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Genetics has been a powerful tool to dissect complex biclogical processes. With
the advent of the embryonic stem cell-gene targeting technology (Capecchi, 1989),
also known as gene knockout, it is now possible to produce a strain of mouse with a
disruption in a gene of interest. A few dozen strains of mutant mice using this tech-
nology, which exhibit a distinct set of impairments in the neural system and/or the
behavior, have been generated during the last few years (see Mayford et al., 1995;
Chen and Tonegawa, 1995). Here I will discuss how this technology has been used
to help elucidate the mechanisms of long-term potentiation (LTP), long-term
depression (LTD) and their relationship to learning and memory.

Molecular Mechanisms of LTP and Its Role
in Hippocampus-dependent Memory

LTP, a long-lasting increase of synaptic efficacy as a result of a brief stimula-
tion, is thought to be a cellular mechanism for learning and memory. Ca* influx
through NMDA receptor channels and subsequent activation of protein kinases such
as PKC and CaMKII are required for the induction of LTP(Bliss & Collingridge,
1993; Nicoll & Malenka, 1995). And mGluRs are also suggested to be required for
LTP induction (Bashir et al., 1993), but this notion is hindered by difficultites in
establishing the specificity of agonists or antagonists used (Chinestra et al., 1993;
Manzoni et al., 1994).

The importance of glutamate receptors and kinases in LTP has been confirmed
by observations in gene knockout mice, including those deficient in aCaMKII
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(Silva et al., 1992a), tyrosine kinase fyn (Grant et al., 1992), PKCy (Abeliovich et
al., 1993a), mGluR1 (Aiba et al., 1994a), and NMDAR2B (Sakimura et al., 1995).
The deficiency is most severe in ¢CaMEKII mutant mouse in that only post-tetanic
potentiation is spared (Silva et al., 1992a; also Stevens et al., 1994). The LTP
impairment in fyn mutant mice is seen with the tetanus of low intensity but not with
that of high intensity (Grant et al., 1992). PKCy mutant mice, although lacking LTP
induced by conventional high-frequency tetanus, are capable of generating LTP-like
potentiation when the tetanus is preceded by low frequency stimuli (Abeliovich et
al., 1993a). Targeted disruption of the NMDAR2A (g1) subunit gene resulted in sig-
nificant reduction of the NMDA receptor current and CA1 LTP (Sakimura et al.,
1995), Two lines of mGluR1 mutant mice have been generated using different tar-
geting vectors by two independent laboratories. Aiba et al. (19%94a) reported a
reduction of the amplitude of CAl LTP in the mutant mice. However, Conquet et al.
(1994) showed normal CA1 LTP, but impaired mossy fiber-CA3 LTP.

One interesting featre that emerged from knockout studies is a “priming effect”
on CAl LTP. As mentioned above, in PKCy mutant mice, LTP was absent after con-
ventional tetanus, but could be induced after priming the Shaeffer collaterals with 1
Hz stimulation lasting for 10 minutes (Abeliovich et al.,, 1993a), which is the stimu-
lation protocol to induce LTD (Dudeck and Bear, 1992). Interestingly although the
prior low frequency is a pre-requisite for LTD induction, a prior induction of LTD is
not. In contrast, such a priming had no effect on LTP induction in mGluR.] mutant
slices (Aiba et al., 1994a). This difference between PKCy and mGluR 1 mutant mice
is interesting because PKC is one of down-stream components of mGluR-initiated
second messenger cascade. The priming effect is also absent in the CAl region of
aCaMKII mutant mice (Stevens et al., 1994). The priming effect thus seems specif-
ic in rescuing LTP in PKCy mutant mice. Therefore, the diversity of impairments in
the mutant mice provides an opportunity to dissect functional roles of different
receptor and second messenger systems in the induction of CA1 LTP. In some cases
such as aCaMKII and PKCy mutants, the gene knockout studies extended the phar-
macological studies by specifying the role of a particular isoform.

The hippocampus is thought to play a key role in relational, contexmal, spatial
or declarative memory (for review see Squire, 1992; Eichenbaum et al., 1992).
Spatial memory and contextual fear memory in rats can be disrupted by a specific
antagonist for NMDA receptors that can also block hippocampal LTP in vivo
(Morris et al, 1986; Kim et al., 1991). Smudies of two mutant mice, cCaMEKII (Silva
etal., 1992a, 1992b) and fyn (Grant et al., 1992}, provided support for LTP as a can-
didate mechanism underlying hippocampus-dependent spatial learning. Deficient in
CAl LTP, both CaMKII and fyn mutant mice exhibit specific deficits in the acqui-
sition and retention of spatial memory, with less severe deficits in non-spatial learn-
ing tasks. In fear conditioning, ®CaMKII mutant mice show severely reduced fear
responses (i.e. performance deficit) and appearant lack of both hippocampus-depen-
dent and independent fear memories (Chen et al., 1994),

In contrast, PKCy mutant mice, which lack conventional LTP but have primed
LTP, exhibit a subtle deficit only in the retention test of spatial memory (Abeliovich
et al., 1993b); the deficit in fear conditioning is restricted to the contextual memory
tested 24 hours after conditioning, while performance in the contextual training
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Table 1. Summary of Synaptic Plasticity and Hippocampus-dependent Memory

