron doctrine” by Cajal (1894),
which stated that the nervous system is made up of discrete units (i.e. neurons),
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Table 1 Brief description of phenotypes in other mutant mice

Targeted gene product Phenotype References
Monoamine oxidase A Disrupted barrel pattern in Cases et al 1996
(MAOCA) the somatosensory cortex;

normal in the thalamus
and trigeminal nuclei.
Synapsin | and synapsin Il Impaired transmitter release Rosahl et al 1995
during repetitive stimulation.
Normal CA1 and mossy fiber Spillane et al 1995

LTP.
Brain-derived neurotrophic factor Reduced CA1 LTP. Korte et al 1995
(BDNF)
Prion protein Impaired GABA-mediated Collinge et al 1994
inhibition; impaired CAL1 LTP.
Normal GABA, -mediated Lledo et al 1996
inhibition; normal CA1 LTP.
Normal spatial learning. Bueler et al 1992
Tissue plasminogen activator Deficient CA1 I-LTP. Frey et al 1996
(t-PA)
B2 subunit of nicotinic acetylcholine  Abnormal avoidance learning; Picciotto et al 1995
receptor f2-nAchR) normal spatial learning.
Neural-cell adhesion molecule Reduced olfactory bulb; Cremer et al 1994
(N-CAM) impaired spatial learning.

neuroscientists including Cajal proposed that modifications might occur in the
interaction between neurons. They suggested that certain neuronal modifica-
tions might underlie developmental processes as well as processes underlying
learning and memory.

In 1949, Hebb proposed a well-defined rule of synaptic plasticity: Coincident
activity in two connected neurons leads to strengthening of their connection.
Hebb further postulated that associative learning could be based on this synap-
tic modification. Today we know that synaptic plasticity is expressed in many
forms. Thus, Hebb’s coincident rule can be applied only to some forms of
synaptic plasticity. Yet the notion that neural activity leads to synaptic mod-
ifications remains central in our current understanding of activity-dependent
development, learning, and memory in the brain.

Genetics has been a powerful tool to dissect complex biological processes.
With the advent of embryonic stem-cell gene-targeting technology (Capecchi
1989), it became possible to produce a strain of mice witliseuption (also
known as a gene knockout) or some other kind of mutation in a gene of interest.
A mutant mouse strain created by the gene-targeting technology provides an
unlimited supply of animals with the identical molecular lesion defined by the
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mutation. Thus, the genetic approach provides an effective and highly specific
means for investigating the function of a particular gene in developmental pro-
cesses as well as in complex behaviors. The most significant advantage this
approach offers is that it allows researchers to assess the relationships among
phenomena observed at molecular, cellular, and systems levels.

During the past few years, a few dozen mutant mice have been generated
using the gene-targeting or transgenic technologies, and some of them exhibited
adistinct set ofimpairments in the brain and in their behavior. In this review, we
discuss how studies of mutant mice have helped elucidate the mechanisms that
underlie synaptic plasticity and the relationship of these synaptic mechanisms
to activity-dependent neural development, learning, and memory. We discuss
in detail only those gene knockout mice in which the relationship between
synaptic plasticity and development or memory have been analyzed. Table 1
lists other mutant mice along with a brief description of their phenotypes. For
coverage of the genetic manipulation technology per se, readers should refer to
reviews by Capecchi (1989, 1994) and Zimmer (1992).

MECHANISMS OF DEVELOPMENTAL PLASTICITY

Sensory pathways of the brain generally develop from crudely wired networks
to precisely organized systems through a refinement of synaptic connections.
Studies of the visual system have demonstrated that neural activity plays a
critical role in the refinement of wiring between developing neuronal groups.
N-methyl-D-aspartate (NMDA) receptors, a subtype of postsynaptic glutamate
receptors that are permeable to?Cinflux, are thought to transduce synaptic
activity to C&+-dependent cellular processes that result in the refinement (for
reviews, see Constantine-Paton et al 1990, Shatz 1990).

NMDA Receptor in Whisker-Related Neuronal Patterns

In rodents, tactile hairs (e.g. whiskers and sinus hairs) on the snout are arranged
in a discrete array and collectively form a unique sense organ that is important
for the animal’s exploratory behavior. The whisker-related neuronal pattern is
first established in the brain stem and then in the dorsal thalamus as well as in
the primary somatosensory cortex (Woolsey 1990). The role of neural activ-
ity and NMDA receptors in the development of the whisker-to-barrel system
has been studied using various antagonists, such as TTX (a voltage-gated Na-
channel blocker) and AP5 (an NMDA-receptor antagonist), applied either to
the branches of the trigeminal nerve that innervates the whiskers (Henderson
et al 1992) or directly to the barrel cortex in newborn rats (Chiaia et al 1992,
Schlaggar et al 1993). Although lesions of the sensory periphery dramatically
alter whisker-related patterns in the brain within a few days of birth (for a
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review, see Woolsey 1990), these pharmacological experiments failed to pre-
vent the emergence of the patterns.

A functional NMDA receptor is formed by the essential subunit NRlahd
atleast one of four NR2J subunits (for review, see Nakanishi 1992). The NR1
subunitis expressed ubiquitously in the brain, whereas the four NR2 subunits are
expressed in distinct regions. In mutant mice lacking the NR1 subunit, whisker-
related barrelettes in the brain stem fail to form, although pathfinding, initial
targeting, and crude topographic projection of trigeminal axons are unaffected
(Li et al 1994). Similarly, the targeted inactivation of the NR2R) subunit
disrupts the formation of the barrelette pattern in the brain stem (Kutsuwada
etal 1996). NR1 and NR2B mutant mice die prematurely before their whisker-
related neuronal patterns in the thalamus and the somatosensory cortex can be
examined. In contrast, mutant mice deficient in the NR2D subunit exhibit no
abnormalities in any of the three types of whisker-related neuronal patterns
(Ikeda et al 1995). These results demonstrate that synaptic activity mediated
by NMDA receptors is essential for the formation of periphery-related neural
patterns in the mammalian brain. In earlier pharmacological studies, inhibitors
or antagonists may have been applied too late during development to disrupt
activity-dependent refinement processes.

Upon C&* entry through NMDA receptors, €a-dependent protein kinases
such as C# /calmodulin-dependent kinase Il (CaMKII) could be activated. In
mice that lack the gene encodingcaMKII, the development of anatomical
barrel patterns seems normal (Glazewski et al 1996). The adult experience-
dependent plasticity, as measured by the changes of neuronal firings in the
barrel cortex in response to tactile inputs, is suppressed in the mutant mice.

PKCy in Activity-Dependent Synapse Elimination
in the Cerebellum

Activity-dependent refinement of neuronal pattern formation can be achieved
either by creating or strengthening properly targeted synapses or by eliminating
or weakening unwanted synapses. The latter forms of developmental synaptic
plasticity are best seen in the cerebellum. In the cerebellar cortex, Purkinje
cells (PCs) have two distinct types of excitatory synapses: one from parallel
fibers (PFs), the other from climbing fibers (CFs). Synaptic innervation of
PCs by CFs is modified dynamically during postnatal development. Around
postnatal day five (P5) in rats, each PC is innervated by three to four CFs
(Crepel 1982). Elimination of multiple CFs occurs during the second and third
postnatal weeks until a one-to-one relation between CFs and PCs is attained
at approximately P21. During this period of CF elimination, PF-PC synapses
are continuously generated concurrent with the migration of granule cells from
the external granular layer to the internal granular layer. Earlier studies using
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X ray-induced mutants indicate that PF inputs to PCs are required for the
elimination of surplus CFs (for a review, see Crepel 1982). One interesting
hypothesis is that this synapse elimination results from competition among
multiple CFs for a limiting factor (e.g. a neurotrophic factor) and that PF-PC
activity fuels this competition (Crepel 1982).

The y isoform of protein kinase C (PKg), a C&*- and phospholipid-
dependent kinase, is highly expressed in PCs but not in other types of neu-
rons in the cerebellum (Tanaka & Nishizuka 1994). The expression ofPKC
changes markedly during cerebellar development: It is very low at birth and
reaches a peak around the third postnatal week (Herms et al 1993, Moriya &
Tanaka 1994). This temporal pattern of PK@xpression coincides with the
developmental transition from multiple to single CF innervation onto each PC
in wild-type mice (see Figuresalandb). In mature PK@ mutant mice, about
40% of PCs are still innervated by multiple CFs (see Figajewhereas other
aspects of the cerebellum appear normal (Kano et al 1995). Although this type
of abnormal CF innervation of PCs has been observed in other gene knockout
mice (e.g. GluR2, mGIuR1), in contrast to PKZmutant mice, these mutant
mice harbor additional cerebellar impairments. For instance, synaptic contacts
between PFs and dendritic spines of PCs occur half as often insGlof-
tant mice as they do in normal mice (Kashiwabuchi et al 1995). In addition,
mutant mice lacking GIluBR or a subunit of metabotropic glutamate receptor
(mGIuR1) are deficient imong-term depressiofL.TD), a form of cerebellar
synaptic plasticity (Aiba et al 1994b, Kashiwabuchi et al 1995; M Kano, K
Hashimoto, A Aila & S Tonegawaunpublished observations). In contrast,
PKCy mutant mice exhibit robust LTD. The specific impairment of CF elim-
ination in the otherwise seemingly normal cerebellum of PK@utant mice,
combined with earlier studies (see Crepel 1982), suggests thay RKECs
plays a role in the CF elimination by transducing the neural signals delivered
at PF-PC and CF-PC synapses.

