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Our major research interest is the molecular mechanisms of higher brain functions
in mammals such as emotion, and learning and memory. We are especially focus-
ing on the roles of functional molecules localized in synapses, for instance, neuro-
transmitter receptors, signal transduction molecules and adhesion molecules, in
neuronal information processing. We are examining receptor functions, synaptic
transmission and plasticity, and their roles in the whole animal with electrophysi-
ological, biochemical, molecular genetic and behavioral approaches.

1. Non-Hebbian synaptic plasticity induced
by repetitive postsynaptic action poten-
tials

Hiroyuki K. Kato, Ayako M. Watabe and
Toshiya Manabe

Modern theories on memory storage have
mainly focused on Hebbian long-term potentia-
tion (LTP), which requires coincident activation
of pre- and postsynaptic neurons for its induc-
tion. In addition to Hebbian LTP, the roles of
non-Hebbian plasticity have also been predicted
by some neuronal network models. However,
still only a few pieces of evidence have been
presented for the presence of such plasticity. In
this study, we show in mouse hippocampal
slices that LTP can be induced by postsynaptic
repetitive depolarization alone in the absence of
presynaptic inputs. The induction was depend-
ent on voltage-dependent calcium channels in-
stead of N-methyl-D-aspartate  receptors
(NMDARs), while the expression mechanism
was shared with conventional NMDAR-
dependent LTP. During the potentiation, the
amplitude of spontaneous excitatory postsynap-

tic currents was increased, suggesting novel
neuron-wide nature of this form of LTP. Fur-
thermore, we also successfully induced LTP
with trains of action potentials, which supported
the possible existence of depolarizing pulse-
induced LTP in vivo. Based on these findings,
we suggest a model in which neuron-wide LTP
works in concert with synapse-specific Hebbian
plasticity to help information processing in
memory formation.

2. Plexin-A2 regulates spatial memory and
pattern separation through structural
modification of mossy fiber projection in
the CA3 region of the mouse hippocampus

Yuji Kiyama, Fumikazu Suto', Hajime Fu-
jisawa’ and Toshiya Manabe: 'Department of
Developmental Neurobiology, Tohoku Univer-
sity Graduate School of Medicine, *Division of
Biological Science, Nagoya University Graduate
School of Science

The hippocampus has been implicated in cer-
tain types of memory, including spatial mem-
ory. It has been known that the distribution of
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mossy fibers, axons of dentate gyrus (DG) gran-
ule cells, is modified dynamically by spatial
learning in living animals. However, the precise
mechanism of the regulation of mossy fiber dis-
tribution during memory formation is not well
understood. We have previously reported that
plexin-A2 (PLA2), one of the type A plexins that
show repulsive activities to the class 6 sema-
phorins, regulates the distribution of mossy fiber
terminals in the CA3 region and that the mutant
mice lacking PLA2 (PLA2 /" mice) exhibit a
shift of mossy fibers from the suprapyramidal to
the infra- and intrapyramidal regions. In order
to test whether the difference in the distribution
of mossy fiber terminals affects abilities of learn-
ing and memory, we have performed extensive
behavioral analyses of PLA2/~ mice. We found
that sensorimotor functions and emotional be-
haviors of PLA2 "/~ mice were normal, although
motor learning was markedly impaired presum-
ably through aberrant distribution of cerebellar
granule cells, and that contextual and auditory
fear conditioning, which is at least partially de-
pendent on the hippocampus, was also intact. In
contrast, PLA27/~ mice exhibited enhanced
hippocampus-dependent spatial reference mem-
ory and spatial pattern separation, which is the
ability to discriminate fine differences in exter-
nal environments, tested by the 8-arm radial
maze task. These results suggest that the projec-
tion of mossy fibers regulated by PLA2 may be
a specific determinant of the ability of spatial
reference memory and pattern separation.