Mutant mice eCaMKII fyn PKCy mGluR |

CAlILTP Deficient Impaired Impaired Impaired

CAILTD Deficient Mot tested MNormal Normal

Spatial leaming Deficient Impaired Impaired Mot tested

Contextual fear conditioning  Deficient Not tested Impaired Impaired

Reference Silvaetal., 1993a,b Grantetal 1992 Abeliovichet  Ajba et al.,
Stevens et al., 1994 al., 1993a, b 1994a
Chen et al., 1994

phase or in the tone task appears normal. This suggests that the disruption of PECy
leads to a specific deficit in the hippocampus-dependent memory. The line of
mGluR1 mutant mice generated by Conquet et al. (1994} was reported to have an
impairment in spatial learning. This result seems to agree with the effect of adminis-
trating mGluR antagonist, MCPG, which blocks spatial learning in wild-type ani-
mals (Riedel et al., 1994). The nature of behavioral deficits revealed with fear con-
ditioning in the mGluR 1 mutant mice generated by Aiba et al. (1994a) appears simi-
lar to PKCy mutant mice,

In sum, the results from gene knockout mutant mice appear to support the
notion that LTP in the CAl region is a candidate synaptic mechanism important for
the integrity of hippocampus-dependent memories (Table 1). Perhaps, other synap-
tic mechanisms such as hippocampal LTD and primed LTP may also play some
roles.

Molecular mechanisms of LTD and Its Role
in Cerebellar-dependent Discrete Motor Learning

In the cerebellum, LTD can be induced in parallel fiber (PF)-Purkinje cell (PC)
synapses following conjunctive stimulation of PF and climbing fibers (CF) (Ito,
1989; Linden, 1994). An elevation of intracellular Ca* (Sakurai, 1990; Konnerth et
al., 1992), and activation of both AMPA receptors and mGluRs are thought to be
necessary for LTD induction (Linden et al., 1991; Daniel et al., 1992: Hartell,
1994). More recently, antibodies against mGluR1 was shown to block LTD induc-
tion in cell culture preparation (Shigemoto et al., 1994).

Cerebellar LTD is clearly deficient in both lines of mGluR1 mutant mice, sug-
gesting that mGluR 1 is essential for cerebellar LTD (Aiba et al., 1994b; Conquet et
al., 1994). In contrast, other cerebellar electrophysiological properties, such as volt-
age-gated Ca* channels, excitatory transmission at CF- and PF-PC synapses, do not
appear to be affected by the mutation. LTD appears to be normal in PKCy mutant
mice (Chen et al., 1995). But the application of a potent PKC inhibitor, peptide
PKC(19-36) that abolished LTD in the wild-type mice (Linden and Conner, 1991;
Hemart et al., 1995), decreased the magnitude but did not abolished LTD in the
mutant mice. This suggests that the knockout of PKCy modifies the efficacy of the
inhibitor PKC(19-36) in blocking LTD, perhaps as a result of up-regulation of activ-
ity of other PKC isoforms that are less sensitive to the inhibitor. Cerebellar LTD is




Table 2. Summary of LTD and cerebellar function (from Chen et al., 1995)

Mutant mice PKCy mGluR] GIuR&2 GFAP
Motor coordination Impaired Impaired Impaired MNormal
Eyeblink conditioning Facilitated Impaired Mot tested Impaired
CF innervation Multiple Multiple Multiple Normal
LTD Mormal Impaired Impaired Impaired
Reference Chenetal, 1995 Aibaeral., 1994 Kashiwabuchi Shibuki et

Kanoetal, 1995 Conquetetal, 1994 eral, 1995 al., 1995
Unpublished results

deficient in mutant mice deficient for GluR&2 (Kashiwabuchi et al., 1995), a subunit
of a glutamate receptor with selective localization in Purkinje cells (Araki et al.,
1993). LTD is also deficient in mutant mice deficient for GFAP, is an intermediate
filament protein highly expressed in cerebellar Bergmann glia (Shibuki et al., 1993).
This suggests that LTD induction requires certain communication between Purkinje
cells and Bergmann glia (Nedergaard, 1994; Parpura et al., 1994),

It has been suggested that LTD may be the cellular mechanism underlying cere-
bellum-dependent motor leaming, such as vestibular ocular reflex (VOR) and eye-
blink conditioning (Ito, 1984, 1989; Thompson, 1986; Thompson et al., 1993).
However, until recently little evidence had been available that directly linked LTD
to motor learning. mGluR1 mutant mice are deficient in cerebellar LTD; although
these mice are still able to learn eyeblink response, the magnitude of the condi-
tioned response is reduced (Aiba et al., 1994). It thus appears that cerebellar LTD is
not essential for associative learning of eyeblink response, but is clearly involved in
this form of learning. The notion of the involvement of LTD in eyeblink condition-
ing is further supported by other mutant mice. Mutant mice lacking GFAP have
deficient LTD and impaired eyeblink conditioning (Shibuki et al., 1995). In con-
trast, PKC¥ mutant mice are not only unimpaired in eyeblink conditioning but show
facilitated learning in the early stage of training; LTD is present in the mutant mice
{Chen et al., 1995),

In sum, studies of the gene knockout mice suggest that cerebellar LTD con-
tributes to motor learning of discrete reflexes (Table 2). In addition, mutant mice
deficient for mGluR1, PKCy and GluR&2 show characteristic cerebellar symptoms
such as ataxic gait and impaired movement coordination in association with multi
CF innervation of PCs persisted into adulthood (Aiba et al., 1994b; Conquet et al.,
1994). Therefore, mutant mice serve as a unique animal model for investigating
synaptic dysfunction underlying those cerebellar symptoms.
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