MECHANISMS OF SYNAPTIC PLASTICITY
IN THE HIPPOCAMPUS

Long-term potentiatioLTP) is defined as a long-lasting increase of synap-
tic efficacy following a brief high-frequency stimulation. LTP was discov-
ered by Bliss & Lomo (1973) in the dentate gyrus and since then has been
studied widely as a promising cellular mechanism for learning and memory
(Swanson et al 1982). In the hippocampus, synaptic potentiation can be classi-
fied according to its temporal duration (Bliss & Collingridge 1993, Malenka &
Nicoll 1993). Post-tetanic potentiatiofPTP) refers to synaptic enhancement
that decays within minutesShort-term potentiatiofSTP) presumably lasts
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Figure 1 The role of PKG in the activity-dependent elimination of surplus CFa). The stylish
representation of the temporal pattern of BK€xpression (see text). Developmental change in the
percent of PCs innervated by two or more CFdjnwild-type or ) PKCy mutant mice (data taken
from Kano et al 1995). Major elimination of CFs occurred around postnatal day 21 in wild-type
mice when PK@ expression peaked, whereas such elimination did not occur in the mutant mice.
CFs, climbing fibers; PCs, Purkinje cells.

for 10-20 min. LTP can last at least 1 h. LTP has been observed in the three
major excitatory synapses in the trisynaptic circuit of the hippocampus (see
Figure 2). In this circuit, the perforant pathway runs from the pyramidal cells
of the entorhinal area to the granule cells of the dentate gyrus (dentate LTP);
the mossy fiber pathway runs from the granule cells of the DG to the CA3
pyramidal cells (mossy fiber LTP); and the Schaffer collateral pathway runs
from the CA3 pyramidal cells to the CA1 pyramidal cells (CAL1 LTP).
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Figure 2 The trisynaptic circuit of the hippocampus as a part of the memory system residing in the
medial temporal lobe (based on Amaral & Witter 1989, Witter 1993, Huang et al 1995). LTP has
been observed in the perforant pathway (DG, the dentate gyrus), the mossy fiber pathway (CA3),
and the Schaffer collateral pathway (CAL).

3

Types of hippocampal LTP can also be distinguished on the basis of their
dependence on NMDA receptors (Bliss & Collingridge 1993, Nicoll & Malenka
1995). Both dentate LTP and CA1 LTP are initiated postsynaptically by the
activation of NMDA receptors. In CA1 LTP, this activation leads t¢ Ciaflux
and subsequent activation of PKC, CaMKIl, and tyrosine kinases (for review,
see Bliss & Collingridge 1993, Malenka & Nicoll 1993). In addition, Bashir
et al (1993) have suggested that mGluRs are required for the induction of CA1
LTP. However, the role of mGIuRs remains uncertain because it is difficult to
establish the efficacy and specificity of agonists or antagonists for this family
of receptors (Chinestra et al 1993, Manzoni et al 1994). It is unclear whether
dentate LTP shares these molecular cascades with CA1 LTP (see below). In
contrast, it is quite certain that CA3 LTP is independent of NMDA receptors
and is thought to be initiated presynaptically (Zalutsky & Nicoll 1990). The
cAMP-dependent protein kinase A (PKA) has been shown to be critical for
CAS3 LTP (Huang et al 1994, Weisskopf et al 1994) but not for CAL1 LTP (see
also Huang & Kandel 1994).

The CAL1 LTP and the mossy fiber LTP both are induced by a single train of
tetanus. Another form of LTP, called late phase LTP (I-LTP), which is induced
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Table 2 Summary of impairments in synaptic plasticity and hippocampus-dependent memory

Mutant CAl Mossy Dentate Spatial  Contextual
mice LTP LTP LTP learning conditioning References
aCaMKIl Deficient  N/A N/A Deficient  Deficient  Silva et al 1992
Chen et al 1994
fyn Impaired  N/A N/A Impaired  N/A Grant et al 1992
PKCy Impaired  Normal Normal Impaired Impaired  Abeliovich et al 1993a,b

Hsia et al 1995
Chen et al, unpublished
observations

mGIuR1 Impaired  Normal N/A Impaired Impaired  Aiba et al 1994a
Hsia et al 1995
Normal Impaired  Normal Impaired  N/A Conquet et al 1994
PKA (C81  Normal Deficient  N/A Normal Normal Brandon et al 1995
or RIB) Huang et al 1995
Thy-1 Normal N/A Impaired  Normal N/A Nosten-Bertrand et al
1996

by multiple trains of tetanus and which lasts for at least several hours, has been
found in both the CA1 and CA3 regions (Frey et al 1993, Huang & Kandel
1994). In contrast to CAL1 LTP, I-LTP is blocked by inhibitors of PKA and by
inhibitors of protein synthesis (Frey et al 1993, Huang et al 1994, Nguyen et al
1994).

LTP at Schaffer Collateral-CA1 Synapses

PROTEINKINASES The involvement of C& -sensitive kinases in CAL LTP has
been confirmed by the observations that an LTP impairment occurs to various
degrees in the hippocampal slices derived from several gene knockout mice (see
Table 2). The impairment is severe and cannot be overcome by electrophysio-
logical manipulations ieCaMKII mutant mice (Silva et al 1992a, Stevens et al
1994). The LTP impairment in mutant mice lacking a tyrosine kifaseccurs

in response to a tetanus of low intensity but not to one of high intensity (Grant
et al 1992). PK@ mutant mice lack LTP induced by a conventional high-
frequency tetanus but are capable of generating LTP-like potentiation when the
tetanus is preceded by low-frequency (1 Hz) stimuli (Abeliovich et al 1993a).
Transgenic mice expressing a constitutively active, autophosphorylated form
of «CaMKII exhibit normal CAL1 LTP upon a 100-Hz tetanus and show an en-
hanced capacity to generate LTD following lower frequency (1-10 Hz) stimula-
tions (Mayford et al 1995). This observation indicates thaaMKII regulates

the frequency-response function for the production of LTP and LTD.
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GLUTAMATE RECEPTORS NRL1 is expressed ubiquitously in the brain, whereas
among NR2 subunits only NR2A and NR2B are expressed in CA1 and CA3
pyramidal cells in the adult hippocampus (Monyer et al 1994). Targeted disrup-
tion of the NR2A ¢1) subunit gene results in a reduction of both the NMDA
receptor currentand the CA1 LTP (Sakimura et al 1995). Unfortunately, prema-
ture death of NR1 or NR2B mutant mice precludes analysis of synaptic plasticity
in adult animals (Forrest et al 1994, Li et al 1994, Kutsuwada et al 1996).

Different phenotypes have been observed in the mGIluR1 mutant mice gener-
ated by two research groups. Aiba et al (1994a) reported a reduced amplitude of
CA1LTP inits line of mGIuR1 mutant mice. In contrast, Conquet et al (1994)
reported normal CA1 LTP. Other contradictory findings have been reported on
these two lines of mice (see below). The cause of these different phenotypes is
unknown.

PRIMED LTP An interesting finding in gene knockout studies is greming
effecton CAL1 LTP. In PKG’ mutant mice, LTP was absent after a conventional
tetanus but could be induced when the tetanus was preceded by a 1-Hz stimu-
lation lasting for 10 min (Abeliovich et al 1993a). Although the low-frequency
stimulation induces LTD (Dudeck & Bear 1992), a prior induction of LTD is

not required for the subsequent induction of CA1 LTP in BKi@utant mice.

In contrast, priming had no effect in the induction of CA1 LTP in mGIuR1
(Aiba et al 1994a) ooz CaMKII mutant mice (Stevens et al 1994). Perhaps the
low-frequency priming activates a second messenger system that can substitute
for the deficient PK@.

NITRIC OXIDE AND CARBON MONOXIDE Researchers generally agree that the
induction of CAL1 LTP occurs postsynaptically (Bliss & Collingridge 1993), but
whether the expression of LTP is presynaptic or postsynaptic or both remains
controversial (e.g. Manabe & Nicoll 1994, Stevens & Wang 1994). If there is

a presynaptic component in the expression of LTP, one has to assume that there
are some retrograde messengers that travel from the postsynaptic site to the
presynaptic terminal. Inhibitors for the production of two candidate retrograde
molecules, nitric oxide (NO) and carbon monoxide (CO), are reported to block
LTP in hippocampal slices (O’Dell et al 1991, Schuman & Madison 1991,
Stevens & Wang 1993, Zhuo et al 1993). However, LTP is normal in mutant
mice lacking either the neuronal isoform of nitric oxide synthase (nNOS) or
the major cerebral isoform of CO-producing heme oxygenase (HO-2) (O'Dell
et al 1994, Poss et al 1995). In O'Dell's and Poss’s studies, inhibitors of NO
or CO were still able to block LTP in the nNOS or HO-2 mutant mice, which
suggests the involvement of other enzyme isoforms. A recent study showed
that, as with nNOS mutant mice, CA1 LTP is normal in eNOS (the endothelial
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isoform) mutant mice but impaired in the double mutant mice that lack both
NNOS and eNOS (Son et al 1996). These results support the idea that NO is
involved in CA1 LTP. Perhaps, nNOS and eNOS can compensate for each other
in the single knockouts.

Late Phase LTP at Schaffer Collateral-CA1 Synapses

The cAMP-responsive element-binding protein (CREB) is an attractive can-
didate that mediates I-LTP, because this transcription factor activates the tran-
scription of several genes with the cAMP-responsive element (CRE) sequence
in response to increases in intracellular cAMP andCan mice deficient in

thea andy isoforms of CREB, the magnitude of CA1 LTP induced by one train
of tetanus (100 Hz, 1s) was reduced during the initial 60 min after the tetanus,
and it decayed to baseline 90 min later (Bourtchuladze et al 1994). Thus, there
seems to be a greater impairment in I-LTP than in the early phase. But it is
puzzling that LTP, which is not supposed to depend on protein synthesis, is
affected by the CREB gene inactivation. It remains to be tested whether more
specific impairments can be revealed if multiple trains of tetanus, a conven-
tional protocol to induce I-LTP (Frey et al 1993, Huang et al 1994, Nguyen et al
1994), are used instead of a single train. Another puzzling result comes from
mutant mice deficient for type | adenylyl cyclase (I-AC), which is responsible
for generating cAMP. Wu et al (1995) found that the magnitude of CA1 LTP
was reduced during the initial 30 min after three repeated trains of tetanus in
[-AC mutant mice, whereas I-LTP (up to 4 h) was unaffected. Overall, mutant
mice deficient in the cAMP pathway have not yet provided a clear picture of the
specific role of CAMP and the cAMP-responsive transcription factor in |-LTP.