3. Ablation of NMDA receptors enhances the
excitability of hippocampal CA3 neurons

Toru Shinoe, Fumiaki Fukushima’, Kazuhito
Nakao’, Masahiro Fukaya', Shin-ichi Mu-
ramatsu’, Kenji Sakimura®, Hirotaka Kataoka®,
Hisashi Mori’, Masahiko Watanabe‘, Masa-
yoshi Mishina’ and Toshiya Manabe: ‘Depart-
ment of Molecular Neurobiology and Pharma-
cology, Graduate School of Medicine, Univer-
sity of Tokyo, ‘Department of Anatomy, Hok-
kaido University School of Medicine, *Division
of Neurology, Department of Medicine, Jichi
Medical University, ‘Department of Cellular
Neurobiology, Brain Research Institute, Niigata
University

Synchronized discharges in the hippocampal
CA3 recurrent network are supposed to underlie
network oscillations, memory formation and sei-
zure generation. In the hippocampal CA3 net-
work, NMDARs are abundant at the recurrent
synapses but scarce at the mossy fiber synapses.
We generated mutant mice in which NMDARs
were abolished in hippocampal CA3 pyramidal

cells by postnatal day 14. The histological and
cytological organizations of the hippocampal
CAS3 region were indistinguishable between con-
trol and mutant mice. We found that mutant
mice lacking NMDARs selectively in CA3 py-
ramidal cells became more susceptible to
kainate-induced seizures. Consistently, mutant
mice showed characteristic large EEG spikes as-
sociated with multiple unit activities, suggesting
enhanced synchronous firing of CA3 neurons.
The electrophysiological balance between fast
excitatory and inhibitory synaptic transmission
was comparable between control and mutant
pyramidal cells in the hippocampal CA3 region,
while the NMDAR-slow after-hyperpolarization
coupling was diminished in the mutant neurons.
In the adult brain, inducible ablation of
NMDARs in the hippocampal CA3 region by
the viral expression vector for Cre recombinase
also induced similar large EEG spikes. Further-
more, pharmacological blockade of CA3
NMDARs enhanced the susceptibility to kainate-
induced seizures. These results raise an intrigu-
ing possibility that hippocampal CA3 NMDARs
may suppress the excitability of the recurrent
network as a whole in vivo by restricting syn-
chronous firing of CA3 neurons.

4. Requirement of the immediate early gene
vesl-1S/homer-1a for fear memory forma-
tion

Naoko Inoue’, Harumi Nakao®, Minoru Matsui,
Fumihiko Hayashi’, Kazuki Nakao’, Atsu
Aiba’, Kaoru Inokuchi’ and Toshiya Manabe:
"Mitsubishi Kagaku Institute of Life Sciences,
*Division of Molecular Genetics, Department of
Physiology and Cell Biology, Kobe University
Graduate School of Medicine, "CREST, Japan
Science and Technology Agency

The formation of long-term memory and the
late phase of L-LTP depend on macromolecule
synthesis, translation, and transcription in neu-
rons. vesl-1S (V ASP/Ena-related gene upregu-
lated during seizure and LTP, also known as
homer-1a) is an LTP-induced immediate early
gene. The short form of Vesl (Vesl-15) is an al-
ternatively spliced isoform of the vesl-1 gene,
which also encodes the long form of the Vesl
protein (Vesl-1L). Vesl-1L is a postsynaptic scaf-
folding protein that binds to and modulates the
metabotropic glutamate receptor 1/5 (mGIluR1/
5), the IP3 receptor, and the ryanodine receptor.
Vesl-1 null mutant mice show abnormal behav-
ior, which includes anxiety- and depression-
related behaviors, and an increase in cocaine-
induced locomotion; however, the function of
the short form of Vesl in behavior is poorly un-
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derstood because of the lack of short-form-
specific knockout mice. In this study, we gener-
ated short-form-specific gene targeting (KO)
mice by knocking in part of vesl-1L/homer-1c
cDNA. Homozygous KO mice exhibited a nor-
mal spine number and morphology. Using the
contextual fear conditioning test, we demon-
strated that memory acquisition and short-term
memory were normal in homozygous KO mice.
In contrast, these mice showed impairment in
fear memory consolidation. Furthermore, the
process from recent to remote memory was af-
fected in homozygous KO mice. Interestingly,
reactivation of previously consolidated fear
memory attenuated the conditioning-induced
freezing response in homozygous KO mice,
which suggests that the short form plays a role
in fear memory reconsolidation. General activ-
ity, emotional performance, and sensitivity to
electrical footshock were normal in homozygous
KO mice. These results indicate that the short
form of the Vesl family of proteins plays a role
in multiple steps of long-term, but not short-
term, fear memory formation.

