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One of the fundamental questions in the field of neuro-
science is to understand the molecular mechanisms under-
lying the functions of neurons and glial cells in the central
nervous system. The roles of the molecules involved in the
cascade are still waiting to be revealed. I have been contin-
uing to attack the biochemical and cellular aspects of neu-
ronal plasticity as a model of brain function. Further, we
are extending the project to examine the effect of one-gene
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modifications on learning and memory. We are dissecting
the signal transduction cascade involved in neuronal plas-
ticity in two categories; early phase neuronal plasticity and
long-lasting phase (late phase) neuronal plasticity. The
latter requires newly synthesized proteins through gene
transcription and translation. Using biochemical, molec-
ular biological and gene targeting techniques, we are at-
tacking primarily on the events inside cerebellar Purkinje
cells during early and late phase neuronal plasticities. We
also deal with the molecular mechanisms underlying emo-
tional memory such as fear, which is an excellent model for
long-term memory. We are intensively attacking the mech-
anisms through the function of inducible cAMP early re-
pressor (ICER), an immediate early gene product, and also
tyrosine kinase Fyn by using gene-manipulation in mice.

1. The function of a NO (Nitric oxide)-cGMP-
PKG (cGMP-dependent protein kinase) pathway
in cerebellar LTD

G-substrate was identified as a substrate of PKG by
Paul Greengard’s group in the early 80’s. Since then,
the molecular cloning of the G-substrate cDNA has not
been successful. Previously, we carried out the following
researches: successful cloning of the G-substrate cDNA for
rat, mouse and human; generation of a variety of tools
such as ¢cDNA probes, antibodies, and G-substrate mu-
tants; identification of protein phosphatase inhibitory ac-
tivity of G-substrate upon phosphorylation of the protein
by PKG; the shuttling of G-substrate between the nucleus
and cytosol in Purkinje cells; generation of G-substrate
gene deficient mice. The homozygote mice mated nor-
mally, and no apparent ataxia was observed. However,
the homozygote mice lacked cerebellar LTD. We further
characterized the mice for general behaviors and also for
cerebellar-dependent learning such as rotor-rod test, eye-
blink conditioning, and VOR (vestibulo-ocular reflex) and
OKR (optokinetic reflex) adaptation. General behaviors
of the mice are normal, however, the long-term adaptation
of OKR of eye movement was impaired without any affect
on short-term adaptation of OKR.

2. Long-lasting neuronal plasticity and signal
transduction cascades

We have generated the mice with the floxed JunB gene.
JunB is an inducible transcription factor that binds to c-
Fos to yield the AP-1 complex. We also characterized mice
expressing Cre DNA recombinase in cerebellar Purkinje
cells in adult animals. Mating the floxed JunB mice with
the mice expressing Cre in Purkinje cells yielded the mice
deficient in JunB only within the Purkinje cells. A previous
study showed that a null knockout of JunB resulted in
a lethal phenotype, however, our system could avoid the
lethal phenotype and the mice survived following removal
of the JunB gene at adult stage. Furthermore, the mice did
not show any apparent ataxia. We are further analyzing
the mice for LTD induction and for cerebellar-dependent
behaviors such as adaptation in eye movement.

ERK2, a member of the MAP kinase family, plays an
essential role in LTP in the hippocampus and also in cere-
bellar LTD. In addition, it plays a major role in the mem-
ory of Aplysia, Drosophila and C.elegans. Further, we have
proved the close association of the NO pathway and the
ERK pathway in cerebellar LTD. The role of ERKs is
thought to not only be the phosphorylation of cytosolic
proteins upon activation but also the regulation of tran-
scription after activated ERKs have translocated into the
cell nuclear. ERKs are assumed to be essential in cere-
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bellar LTD and cerebellar-dependent memory. We have
generated the mice lacking the ERK2 gene specifically in
Purkinje cells using the Cre-loxP system. We proved that
the mice lack the ERK2 protein only in the Purkinje cells.
We are currently analyzing a variety of behaviors for the
mice, especially cerebellar-dependent memory such as eye-
blink conditioning. Hopefully, this conditional knockout
technique will provide the clue for cerebellar-dependent
long-term memory, which cannot be examined using the
null knockout technique because ERK2 null knockout mice
are embryonically lethal.

3. Emotional memory and genes

The non-receptor type protein tyrosine kinase Fyn is
enriched in synapses and is thought to be crucial for synap-
tic function such as synaptic plasticity. We generated Fyn-
overexpressing mice and analyzed for conditioned fear re-
sponses of these mice to clarify the role of Fyn in learned
emotional behavior. Tone-dependent conditioned freez-
ing was significantly attenuated in Fyn-transgenic mice.
However, ifenprodil, a NR2B antagonist, restored tone-
dependent freezing in Fyn-transgenic mice at a dose that
did not affect freezing in wild-type mice. The results
suggest that impairment of tone-dependent conditioned
freezing in Fyn-transgenic mice is caused by disruption
of the NR2B-containing NMDA receptor function. Tyro-
sine phosphorylation of brain proteins, including NR2B,
was enhanced in Fyn-transgenic mice compared to that in
wild-type mice. We found that ifenprodil significantly sup-
pressed this enhanced protein Tyr phosphorylation. Thus,
the NMDA receptor activity is tightly correlated with pro-
tein tyrosine phosphorylation, and Fyn might be a key
molecule to control tone-dependent conditioned freezing
through the regulation of NMDA receptor function.

Long-lasting neuronal plasticity as well as long-term
memory, is an event that requires de novo protein synthe-
sis through nuclear transcriptional activation. The impor-
tance of gene regulation through CRE (Cyclic AMP Re-
sponse Element)-mediated transcription is well established
for memory consolidation in a variety of animals including
Aplysia, Drosophila, C. elegans, and vertebrates. How-
ever, the role of such inducible genes on neuronal plasticity
and memory consolidation remains unknown. We previ-
ously found that inducible cAMP early repressor (ICER)
was increased transiently in the brain after kindled seizure
and after fear conditioning. ICER is a member of the
cAMP response element-binding transcription repressors.
We generated two types of ICER-mutant mice, ICER-
overexpressing transgenic mice and ICER-knockout mice
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to understand the functional role of ICER in kindling and
fear memory. We are currently examining the behavioral
phenotype of these mice in detail.
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