LTP at the Perforant-Granule Synapses

and Mossy Fiber-CA3 Synapses

Dentate LTP is assumed to be generated by the same mechanisms as CA1 LTP

(Bliss & Collingridge 1993). However, the notion that dentate LTP and CA1

LTP are generated by a common mechanism is challenged by two studies on

mutant mice. We found that dentate LTP is unaltered in PK@utant mice

(C Chen, LC Butler, JO McNamama & S Tonegawa,unpublished data),

whereas CAL LTP had been shown to be impaired (Abeliovich et al 1993a).

Nosten-Bertrand et al (1996) showed that in vivo dentate LTP is impaired but

CA1LTP is normal in mutant mice deficient in the neuronal glycoprotein Thy-

1. These results indicate that dentate LTP may be distinct from CA1 LTP in

some biochemical cascades, although both depend on NMDA receptors.
Mutant mice lacking either the catalytic subunit isoforng(Qg or the regu-

latory subunit isoform (R3) of PKA are deficient in mossy fiber LTP but not

in CA1 LTP (Brandon et al 1995, Huang et al 1995). These results confirm a
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critical role of PKA in the induction of mossy fiber LTP, which was shown pre-
viously by pharmacological studies (Huang et al 1994, Weisskopf et al 1994).
In contrast to PKA mutant mice, PKCmutant mice exhibit an apparently in-
tact mossy fiber LTP (Hsia et al 1995). Conquet et al (1994) reported impaired
mossy fiber LTP in their line of MGIuR1 mutant mice, while Hsia et al (1995)
showed that mossy fiber LTP is intact in Aiba et al's (1994a) mutant line. This
is the same discrepancy that appeared in studies of CA1 LTP, and again, no
obvious explanation can be given for these divergent results.

In sum, most results obtained with gene knockout mice complement those
obtained by pharmacological studies; in some cases, gene knockout studies
extend the pharmacological studies by specifying the role of a particular iso-
form. However, the genetic approach has yet to provide a complete picture of
the molecular cascades essential for LTP. One future direction is to “rescue”
LTP in mutant mice by pharmacological or genetic manipulations. Such rescue
experiments can further define the extent and specificity of deficits caused by
the single gene knockout and help to identify other molecules interacting with
the missing gene product.

SYNAPTIC PLASTICITY AND
HIPPOCAMPUS-DEPENDENT MEMORY

Hebb (1949) postulated that associative learning might be based on strength-
ening of synaptic connections among neurons that are coincidentally active.
Hippocampal LTP appears to satisfy this coincidental activity rule (Bliss &
Lomo 1973): Both presynaptic stimulation and postsynaptic depolarization
are required for its induction; the potentiation is specific for the activated
synapses; and itis long-lasting well beyond initial stimulation (see also Bliss &
Collingridge 1993). These properties make LTP an attractive candidate mech-
anism for learning and memory.

The hippocampus is a major component of the medial temporal lobe, a brain
system that plays an important role in declarative or relational memory (for
review, see Eichenbaum etal 1992, Squire 1992). In this brain system, synaptic
plasticity at the trisynaptic circuit of the hippocampus has been best studied
in relation to learning and memory (see Figure 2). Previous lesion studies in
rodents confirmed that two forms of declarative memory, spatial memory and
contextual fear memory, depend on the intact hippocampus (Blanchard & Fial
1968, Morris etal 1982, Kim & Fanselow 1992, Phillips & LeDoux 1992, Chen
etal 1996). Furthermore, both spatial memory and contextual fear memory have
been shown to be disrupted by AP5, a specific antagonist for NMDA receptors,
which could also block dentate LTP in vivo (Morris et al 1986, Kim et al 1991).
These results support the notion that the form of LTP requiring the activation of
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NMDA receptors is critical for these forms of hippocampus-dependent learning
and memory (Swanson et al 1982, McNaughton et al 1986).

These combined pharmacological and behavioral studies have a number of
caveats. For instance, since AP5 blocks NMDA receptor-dependent LTP and
LTD, one cannot conclude which of these two forms of synaptic plasticity under-
lies the tested learning ability. Another uncertainty accompanying these studies
is related to the site of synaptic plasticity. Is LTP (or LTD) at all three types
of excitatory hippocampal synapses needed for spatial or contextual learning?
Or, is LTP at one or two types of these synapses dispensable? Since each gene
knockout mouse exhibits a distinct pattern of deficiency or impairment with
respect to the form of synaptic plasticity and the type of hippocampal synapses
(see above), the combined electrophysiological and behavioral studies of mul-
tiple gene knockout mice may be enlightening.

An Important Role of CA1 LTP in Spatial and
Contextual Learning

The first @CaMKIl) and the secondiyn) gene knockout mice analyzed by a
learning task (Morris water maze) provided data that are consistent with the
notion that CA1 LTP underlies spatial learning (Grant et al 1992; Silva et al
1992a,b). Subsequently, PkGnutant mice, which are deficient in the con-
ventionally induced CA1 LTP but are proficient in primed LTP, were shown to
exhibit mild deficits in both spatial learning (Morris water maze) and contextual
fear conditioning (Abeliovich et al 1993a,b). These results were interpreted to
indicate that PK@ deficiency results in a modification in the ability of CA1
synapses to have LTP induced and that this modification underlies the observed
mild deficits in spatial and contextual learning.

More recently, Conquet et al's (1994) line of mGIuR1 mutant mice was re-
ported to have animpairmentin spatial learning. As mentioned earlier, Conquet
et al reported that CA1 LTP was normal in the hippocampal slices derived from
their mGIluR1 mutant mice. If these claims hold, a serious blow has been dealt
to the notion that CA1 LTP underlies spatial learning. However, as was also
mentioned earlier, the Aiba et al's (1994a,b) mGIuR1 mutant mice have been
reported to exhibit a reduced CA1 LTP and a moderate deficit in contextual
fear conditioning. This latter work, in contrast to Conquet et al's, supports the
hypothesis that CA1 LTP is the cellular substrate for contextual learning (Aiba
et al 1994a,b). Both PKE (Abeliovich et al 1993a) and mGIuR1 (Aiba et al
1994a) mutant mice exhibit apparently normal CA1 LTD. These data combined
with the deficits in spatial and contextual conditioning observed in these mu-
tant mice do not support the hypothesis that CA1 LTD plays a primary role in
these forms of learning. This conclusion is further supported by the analysis of
PKA mutant mice, which exhibited impaired CA1 LTD and normal spatial and
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contextual learning (Brandon et al 1995, Huang et al 1995). Thus, except for
Conguet et al's (1994) mGIluR1 mutant study, researchers have correlated an
impairment in CA1 LTP with an impairment in spatial learning and contextual
fear conditioning (see Table 2).

Is CA1 I-LTP Important for Memory Consolidation?

The transfer of information from short-term memory to long-term storage in the
nervous system is thought to require new protein synthesis, a conclusion based
on experiments with fish, rodents, and birds, using a variety of tasks (for review,
see Davis & Squire 1984). Previous work in the marine siplysiasuggests

a link among the increase in intracellular cAMP levels, protein synthesis, and
memory consolidation (Goelet et al 1986, Dash et al 1990, Alberini et al 1994).
As mentioned earlier, in both the CA1 and CAS3 regions of the hippocampus
taken from normal rats, I-LTP induced by repeated high-frequency stimulations
is blocked by antagonists or inhibitors of cCAMP signaling and by inhibitors of
protein synthesis (Frey et al 1993, Huang et al 1994, Nguyen et al 1994).

Studies of CREB mutant mice have suggested a role for the cAMP-responsive
transcription factor in memory consolidation (Bourtchouladze et al 1994).
CREB mutant mice display normal contextual fear memory at 30 min after
training. However, they begin to lose the memdarh after training, and show
even greater loss of memory 24 h later. Thus, it appears that the memory impair-
ment, in CREB mutant mice, is selective for memories lasting longer than 30
min. Bourtchuladze et al (1994) suggest that the impairment in I-LTP (90-120
min after stimulation) in the CA1 area correlates with the long-term memory
deficit. But this correlation is weakened by the observation that CREB mu-
tant mice are also impaired in the consolidation of cued fear conditioning, a
hippocampus-independent task.

The type | adenylyl cyclase (I-AC) mutant mice, which have reduced CA1
LTP, learnto find a hidden platform in the Morris water maze normally (Wu et al
1995), but they do not display a preference for the region where the platform
had been after it is removed, suggesting a weak spatial memory. The memory
impairment in I-AC mutant mice is correlated with an impairment in LTP that
occurs within 30 min after the tetanus, whereas I-LTP seems normal in the
mutant mice.

Dentate LTP and Mossy Fiber LTP May Be Dispensable

for Spatial and Contextual Learning

Since dentate LTP and mossy fiber LTP are normal in PK@utant mice
(see above), and CA1 LTP and the contextual fear conditioning are impaired
(Abeliovich et al 19934, b), neither dentate LTP nor mossy fiber LTP seem to
be able to support full-fledged contextual conditioning. Indeed, Huang et al
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(1995) found that the defect of mossy fiber LTP in the mutant mice lacking
the C81 or the RB isoform of PKA does not disrupt spatial and contextual
learning, indicating that mossy fiber LTP is dispensable for these forms of
learning. Dentate LTP also seems to be dispensable because the mutant mice
deficient in Thy-1 are impaired in dentate LTP but are unimpaired in spatial
learning (Nosten-Bertrand et al 1996). These mutant mice exhibit normal CA1
LTP, which is again consistent with the notion that CA1 LTP is crucial for spatial
learning.