5. Involvement of tyrosine phosphorylation
of the NMDAR GIuN2A subunit in
depression-related behavior

Yuji Kiyama, Hiroko Izumi-Nakaseko, Ayako
M. Watabe, Sachiko Taniguchi, Takanobu
Nakazawa", Tohru Tezuka", Kazumasa Yok-
oyama', Takeshi Inoue”, Shigeru Kakuta",
Katsuko Sudo', Yoichiro Iwakura", Hisashi
Umemori”, Tadashi Yamamoto” and Toshiya
Manabe: “Division of Oncology, Department of
Cancer Biology and "Center for Experimental
Medicine, Institute of Medical Science, Univer-
sity of Tokyo, "Molecular & Behavioral Neuro-
science Institute and Department of Biological
Chemistry, University of Michigan Medical
School

Major depressive and bipolar disorders are se-
rious illnesses that affect millions of people.
Growing evidence implicates glutamate signal-
ing in depression, though the molecular mecha-
nism by which glutamate signaling regulates
depression-related behavior remains unknown.
In this study, we provide evidence suggesting
that the tyrosine phosphorylation of the
NMDAR, an ionotropic glutamate receptor, con-
tributes to depression-related behavior. The
GluN2A subunit of the NMDAR is tyrosine-
phosphorylated, with Tyr-1325 as its one of the
major phosphorylation site. We have generated
mice expressing mutant GluN2A with a
Tyr-1325-Phe mutation to prevent phosphoryla-
tion of this site in vivo. The homozygous knock-

in mice show antidepression-like behavior in the
tail suspension test and in the forced swim test.
In the striatum of the knock-in mice, DARPP-32
phosphorylation at Thr-34, which is important
for the regulation of depression-related behav-
iors, is increased. We also show that the
Tyr-1325 phosphorylation site is required for
Src-mediated potentiation of the recombinant
NMDAR channel. These data argue that the
Tyr-1325 phosphorylation regulates NMDAR
channel properties and the NMDAR-mediated
downstream signaling to modulate depression-
related behavior.

6. Kinase-dead knock-in mouse reveals an
essential role of CaMKIlla kinase activity in
dendritic spine enlargement, LTP and
learning

Shizuka Kobayashi, Yoko Yamagata”, Tatsuya
Umeda", Akihiro Inoue", Hiroyuki Sakagami®,
Masahiro Fukaya‘, Masahiko Watanabe',
Nobuhiko Hatanaka'®, Masako Totsuka’, Take-
shi Yagi”, Kunihiko Obata”, Keiji Imoto",
Yuchio Yanagawa”, Shigeo Okabe” and
Toshiya Manabe: “Department of Information
Physiology, National Institute for Physiological
Sciences, “Department of Cell Biology, Tokyo
Medical and Dental University, “Department of
Anatomy, Kitasato University School of Medi-
cine, “Division of System Neurophysiology, Na-
tional Institute for Physiological Sciences,
“Graduate School of Frontier Biosciences,
Osaka University, “Laboratory of Neurochem-
istry, National Institute for Physiological Sci-
ences, "Department of Genetic and Behavioral
Neuroscience, Gunma University Graduate
School of Medicine, *Department of Cellular
Neurobiology, Graduate School of Medicine,
University of Tokyo