In summary, most of the results from gene knockout mutant mice appear to
support the view that LTP in the CA1 region is the primary synaptic mechanism
for hippocampus-dependent spatial and contextual learning. In contrastto CA1
LTP, dentate LTP and mossy fiber LTP seem to be dispensable for these forms
of learning as long as CAL LTP is intact. However, these conclusions do not
imply that these types of synaptic plasticity do not contribute to spatial and
contextual learning in wild-type animals.

MECHANISMS OF SYNAPTIC PLASTICITY
IN THE CEREBELLUM

Inthe cerebellum, LTD can be induced at PF-PC synapses following conjunctive
stimulation of PFs and CFs (Ito et al 1982, Sakurai 1987, Ito 1989). The molec-
ular mechanisms underlying cerebellar LTD are beginning to be elucidated (for
review, see Linden 1994). In addition to an elevation of intracellular calcium
(Sakurai 1990, Konnerth et al 1992), activation of both ionotropic AMPA re-
ceptors and mGIuRs are thought to be necessary for LTD induction (Linden
et al 1991, Daniel et al 1992, Hartell 1994). Antibodies against mGIuR1, a
subtype of mGIuRs that is abundant in PCs (Shigemoto et al 1992, Fotuhi et al
1993), block LTD induction in a cell culture system (Shigemoto et al 1994).
Activation of PKC by phorbol ester results in LTD (Crepel & Krupa 1988,
Linden & Connor 1991), whereas inhibitors of PKC prevent the induction, but
not the maintenance, of LTD (Linden & Connor 1991).

Cerebellar LTD is clearly deficient in the two independently generated lines
of mGIuR1 mutant mice (Aiba et al 1994b, Conquet et al 1994). In contrast,
other electrophysiological properties, such as excitatory synaptic transmission
and short-term synaptic plasticity at both PF-PC and CF-PC synapses, seem
to be normal in these mutants. The anatomy of the cerebellum does not ap-
pear to be overly disturbed (based on examination with both light and electron
microscopy). These data suggest that mGIuR1 is essential for cerebellar LTD.
Activation of mGIuR1 at the PF-PC synapses results in the releasé ofiom
intracellular stores and in the activation of PKC (Nishizuka 1988, Aramori &
Nakanishi 1992). Although the €arelease is too small to induce LTD, the
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Ca+ elevation that follows the activation of CF-PC synapses is much more pro-
nounced (Konnerth et al 1992, Miyakawa et al 1992, Takei et al 1992). Based
on previous pharmacological studies (Crepel & Krupa 1988, Linden & Connor
1991) and on the mGIuR1 mutant (Aiba et al 1994b) studies, researchers have
concluded that for the induction of LTD the activation of PKC rather than the
Ca&* release is the crucial event that follows the mGIuR1 activation at PF-PC
synapses.

Since PK(@ is the major isoform of PKC present in PCs, one might expect
that LTD would be deficient or reduced in PiGnutant mice; however, this
result was not found (Chen et al 1995). Nevertheless, PK@y play a role
in the induction of LTD in wild-type mice. This possibility is suggested by
the differential inhibitory effect of a PKC inhibitor, peptide PKC(19-36), on
LTD induced in wild-type and PK{& mutant mice. In agreement with earlier
reports (Linden & Conner 1991, Hemart et al 1995), this inhibitor blocked the
induction of LTD in wild-type slices. In contrast, in the mutant slices LTD was
not abolished entirely by the inhibitor; only the magnitude was reduced (Chen
et al 1995). This observation suggests that the mutant LTD involves other PKC
isoforms that are less sensitive to the inhibitor than the one responsible for the
wild-type LTD.

Another unexpected finding came from the analysis of mutant mice deficient
in glial fibrillary acidic protein (GFAP). GFAP is an intermediate filament pro-
tein highly expressed in cerebellar Bergmann glia. It was reported that LTD is
not induced in the cerebellar slices derived from GFAP mutant mice (Shibuki
et al 1996). This finding suggests that LTD induction requires communication
between PCs and Bergmann glia. In cultured cells, neurotransmitter-mediated
communication between neurons and glia has been demonstrated (Nedergaard
1994, Parpura et al 1994), but the precise mechanism of glia-neuron communi-
cation in synaptic plasticity remains unknown. As mentioned earlier, cerebellar
LTD is also impaired in GluR2 mutant mice (Kashiwabuchi et al 1995).

SYNAPTIC PLASTICITY AND
CEREBELLUM-DEPENDENT MEMORY

The classic neurological concept that the cerebellum is a site of motor control

originates from observations that patients with cerebellar damage often exhibit
motor-related clinical symptoms such as gait ataxia, dysmetria, hypotonia, and
tremor (Dow & Moruzzi 1958). Thach et al (1992) suggested that the adap-

tive role of the cerebellar cortex is to combine simpler elements of movement

into more complex coordinated acts. They also suggest that the cerebellum
allows simple, stereotyped reflexes to adapt appropriately to different task con-
ditions. These notions imply two distinct functions of the cerebellum: learning
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associated with component movements (discrete motor learning) and smooth
performance of compound movements (motor coordination).

Evidence suggests that stored in the cerebellum are the memory traces for
discrete motor learning, such as adaptation of vestibulo-ocular reflex (VOR)
(for a review, see Ito 1984) and classical conditioning of eyeblink response
(McCormick & Thompson 1984, Yeo et al 1984, Lavond et al 1985, Thompson
1986, Skelton 1988, Daum et al 1993, Krupa et al 1993, Molchan et al 1994).

Like hippocampal LTP, cerebellar LTD also satisfies the properties postulated
by Hebb (1949): LTD is induced when PF-PC synapses are activated within
a certain short period during which postsynaptic depolarization occurs as a
consequence of the activation of CF-PC synapses; the depression is specific to
the activated PF-PC synapses; and itis longlasting (Ito 1989, Linden 1994). The
associative nature of cerebellar LTD, by which temporally conjugated activation
of two afferent pathways but not of each alone is required for its induction, makes
this form of synaptic plasticity particularly suitable for associative learning
and memory. Thus, LTD at PF-PC synapses has been suggested as a cellular
substrate for discrete motor learning (Ito et al 1982, Ito 1989, Thompson et al
1993, 1to 1994, Chen & Thompson 1995). Furthermore, LTD has been proposed
to underlie motor coordination (Ito 1984). However, little direct evidence has
linked LTD to discrete motor learning. In addition, it is not clear whether motor
coordination depends on an animal’s ability to acquire discrete motor learning
and in turn on the presence of cerebellar LTD. Recent progress made using gene
knockout mice has shed some light on these issues.

Role of LTD in Associative Learning of Discrete
Motor Responses

During eyeblink conditioning, an initially neutral tone (known as a conditioned
stimulus or CS) is paired with an airpuff or a peri-orbital shock (known as an
unconditioned stimulus or US). To achieve effective conditioning, the onset of
the CS has to precede the US by about 250 ms. This temporal requirement for
the CS and the US is a common feature in all forms of classical conditioning
(Rescorla 1988). Before conditioning, the CS (tone) alone does not elicit an
eyeblink, but the US (airpuff or shock) does (called the unconditioned response
or UR). After more than 100 trials pairing the CS and US, the animal learns
that the tone is a reliable predictor of the US, so that the tone alone evokes an
eyeblink (called the conditioned response or CR). As training proceeds, there
is a gradual increase in both the probability and the amplitude of tone-evoked
eyeblinks (i.e. CRs).

Based on lesion, recording, and stimulation studies, Thompson (1986) pro-
posed the putative neural circuit for eyeblink conditioning: The tone signal
(CS) enters the cerebellum via mossy fibers, while the airpuff or shock signal
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Table 3 Summary of impairments in motor behaviors, climbing fiber innervation, and synaptic
plasticity in the cerebellum

Mutant Motor Eyeblink CF
mice coordination  conditioning  innervation LTD References
PKCy Impaired Facilitated Multiple Normal Chen et al 1995
Kano et al 1995
mGIuR1 Impaired Impaired Multiple Impaired  Aiba et al 1994a,b
Conquet et al 1994
Kano et al, unpublished
observations
GluRs2 Impaired Not tested Multiple Impaired  Kashiwabuchi et al
1995
GFAP Normal Impaired Normal Impaired  Shibuki et al 1996

(US) enters via climbing fibers. Purkinje cells send outputs to a deep cerebellar
nucleus, the interpositus nucleus, which in turn projects to the red nucleus in
the brain stem. Two sensory signals converge on the PCs and deep nuclear neu-
rons. According to this neural circuit, two forms of synaptic plasticity could

be involved in associative learning of eyeblink response (see Figure 3). LTD
at PF-PC synapses decreases the excitability of PCs, which send an inhibitory
output, the sole output of the cerebellar cortex, to deep cerebellar nuclear neu-
rons. Thus, LTD disinhibits the nuclear neurons. The second form of synaptic
plasticity is long-term enhancement at excitatory synapses from mossy fibers
to nuclear neurons, as one study has suggested (Racine et al 1986). The net
effect of LTD at PF-PC synapses and the enhancement at mossy fiber-nuclear
neuron synapses is to increase the excitability of nuclear neurons. Thus, the
signal transfer function through the cerebellum in response to the CS (tone) is
enhanced, leading to the emergence of the CR (Figure 3).

The role of cerebellar LTD in associative eyeblink conditioning has been
examined in mGIuR1 mutant mice generated by Aiba et al (1994b). Cerebellar
LTD is clearly deficient in the mGIuR1 mutant mice, and the amplitude of
the conditioned response is reduced (Aiba et al 1994b). Thus, cerebellar LTD
appears to be involved in eyeblink conditioning. This correlation is further
supported by studies of other mutant mice (see Table 3). GFAP mutant mice
have deficient LTD and impaired eyeblink conditioning (Shibuki et al 1995).
Although eyeblink conditioning is markedly impaired, both mGluR1 and GFAP
mutant mice still retain some degree of eyeblink conditioning (Aiba et al 1994b,
Shibuki et al 1996). Thus, an apparently complete loss of LTD in the cerebellar
cortex causes only a partial deficit in eyeblink conditioning, suggesting that
the LTD plays only a partial role in this learning. This conclusion seems
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Figure 3 A model describing the role of synaptic plasticity in the cerebellum in eyeblink condi-
tioning, based on the neural circuit proposed by Thompson (1986). Two forms of synaptic plasticity
are postulated to support the conditioning) I(TD at PF-PC synapses decreases the excitability of
PCs inresponse to the CS. Since PCs send an inhibitory output to deep cerebellar nuclear neurons,
LTD reduces the inhibition in the lattelb) LTP occurs at excitatory synapses from mossy fibers to
nuclear neurons. The net effect of the LTD and the LTP is increased excitability of output nuclear
neurons. As a result, the signal transfer function of the cerebellum is enhanced in response to the
CS. CS, conditioned stimulus (i.e. tone); PCs, Purkinje cells.
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to corroborate with the results of previous lesion studies: Lesions limited to
the cerebellar cortex cause only partial impairment in eyeblink conditioning,
whereas lesions in the interpositus nucleus, a deep cerebellar nucleus, result
in a complete deficit (for review, see Thompson & Krupa 1994). It would be
helpful if future studies evaluated the role of synaptic plasticity in the deep
cerebellar nuclei.

Eyeblink conditioning is facilitated in the early stage of training in BKC
mutant mice (Chen et al 1995). One possible explanation is that the multiple CF
innervation that occurs in these mice (see above) results in a higher than normal
number of impulses for PCs. During the acquisition of CRs, a higher number
of complex spikes may be elicited in response to the US in PK@itant PCs
than in wild-type PCs. Consequently, LTD induction may be facilitated in
the mutant mice, leading to a faster acquisition of CRs. The validity of this
hypothesis could be tested by monitoring complex spikes in PCs that occur
during eyeblink conditioning.

Role of LTD and Discrete Motor Learning
in Movement Coordination

We nowturn to the issue of whether LTD inducibility and discrete motor learning
capability are required for motor coordination (see Table 3). mGIluR1 mutant
mice are deficient in LTD, are impaired in eyeblink conditioning, and exhibit
motor discoordination (Aiba et al 1994b, Conquet et al 1994). PKaitant
mice retain LTD inducibility and are capable of eyeblink conditioning but are
impaired in motor coordination (Chen et al 1995). Thus, PK@utant mice
seem to be able to acquire the memory for movement components but cannot
properly combine them spatially and temporally to achieve complex coordi-
nated acts. GFAP mutant mice exhibit a phenotype opposite to that of PKC
deficient LTD, impaired eyeblink conditioning, and normal motor coordination
(Shibuki et al 1996).

The three mutant mice displaying motor discoordination all harbor multiple
innervation of PCs by CFs in the mature cerebellum (see Table 3). On the
basis of physiological deficits and behavioral consequences observed in these
mutant mice, Chen et al (1995) proposed that mono-innervation of PCs by
CFs is required for motor coordination (see Figure 4). The cerebellar cortex is
composed of numerous distinct compartments knowniaszoneswhich are
thought to be the functional units that control component movement (Oscars-
son 1979, I1to 1984). PCs in each microzone receive common excitatory inputs
from CFs that emanate, in normal adult animals, from a distinct subgroup of
olivary neurons in the brain stem. A compound movement requires a program
that will coordinate many component movements in an orderly fashion (Thach
et al 1992). It is generally believed that the basic program for a compound
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(a) Wild-type mouse (b} PKCy mutant mouse
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@ Purkinje cell innervated by multiple CFs

Figure 4 A schematic diagram depicting the role of CFs in motor coordination (modified from
Chen et al 1995). Olivary neurons are organized into various subgroups (solid vs open circles).
(a) In the wild-type cerebellum, each PC is innervated by only one CF and thus can be driven only
by one subgroup of olivary neurons at a given time in a given movement. Each functional unit,
which corresponds to a microzone, of PCs (solid vs open circles) presumably corresponds to each
component movementin a coordinated abj.lif PKCy mutant mice, certain PCs are innervated by
multiple CFs. These PCs would be driven by mixed subgroups of olivary neurons (striped circles).
Thus, multiple CF innervation could disrupt either the delivery of the refined motor program or
the error-correction mechanism, eventually leading to impaired motor coordination in the mutant
mice. CFs, climbing fibers; PCs, Purkinje cells.

movement, such as walking, resides in the cerebral cortex (Allen & Tsukahara
1974, Fetz 1993). Furthermore, such a basic cerebral program has to be mod-
ified or refined in the cerebellum if the animal is to perform the movement
smoothly or skillfully (Ito 1984, Thach et al 1992).

Neuroscientists differ in their views on how the cerebellum and its associated
structures accomplish program refinement. One view is that the refinement
instruction for coordinated movements is generated in the inferior olive by
dynamic synchronization of neuronal subgroups (Llinas & Yarom 1981, 1986;
Llinas & Welsh 1993; Welsh et al 1995). According to this idea, CFs transmit
to PCs signals for a refined program. In adult wild-type mice with mono-
innervation of PCs by CFs, each PC presumably would follow the direction
of one subgroup of synchronous olivary neurons at a given time in a given
movement. By contrast, in either adult PKCMGIuR1, or GIluR2 mutant
mice or wild-type mice younger than three weeks, certain PCs with multiple
CF innervation would receive inputs from olivary neurons of two or more
different subgroups. This would make it difficult for such PCs to respond in
synchrony with a particular subpopulation of olivary cells (see Figure 4). Thus,
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the coherence of neural activity in each cerebellar functional unit would be
disrupted and motor coordination impaired.

Another view is that CFs transmit to PCs so-called error signals that are
detected by inferior olivary neurons as the difference between the intended
and executed movements (Marr 1969, Albus 1971, Ito 1984, Gellman et al
1985, Thach et al 1992). The error signal transmitted by a CF to a PC will
induce LTD in the PF-PC synapses (Ito 1989), which results in a suppression of
the neural activity in the neural circuit responsible for the erroneous movement.
The single innervation would assure exquisite specificity in the error-correction
mechanism. Inanimals with multiple CF innervation, PCs of amicrozone would
receive not only the proper error signal but also other signals via the surplus
CFs (see Figure 4). The strength of PF-PC synapses in certain microzones
would be inappropriately modified by wrong error signals. As a consequence,
the cerebellum would not be able to properly control compound movements. If
LTD is a part of the error-correction mechanism, why do GFAP mutant mice,
which lack LTD, show apparently normal motor coordination? One possibility
is that the employed behavioral tests for motor coordination are not sensitive
enough to detect subtle impairments. Another possibility is that other forms of
synaptic plasticity are sufficient for the smooth operation of the tested behavioral
tasks.

Recent data (see Table 3) are compatible with both views on the role of
CFs in motor coordination: transmission of motor program-refining signals
by dynamic synchronization of olivary neuronal subgroups (Llinas & Welsh
1993), or transmission of error-correction signals for synaptic plasticity (Ito
1984). The studies on gene knockout mice, especially those ory PK@ant
mice, have provided an attractive hypothesis for the physiological role of the
developmental elimination of the surplus CFs.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Studies on gene knockout mice have contributed significantly to our under-
standing of the mechanisms of synaptic plasticity and its role in the activity-
dependent phase of neural development, learning, and memory. The specific
progress made has demonstrated the following:

1. NMDA receptors are critically important for whisker-related pattern forma-
tion.

2. PKCy is a key molecule for activity-dependent elimination of surplus CFs
during cerebellar development.

3. NO is a strong cadidate for a retrograde messenger for CA1 LTP.
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4. CA1 LTP as opposed to mossy fiber or dentate LTP plays a particularly
critical role in the hippocampus for spatial and contextual learning.

5. Cerebellar LTD contributes to discrete motor learning.
6. Mono-innervation of PCs by CFs is crucial for motor coordination.

Although gene knockout technology is useful in neuroscience, it has definite
limitations. The major limitation is that there is no regional or temporal restric-
tion in the deletion of the gene. Consequently, if the gene product is expressed
and plays a role in neural development as well as in the functioning of the
mature brain, it is often difficult to decide whether the observed abnormality
was caused by the lack of one or the other of these dual roles. Likewise, when
the gene product is widely expressed in the brain and is involved in multiple
physiological processes it can be difficult to determine whether the lack of the
gene product in the brain area of interest (e.g. hippocampus, cerebellum) is
responsible for the observed higher-order abnormality. Another shortcoming
of current gene knockout technology is not-so-infrequent cases of premature
death of the mutant mice. This shortcoming often arises from a regionally
unrestricted deletion of the gene.

These problems may be overcome by improvements of the technology that
allow a gene deletion in a region-specific and/or temporally controlled fashion.
The regional restriction of the gene knockout can be achieved by using region-
specific promoters, such as the L7 promoter, which is reported to be active
in cerebellar PCs and retinal rod bipolar neurons (Oberdick et al 1990). A
region-specific promoter can drive the expression of the phage P1-derived Cre
recombinase, which deletes the target gene that has been flanked by a pair of Cre-
recognition sequences calllexkPs (Sauer 1993). This method has been used
successfully in the immune system to produce a cell-type-specific knockout of
DNA polymerases (Gu et al 1994).