Ca®" /calmodulin-dependent protein kinase ot
(CaMKIla) is an essential mediator of activity-
dependent synaptic plasticity that possesses
multiple protein functions. So far, the autophos-
phorylation site-mutant mice targeted at T286
and at T305/306 have demonstrated the impor-
tance of the autonomous activity and Ca*"/
calmodulin-binding capacity of CaMKIla, re-
spectively, in the induction of LTP and
hippocampus-dependent learning. However,
kinase activity of CaMKIla, the most essential
enzymatic function, has not been genetically dis-
sected yet. Here we generated a novel CaMKIlo
knock-in mouse that completely lacks its kinase
activity by introducing K42R mutation, and ex-
amined the effects on hippocampal synaptic
plasticity and behavioral learning. In homozy-
gous CaMKIIo (K42R) mice, kinase activity was
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reduced to the same level as in CaMKlIlo null
mice, while CaMKII protein expression was well
preserved. Tetanic stimulation failed to induce
not only LTP, but also sustained dendritic spine
enlargement, a structural basis for LTP, at the
Schaffer collateral-CA1 synapse, while activity-
dependent postsynaptic translocation of CaM-
KIloo was preserved. In addition, CaMKIlo
(K42R) mice showed a severe impairment in in-
hibitory avoidance learning, a form of memory
that is dependent on the hippocampus. These
results demonstrate that kinase activity of CaM-
Kllo is a common critical gate controlling struc-
tural, functional and behavioral expression of
synaptic memory.

7. Roles of the actin cytoskeleton in dendritic
spine morphogenesis of hippocampal neu-
rons

Hideto Takahashi*”, Hiroyuki Yamazaki”,
Kenji Hanamura®”, Yuko Sekino and Tomoaki
Shirao®': *Department of Neurobiology and Be-
havior, Gunma University Graduate School of
Medicine, YJERCGSM, Gunma University
Graduate School of Medicine

Spine morphogenesis mainly occurs during
development as a morphological shift from
filopodia-like thin protrusions to bulbous ones.
We have previously reported that synaptic clus-
tering of the actin-binding protein drebrin in
dendritic filopodia governs spine morphogenesis
and synaptic PSD-95 clustering. Here, we report
the activity-dependent cellular mechanisms for
spine morphogenesis, in which the activity of
AMPA receptors (AMPARs) regulates drebrin
clustering in spines by promoting drebrin stabi-
lization. In cultured developing hippocampal
neurons, pharmacological blockade of AMPARs,
but not of other glutamate receptors, suppressed
postsynaptic drebrin clustering without affecting
presynaptic  clustering  of  synapsin I
(synapsin-1). Conversely, the enhancement of
the action of AMPARs promoted drebrin clus-
tering in spines. When we explored drebrin dy-

namics by photobleaching individual spines, we
found that AMPAR activity increased the frac-
tion of stable drebrin without affecting the time
constant of drebrin turnover. An increase in the
fraction of stable drebrin corresponded with in-
creased drebrin clustering. AMPAR blockade
also suppressed normal morphological matura-
tion of spines and synaptic PSD-95 clustering in
spines. Together, these data suggest that
AMPAR-mediated stabilization of drebrin in
spines is an activity-dependent cellular mecha-
nism for spine morphogenesis.

8. Fos-positive neurons in the supramammil-
lary nucleus of the rat exposed to novel
environment

Makoto Ito”, Tomoaki Shirao”, Kenji Doya”
and Yuko Sekino: *Neural Computation Unit,
Okinawa Institute of Science and Technology

The supramammillary nucleus (SuM) in the
hypothalamus is proposed to regulate the func-
tion of the hippocampus through distinct fiber
connection. Several investigations suggest that
the SuM is relevant to anxiety and defensive be-
havior. Function of the SuM, however, is not
known exactly. In order to demonstrate the spa-
tial activation of the SuM in physiologically be-
having rats, we investigated Fos induction in
the SuM by exposure to novel environment. To
correct uneven background in microscopic
preparations, we applied a convolution filter, re-
sulting in reliable automatic counting of Fos-
positive neurons and analyzed the distribution
of Fos-positive neurons in the whole region of
SuM. A large number of Fos-positive neurons
were observed throughout the entire SuM after
rats exposed to a novel open field. A three-
dimensional density map revealed that density
of the Fos-positive neurons was highest in the
medial SuM, especially in its core regions. Based
on these results we suggest that the medial SuM
modulates defensive behavior and that the lat-
eral SuM modulates emotional and memory
functions of the hippocampus.
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