Temporal control of gene expression has been achieved in many non-neural
tissues in transgenic mice by a tetracycline-responsive promoter (Furth et al
1994) or an interferon-responsive promoter (Kuhn et al 1995). Tetracycline
binds to a trans-activator (tTA) and prevents it from interacting withtéte
operator sequence in the promoter region of the targeted gene, hence, turning
off its expression (Furth et al 1994). Furthermore, a reverse trans-activator
(rtTA) system has also been developed, in which tetracycline turns on the gene
expression (Gossen et al 1995). Thus, a mouse can be produced in which the
expression of the Cre recombinase can be controlled temporally by adminis-
tration of tetracycline. Breeding of such mice wittoaP-gene X{oxP mouse
can generate mice in which the deletion of gene X is controlled temporally by
tetracycline administration. If one utilizes a tissue-specific promoter to drive



NEURAL PLASTICITY IN MUTANT MICE 179

tTA or rtTA expression, both regional restriction and temporal control of the
gene deletion can be achieved.

ACKNOWLEDGMENTS

We wish to thank H Hinds for helpful comments on the manuscript. We have
been supported by the Howard Hughes Medical Institute and the National
Institutes of Health Grant RO1 NS32925.

Visit the Annual Reviews home pagat
http://www.annurev.org.

Literature Cited

Abeliovich A, Chen C, Goda Y, Silva AJ, lesionson passive avoidance and reactivity to
Stevens CF, Tonegawa S. 1993a. Modi- shock.J. Comp. Physiol. Psychd6:606—12
fied hippocampal long-term potentiation in Bliss TVP, Collingridge GL. 1993. A synaptic
PKCy-mutant miceCell 75:1253-62 model of memory: long-term potentiation in

Abeliovich A, Paylor R, Chen C, Kim JJ, the hippocampudNature361:31-39
Wehner JM, Tonegawa S. 1993b. PK@u- Bliss TVP, Lomo T. 1973. Long-lasting poten-
tant mice exhibit mild deficits in spatial and tiation of synaptic transmission in the den-
contextual learningCell 75:1263-71 tate area of the anesthetized rabbit following

Aiba A, Chen C, Herrup K, Rosenmund stimulation of the perforant pati. Physiol.
C, Stevens CF, Tonegawa S. 1994a. Re- London232:331-56
duced hippocampal long-term potentiationBourtchouladze R, Frenguelli B, Blendy J,
and context-specific deficit in associative Cioffi D, Schutz G, Silva AJ. 1994. Deficient
learning in mGIuR1 mutant miceCell long-term memory in mice with a targeted
79:365-75 mutation of the cAMP-responsive element-

Aiba A, Kano M, Chen C, Stanton ME, Fox binding proteinCell 79:59-68
GD, et al. 1994b. Deficient cerebellar long-Brandon EP, Zhuo M, Huang Y-Y, Qi M, Ger-
term depression and impaired motor learning hold KA, etal. 1995. Hippocampal long-term
in mGIuR1 mutant miceCell 377-88 depression and depotentiation are defective

Alberini C, Ghirardi M, Metz R, Kandel ER.  in mice carrying a targeted disruption of the
1994. C/EBP is an immediate-early gene re- gene encoding the FBLsubunit of cAMP-
quired for the consolidation of long-term fa-  dependent protein kinasBroc. Natl. Acad.

cilitation in Aplysia Cell 76:1099-114 Sci. USA92:8851-55
Albus JS. 1971. A theory of cerebellar function.Bueler H, Fischer M, Lang Y, Bluethmann H,
Math. Biosci.10:25-61 Lipp H-P, et al. 1992. Normal development

Allen GI, Tsukahara N. 1974. Cerebellar com- and behavior of mice lacking the neuronal
munication systemsPhysiol. Rev54:957— cell-surface PrP proteifNature356:577—-82
1006 Cajal SR. 1894. La fine structure des centre

Amaral DB, Witter MP. 1989. The three- nerveuxProc. R. Soc. LondoB 55:444-68
dimensional organization of the hippocam-Capecchi MR. 1989. Altering the genome
pal formation: a review of anatomical data. by homologous recombinationScience
Neuroscienc81:571-91 244:1288-92

Aramori I, Nakanishi S. 1992. Signal transduc-Capecchi MR. 1994. Targeted gene replace-
tion and pharmacological characteristics of ment.Sci. Am270(3):52-59
a metabotropic glutamate receptor, mGluR1Cases O, Vitalis T, Seif |, De Maeyer E, Sotelo
in transfected CHO cell®Neuron8:757—65 C, Gaspar P. 1996. Lack of barrels in the so-

Bashir ZI, Bortolotto ZA, Davies CH, Berretta matosensory cortex of monoamine oxidase
N, Irving AJ, et al. 1993. Induction of LTP  A-deficient mice: role of a serotonin excess
in the hippocampus needs synaptic activation during the critical periodNeuron 16:297—
of glutamate metabotropic receptoiature 307
363:347-50 Chen C, Kano M, Chen L, Bao S, Kim JJ, et al.

Blanchard RJ, Fial RA. 1968. Effects of limbic ~ 1995. Impaired motor coordination correlates



180 CHEN & TONEGAWA

with persistent multiple climbing fiberinner-  nucleus ofAplysiablocks long-term facilita-

vation in PKG, mutant miceCell 83:1233— tion. Nature345:718-21

42 Daum I, Schugens NM, Ackermann H, Lutzen-
Chen C, Kim JJ, Thompson RF, Tonegawa S. berger W, Dichgans J, Birbaumer N. 1993.

1996. Hippocampal lesions impair contextual = Classical conditioning after cerebellar lesions

fear conditioning in two strains of mic8e- in human Behav. Neuroscil07:748—756

hav. Neuroscil10(5):In press Davis HP, Squire LR. 1984. Protein synthe-
Chen C, Rainie DG, Greene RW, Tonegawa S. sis and memory: a reviewPsychol. Bull.

1994. Abnormal fear response and aggressive 96:518-59

behavior in mutant mice deficient faCaM  Dow RS, Moruzzi G. 1958The Physiology and

kinase I1.Science266:291-94 Pathology of the CerebellunMinneapolis:
Chen C, Thompson RT. 1995. Temporal speci- Univ. Minn. Press

ficity of long-term depression in parallel Dudek SM, Bear MF. 1992. Homosynap-

fiber-Purkinje synapses inrat cerebellar slice. tic long-term depression in area CAl of

Learn. Mem2:185-98 hippocampus and effects of N-methyl-D-
Chiaia NL, Fish SE, Bauer WR, Bennett-Clarke aspartate receptor blockad®roc. Natl.

CA, Rhoades RW. 1992. Postnatal blockade Acad. Sci. US89:4363-67

of cortical activity by tetrodotoxin does not Eichenbaum H, Otto T, Cohen NJ. 1992. The

disrupt the formation of vibrissae-related pat- hippocampus: What does it d&ehav. Neu-

terns in the rat's somatosensory cortBev. ral Biol. 57:2-36

Brain Res66:244-50 Fetz EE. 1993. Cortical mechanisms control-
Chinestra P, Aniksztejn L, Diabira D, Ben-Ari  ling limb movementCurr. Opin. Neurobiol.

Y. 1993. (RS)-a-methyl-4-carboxyphenyl- 3:932-39

glycine neither prevents induction of LTP nor Forrest D, Yuzaki M, Soares HD, Ng L, Luk DC,

antagonizes metabotrophic glutamate recep- et al. 1994. Targeted disruption of NMDA

tors in CA1 hippocampal neuron. Neuro- receptor 1 gene abolishes NMDA response

phys.6:2684—-89 and resultsin neonatal deabeuron13:325—
Collinge J, Whittington MA, Sidle KCL, Smith 38

CJ, Palmer MS, et al. 1994. Prion protein isFotuhi M, Sharp AH, Glatt CE, Hwang PM, von

necessary for normal synaptic functidwa- Krosigk M, et al. 1993. Differential localiza-

ture 370:295-97 tion of phosphoinositide-linked metabotropic
Conquet F, Bashir ZI, Davies CH, Daniel H, glutamate receptor (mGIluR1) and the inosi-

Ferraguti F, et al. 1994. Motor deficitand im-  tol 1,4,5-triphosphate receptor in rat brain.

pairment of synaptic plasticity in mice lack- Neurosci.13:2001-12

ing mGIluR1.Nature372:237-43 Frey U, Huang YY, Kandel ER. 1993. Effects of
Constantine-Paton M, Cline HT, Debski E. cAMP stimulate a late phase of LTP in hip-

1990. Patterned activity, synaptic conver- pocampal CAl neuron§cience260:1661—

gence, and the NMDA receptor in the devel- 64

oping visual pathways#Annu. Rev. Neurosci. Frey U, Muller M, Kuhl D. 1996. A different

13:129-54 form of long-lasting potentiation revealed in
Cremer H, Lange R, Christoph A, Plomann M, tissue plasminogen activator mutant mide.

\Vopper G, et al. 1994. Inactivation of the N-  Neurosci.16:2057-63

CAM gene in mice results in size reduction Furth PA, Onge LS, Boger H, Gruss P, Gossen

of the olfactory bulb and deficits in spatial M, et al. 1994. Temporal control of gene ex-

learning.Nature367:455-59 pression in transgenic mice by a tetracycline-
Crepel F. 1982. Regression of functional responsive promotePRroc. Natl. Acad. Sci.

synapses in the immature mammalian cere- USA91:9302-6

bellum.Trends Neuroscb:266—69 Gellman RS, Gibson AR, Houk JC. 1985. In-
Crepel F, Krupa M. 1988. Activation of protein  ferior olivary neurons in the awake cat: de-

kinase C induces a long-term depression of tection of contact and passive body displace-

glutamate sensitivity of cerebellar Purkinje ment.J. Neurophysiol54:40-60

cells. An in vitro studyBrain Res458:397— Glazewski S, Chen C-M, Silva A, Fox K. 1996.

401 Requirement forw-CaMKIl in experience-
Daniel H, Hemart N, Jaillard D, Crepel F. dependent plasticity of the barrel cort&ci-

1992. Coactivation of metabotropic gluta- ence272:421-23

mate receptors and voltage-gated calciunGoelet P, Castellucci VF, Schacher S, Kan-

channels induces long-term depression in del ER. 1986. The long and short of long-

cerebellar Purkinje cells in vitr&Exp. Brain term memory—a molecular frameworKa-

Res90:327-31 ture 322:419-22
Dash PK, Hochner B, Kandel ER. 1990. Injec-Gossen M, Freundilieb S, Bender G, Muller G,

tion of the cAMP-responsive elementintothe Hillen W, Bujard H. 1995. Transcriptional



NEURAL PLASTICITY IN MUTANT MICE 181

activation by tetracyclines in mammalian Ito M. 1994. Is long-term depression associated

cells.Science268:1766-69 with learning in the cerebellum? IG@ellu-
Grant SGN, O'Dell TJ, Karl KA, Stein PL, Sori-  lar and Molecular Mechanisms Underlying

ano P, Kandel ER. 1992. Impaired long-term Higher Neural Functionsed. Al Selverston,

potentiation, spatial learning, and hippocam- P Ascher, pp. 25-40. New York: Wiley

pal development ifiyn mutant miceScience Ito M, Sakurai M, Tongroach P. 1982. Climb-

258:1903-10 ing fibre induced depression of both mossy
Gu H, Marth JD, Organ PC, Mossmann H, Ra- fibre responsiveness and glutamate sensitiv-

jewsky K. 1994. Deletion of a DNA poly- ity of cerebellar Purkinje cellsl. Physiol.

merasepB gene segment in T cells using 324:113-34

cell type—specific gene targetingcience Kano M, Hashimoto K, Chen C, Abeliovich

265:103-6 A, Aiba A, et al. 1995. Impaired synapse
Hartell NA. 1994. Induction of cerebellar long-  elimination during cerebellar developmentin

term depression requires activation of glu- PKCy mutant miceCell 83:1223-31

tamate metabotropic receptoieuroReport Kashiwabuchi N, Ikeda K, Araki K, Hirano

5:913-16 T, Shibuki K, et al. 1995. Impairment of
Hebb DO. 1949The Organization of Behavior.  motor coordination, Purkinje cell synapse
New York: Wiley formation, and cerebellar long-term depres-

Hemart N, Daniel H, Jaillard D, Crepel F. 1995. sion in GluR2 mutant mice Cell 81:245—
Receptors and second messengers involvedin 52
long-term depression in rat cerebellar slicekim JJ, DeCola JP, Landeira-Fernandez J,
invitro: areappraisaEur. J. Neurosci7:45— Fanselow MS. 1991. N-Methyl-D-aspartate
53 receptor antagonist APV blocks acquisition
Henderson TA, Woosley TA, Jacquin MF. 1992.  but not expression of fear conditioninBe-
Infraorbital nerve blockade from birth does hav. Neuroscil05:126—-33
not disrupt central trigeminal pattern forma-Kim JJ, Fanselow MS. 1992. Modality-specific
tion in the rat.Dev. Brain Res66:146-52 retrograde amnesia of fe&cience56:675—
Herms J, Zurmohle U, Schlingensiepen K-H, 77
Brysch W. 1993. Transient expression ofKonnerth A, Dreessen J, Augustin GJ. 1992.
PKCy mRNA in cerebellar granule cells Brief dendritic calcium signals initiate long-
during rat brain developmenieuroReport lasting synaptic depression in cerebellar
4:899-902 Purkinje cells.Proc. Natl. Acad. Sci. USA
Hsia AY, Salin PA, Castillo PE, Aiba A, Abe-  89:7051-55
liovich A, et al. 1995. Evidence against aKorte M, Carroll P, Wolf E, Brem G, Thoenen
role for metabotropic glutamate receptors in H, Bonhoeffer T. 1995. Hippocampal long-
mossy fiber LTP: the use of mutant mice and term potentiation is impaired in mice lacking
pharmacological antagonistdeuropharma- brain-derived neurotrophic factéroc. Natl.
cology34:1567-72 Acad. Sci. USA2:8856-60
Huang YY, Kandel ER. 1994. Recruitment of Krupa DJ, Thompson JK, Thompson RF. 1993.
long-lasting and protein kinase A-dependent Localization of a memory trace in the mam-
long-term potentiation in the CA1 region of malian brain.Science260:989-91
hippocampus requires repeated tetanizatiorKuhn R, Schwenk F, Aguet F, Rajewsky K.
Learn. Mem1:74-82 1995. Inducible gene targeting in micgci-
Huang YY, Kandel ER, Varshavsky L, Brandon ence269:1427-29
EP, Qi M, et al. 1995. A genetic test of the Kutsuwada T, Sakimura K, Manabe T,
effects of mutations in PKA on mossy fiber Takayama C, Katakura N, et al. 1996. Im-
LTP and its relation to spatial and contextual pairment of suckling response, trigeminal
learning.Cell 83:1211-22 neuronal pattern formation, and hippocampal
Huang YY, Li CC, Kandel ER. 1994. cAMP  LTD in NMDA receptore2 subunit mutant
contributes to mossy fiber LTP by initiating mice.Neuron16:333-44
both a covalently-mediated early phase andlavond DG, Hembree TL, Thompson RF. 1985.
macromolecular synthesis-dependent late Effects of kainic acid lesions of the cerebellar
phaseCell 79:69-79 interpositus nucleus on eyeblink conditioning
Ilkeda K, Araki K, Takayama C, Inoue Y, Yagi T,  in the rabbitBrain Res326:179-82
et al. 1995. Reduced spontaneous activity oki Y, Erzurumlu RS, Chen C, Jhaveri S, Tone-
mice defective in the4 subunit of the NMDA gawa S. 1994. Whisker-related neuronal pat-
receptor functionMol. Brain Res33:61-71 terns fail to develop in the trigeminal brain-
Ito M. 1984.The Cerebellum and Neural Con-  stem nuclei of the NMDAR1 knockout mice.
trol. New York: Raven Press Cell 76:427-37
Ito M. 1989. Long-term depressioAnnu. Rev. Lledo P-M, Tremblay P, DeArmond SJ, Prusiner
Neurosci12:85-102 SB, Nicoll RA. 1996. Mice deficient for prion



182 CHEN & TONEGAWA

protein exhibit normal neuronal excitability = humanProc. Natl. Acad. Sci. US81:8122—

and synaptic transmission in the hippocam- 26

pus.Proc. Natl. Acad. Sci. US83:2403-7  Monyer H, Burnashev N, Laurie DJ, Sakmann
Linden DJ. 1994. Long-term synaptic depres- B, Seeburg PH. 1994. Developmental and re-

sioninthe mammalian braiNeuron12:457— gional expression in the rat brain and func-

72 tional properties of four NMDA receptors.
Linden DJ, Connor JA. 1991. Participation of Neuron12:529-40

postsynaptic PKC in cerebellar long-term de-Morris RGM, Garrud P, Rawlins JNP, O’Keefe

pression In cultureScience254:1656—-59 J. 1982. Place navigation impaired in rats
Linden DJ, Dickinson H, Smeyne M, Connor with hippocampal lesionNature 297:681—

JA. 1991. A long-term depression of AMPA 83

currents in cultured cerebellar Purkinje neu-Morris RGM, Anderson E, Lynch GS, Baudry

rons.Neuron7:81-89 M. 1986. Selective impairment of learning
Llinas R, Welsh JP. 1993. On the cerebellum and blockage of long-term potentiation by
and motor learningCurr. Biol. 3:958-65 the N-methyl-D-aspartate receptor antago-

Llinas R, Yarom Y. 1981. Properties and dis- nist AP5.Nature319:774-76
tribution of ionic conductances generatingNakanishi S. 1992. Molecular diversity of glu-
electroresponsiveness of mammalian inferior tamate receptors and implications for brain
olivary neurons in vitroJ. Physiol. London functions.Science258:597-603
315:569-84 Nedergaard M. 1994. Direct signaling from as-
Llinas R, Yarom Y. 1986. Oscillatory proper-  trocytes to neurons in cultures of mammalian
ties of guinea-pig inferior olivary neurones brain cells.Science263:1768—71
and their pharmacological modulation: an inNicoll RA, Malenka RC. 1995. Contrasting
vitro study.J. Physiol. Londor376:163-82 properties of two forms of long-term poten-
Malenka RC, Nicoll RA. 1993. NMDA- tiation in the hippocampudlature377:115—
receptor-dependent synaptic plasticity: mul- 18
tiple forms and mechanismdrends Neu- Nishizuka Y. 1988. The molecular heterogene-
rosci.16:521-27 ity of protein kinase C and its implications
Manabe T, Nicoll RA. 1994. Long-term po- for cellular regulationNature334:661-65
tentiation: evidence against an increase ilNguyen PV, Abel T, Kandel ER. 1994. Require-
transmitter release probability in the CAlre- ment of a critical period of transcription for
gion of the hippocampu$&cience265:1888— induction of a late phase of LTRScience
92 265:1104-7
Manzoni OJ, Weisskopf MG, Nicoll RA. 1994. Nosten-Bertrand M, Errington ML, Murphy
MCPG antagonizes metabotropic glutamate KPSJ, Tokugawa Y, Barboni E, et al. 1996.
receptors butnotlong-term potentiationinthe Normal spatial learning despite regional inhi-

hippocampusEur. J. Neurosci6:1050-54 bition of LTP in mice lacking Thy—1Nature
Marr D. 1969. A theory of cerebellar cortex. 379:826-29
Physiol.202:437-70 Oberdick J, Smeyne RJ, Mann JR, Zackson

Mayford M, Wang J, Kandel ER, O'Dell S, Morgan JI. 1990. A promoter that drives
TJ. 1995. CaMKII regulates the frequency- transgene expression in cerebellar Purkinje
response function of hippocampal synapses cells and retinal bipolar neuron&cience
for the production of both LTP and LT ell 248:223-26
81:891-4 O’Dell TJ, Hawkins RD, Kandel ER, Aran-

McCormick DA, Thompson RF. 1984. Cere- cio O. 1991. Tests of the roles of two dif-
bellum: essential involvement in the clas- fusible substances in long-term potentiation:
sical conditioned eyelid respons8cience evidence for nitric oxide as a possible early
223:296-99 retrograde messengéroc. Natl. Acad. Sci.

McNaughton BL, Barnes CA, Rao G, Baldwin USA88:11285-89
J, Rasmussen M. 1986. Long-term enhanced'Dell TJ, Huang PL, Dawson TM, Diner-
ment of hippocampal synaptic transmission man JL, Snyder SH, et al. 1994. Endothelial
and the acquisition of spatial informatiah. NOS and the blockade of LTP by NOS in-
Neurosci.6:563—-71 hibitors in mice lacking neuronal NOSci-

Miyakawa H, Levram V, Lasser-Ross N, Ross ence265:542—-46
WN. 1992. Calcium transients evoked byOscarsson O. 1979. Functional units of the
climbing fiber and parallel fiber synaptic in-  cerebellum-sagittal zones and microzones.
puts in guinea pig cerebellar Purkinje neu- Trends NeuroscR:143-45
rons.J. Neurophysiol68:1178-89 Parpura V, Basarsky TA, Liu F, Jeftinija K,

Molchan SE, Sunderland T, McIntosh AR, Her-  Jeftinija S, Haydon PG. 1994. Glutamate-
scovitch P, Schreurs BG. 1994. A functional mediated astrocyte-neuron signalifature
anatomical study of associative learning in 369:744-47



NEURAL PLASTICITY IN MUTANT MICE 183

Phillips RG, LeDoux JE. 1992. Differentialcon- mGIuR1 metabotropic glutamate receptor
tribution of amygdala and hippocampus to block long-term depression in cultured Purk-
cued and contextual fear conditionifgghav. inje cells.Neuron12:1245-55
Neurosci.106:274-85 Shigemoto R, Nakanishi S, Mizuno N. 1992.

Picciotto MR, Zoli M, Lena C, Bessis A, Distribution of the mRNA for a metabotropic
Lallemand Y, et al. 1995. Abnormal avoid- glutamate receptor (mGIuR1) in the central
ance learning lacking functional high-affinity nervous system: an in situ hybridization
nicotine receptor in the braifature374:65— study in adult and developing rat. Comp.
67 Neurol.322:121-35

Poss KD, Thomas MJ, Ebralidze AK, O'Dell Silva AJ, Paylor R, Wehner JM, Tonegawa
TJ, Tonegawa S. 1995. Hippocampal long- S. 1992b. Impaired spatial learning in a-
term potentiation is normal in heme oxy- calcium-calmodulin kinase Il-mutant mice.
genase-2 mutant micBleuron15:867-73 Science257:206-11

Racine RJ, Wilson DA, Gingell R, SunderlandSilva AJ, Stevens CF, Tonegawa S, Wang Y.
D. 1986. Long-term potentiation in the inter-  1992a. Deficient hippocampal long-term po-
positus and vestibular nuclei in the r&xp. tentiation in a-calcium-calmodulin kinase II-
Brain Res63:158-62 mutant mice Science257:201-6

Rescorla RA. 1988. Behavioral studies of PavSkelton RW. 1988. Bilateral cerebellar lesions
lovian conditioning. Annu. Rev. Neurosci. disrupt conditioned eyelid responses in unre-
11:329-52 strained ratsBehav. Neuroscil02:586

Rosahl TW, Spillane D, Missler M, Herz J, Son H, Hawkins RD, Kandel ER, Huang PL,
Selig DK, et al. 1995. Essential functions of Fishman MC. 1996. Studies of LTP in mice
synapsins | and Il in synaptic vesicle regula- with knock-out of the neuronal and endothe-
tion. Nature375:488-93 lial forms of NOS.Soc. Neurosci. Abst26

Sakimura K, Kutsuwada T, Ito |, Manabe T, Spillane DM, Rosahl TW, Sudhof TC, Mal-
Takayama C, etal. 1995. Reduced hippocam- enka RC. 1995. Long-term potentiation in
pal LTP and spatial learning in mice lacking mice lacking synapsinsleuropharmacology
NMDA receptore 1 subunitNature373:151— 34:1573-79
55 Squire LR. 1992. Memory and the hippocam-

Sakurai M. 1987. Synaptic modification of par-  pus: a synthesis from findings with rats, mon-
allel fibre-Purkinje cell transmission in in  keys, and human®sychol. Reww9:195-231
vitro guinea pig cerebellar sliced. Physiol. Stevens CF, Tonegawa S, Wang Y. 1994. The
394:463-80 role of calcium-calmodulin kinase Il in

Sakurai M. 1990. Calcium is an intracellular three forms of synaptic plasticitZurr. Biol.
mediator of the climbing fibre induction of = 4:687-93
cerebellar long-term depressidaroc. Natl.  Stevens CF, Wang Y. 1993. Reversal of long-
Acad. Sci. US&87:3383-85 term potentiation by inhibitors of heme oxy-

Saucler D, Cain DP. 1995. Spatial learning with-  genaseNature364:147-49 ) o
out NMDA receptor-dependent long-term Stevens CF, Wang Y. 1994. Changes in reliabil-
potentiation Nature378:186—-89 ity of synaptic function as a mechanism for

Sauer B. 1993. Manipulation of transgenes by plasticity. Nature371.704—7
site-specific recombination: use of Cre re-Swanson LW, Teyler TJ, Thompson RF. 1982.
combinaseMeth. Enzymol225:890-900 Hippocampal long-term potentiation: mech-

Schlaggar BL, Fox K, O’'Leary DDM. 1993. anisms and implications for memoriteu-
Postsynaptic control of plasticity in develop-_ rosci. Res. Prog. BulR0:613-768
ing somatosensory corteXature364:623— Takei K, Stukenbrok H, Metcalf A, Mignery
26 GA, Sudhof TC, et al. 1992. €& stores

Schuman EM, Madison DV. 1991. A require- in Purkinje neurons: Endoplasmic reticulum
ment for the intracellular messenger ni- subcompartments demonstrated by the het-
tric oxide in long-term potentiatiorScience erogenous distribution of the InsP3 receptor,
254:1503-6 Cat-ATPase, and calsequestrinNeurosci.

Shatz CJ. 1990. Impulse activity and the pattern- 12:489-505
ing of connections during CNS development.Tanaka C, Nishizuka Y. 1994. The protein ki-
Neuron5:745-56 nase C family for neuronal signalingnnu.

Shibuki K, Gomi H, Chen L, Bao S, Kim JJ, Rev. Neuroscil7:551-67
etal. 1996. Deficient cerebellar long-term de-Thach WT, Goodkin HG, Keating JG. 1992. The
pression, impaired eyeblink conditioningand cerebellum and the adaptive coordination of
normal motor coordination in GFAP mutant _ movementAnnu. Rev. Neuroscl5:403-42
mice.Neuron16:587-99 Thompson RF. 1986. The neurobiology of

Shigemoto R, Abe T, Nomura S, Nakanishi_ learning and memorscience233:941-47
S, Hirano T. 1994. Antibodies inactivating Thompson RF, Krupa DJ. 1994. Organization



184 CHEN & TONEGAWA

of memory traces in the mammalian brain. of Sensory Systems in Mammad. EJ Cole-
Annu. Rev. Neuroscl7:519-49 man, pp. 461-516. New York: Wiley
Thompson RF, Thompson JK, Kim JJ, KrupaWu Z-L, Thomas SA, Villacres EC, Xia Z, Sim-
DJ, Norholm AF, Chen C. 1993. Synaptic mons ML, et al. 1995. Altered behavior and
plasticity and memory storage. Bynaptic long-term potentiation in type | adenylyl cy-
Plasticity: Molecular, Cellular, and Func-  clase mutantmicé&roc. Natl. Acad. Sci. USA
tional Aspectsed. M Baudry, RF Thompson,  92:220-24
JL Davis, pp. 230-59. Cambridge, MA: MIT Yeo CH, Hardiman MJ, Glickstein M. 1984.
Press Discrete lesions of the cerebellar cortex abol-
Weisskof MG, Castillo PE, Zalutsky RA, Nicoll  ish the classically conditioned nictitating
RA. 1994. Mediation of hippocampal mossy membrane response of the rabtehav.
fiber long-term potentiation by cyclic AMP.  Brain Res13:261-66
Science265:1878-82 Zalutsky RA, Nicoll RA. 1990. Comparison of
Welsh JP, Lang EJ, Sugihara |, Llinas R. two forms of long-term potentiation in single
1995. Dynamic organization of motor con- hippocampal neuronScience248:1619-24
trol within the olivocerebellar systerNature  Zhuo M, Small SA, Kandel ER, Hawkins RD.
374:453-57 1993. Nitric oxide and carbon monoxide
Witter MP. 1993. Organization of the entorhi- produce activity-dependent long-term synap-
nal hippocampal system: a review of cur- tic enhancement in hippocampuScience
rent anatomical dataHippocampus3:33— 260:1946-50
44 Zimmer A. 1992. Manipulating the genome
Woolsey TA. 1990. Peripheral alteration and so- by homologous recombination in embryonic
matosensory development. Development stem cellsAnnu. Rev. Neuroscl5:115-37



