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observed in the absence of any activation (data not
shown). To confirm the complete replication of the
virus leading to the production of progeny viruses, viral
DNAs in the culture supernatants of the infected cells
were quantified by real-time PCR. The HHV-6 DNA
released from both the T cell fractions was greatly
increased only when the cells were stimulated with
CD3/CD28 beads (Fig. 3B). The difference of HHV-6
DNA quantity between two cell populations would be
related to cell number propagated by activation as
shown in Fig. 2. These results indicated that HHV-6
could replicate completely in these T-cell subsets.
When FoxP3-positive cells in both the T-cell subsets
from freshly isolated PBMCs were detected by an
immunofluorescence test, approximately 60% of
CD4*CD25"# T cells were Ag positive, while a total of
- less than 1% CD4*CD25" T cells were Ag positive
(data not shown). Therefore, we examined whether
HHV-6 can replicate in FoxP3-positive and/or FoxP3-
negative T cells in the CD4*CD25" fraction. As seen
in Fig. 4, HHV-6 gB was detected in both the types of T

cells, indicating that the virus can replicate in both T,

and non-T,, cells.

Cytokine Production from CD4* T Cell Fractions

We examined the effects of HHV-6 infection on
cytokine productions from CD4*CD25"® and
CD4*CD25™ fractions. Freshly isolated cells did not
produce anycytokines if they were not stimulated (data
not shown). However, upon stimulation, both the
CD4*CD25"" and CD4"CD25™ T cells secreted signifi-
cant amounts of IL-2 and IL-10, and IL-2, IL-10, and
IFN-y, respectively (Fig. 5). In the CD4*CD25"" T
cells, IL-2 excretion decreased on day 2 but that of IL-
10 on days 1 and 2 was fairly constant (Fig. 5A, B).
Similar release kinetics were observed for IL-2 and IL-
10, and IFN-y was constantly produced by CD4*CD25~
T cells (Fig. 5C). When the CD4*CD25™ T cells were
infected with HHV-6, their IL-2, IL.-10, and IFN-y pro-
ductions were significantly enhanced (Fig. 5). In con-
trast, modest and no enhancement of IFN-y and IL-2,
respectively, was observed in the CD4*CD25"% T cells;
however, IL-10 secretion was significantly augmented.
No basal production of IL-4 was detected under any
conditions (data not shown).

Discussion

This study demonstrated for the first time that HHV-6
could completely replicate in both CD4*CD25" and
CD4*CD25™ T cells. Furthermore, in the CD4*CD25""
T-cell fraction, both Ty, cells (FoxP3 positive) and non-
T. cells (FoxP3 negative) permitted viral replication.

We also found that virus infection enhanced the produc-
tion of both Thl- and Th2-type cytokines from
CD4*CD25" T cells; however, only Th2-type cytokine
release was augmented from  viral-infected
CD4*CD25"# T cells.

Several reports have demonstrated that T., cells
affect functional immunity to microbes. There are
reports of an enhanced CD8" T-cell response to the her-
pes simplex virus type 1 (HSV-1)-specific peptide in T,
cell-depleted mice, and that T, cells suppressed anti-
human immunodeficiency virus (HIV) immunity (1,
38). - Furthermore, some microbes were reported to
modulate T..-cell functions directly or indirectly.
Lundgren et al. have shown that Helicobacter pylori-
infected individuals have impaired memory CD4* T-
cell responses that are linked to the presence of
pathogen-specific T. cells (25). Yamano et al
revealed that human T lymphotropic virus type 1
(HTLV-1) is significantly more infectious to T, cells
than other CD4"* T cells; thus, HTLV-1 causes autoim-
mune diseases by impairing the functions of T, cells
(43). In contrast, elevated T., cell function has also
been reported following HSV-1 infection (38). Multiple
lines of clinical and experimental evidence suggest that
HHV-6 may act as an immuosuppressive agent. For
example, fatal immune suppression associated with dis-
seminated HHV-6 infection and defective Ag-specific T
lymphocyte proliferation during -episodes of HHV-6
reactivation or reinfection have been reported (12, 21).
Although the mechanisms of these immune suppres-
sions are largely unknown, several types of evidence
have been reported. These include the inhibition of IL-
12 p70 production by macrophages (36), defective Ag
presentation and maturation of dendritic cells (20), and
aberrant cytokine production (3, 11, 12, 35). On the
other hand, autoimmune diseases such as fulminant
type 1 diabetes mellitus and multiple sclerosis have
been linked to HHV-6 infection (7, 14). Since there is
no relevant method to isolate only live T, cells and
since HHV-6 causes CD4" T cell lysis after 34 days of
infection, we examined cytokine productions from
these cells within 2 days after infection to estimate the
participation of T, cells in immune modulation. HHV-
6 enhanced the secretion of both Thl and Th2
cytokines (IL-2, IFN-y, and IL-10) in CD4*CD25" T
cells; however, only Th2 cytokine (IL-10) production
increased slightly without any change in Thl cytokine
excretion in CD4*CD25" T cells. Arena et al. reported
that HHV-6 up- and downregulated IL-10 and IFN-y,
respectively, in PBMCs induced by lipopolysaccharide
(3). Moreover, IL-2 release from PBMCs and CD3*
and CD4" T cells were all inhibited by virus infection.
In addition to the cells used, the type of viral strain
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might also be the cause of different release patterns of
IFN-y and IL-2. Arena et al. used the variant A HHV-6
strain, while we utilized the variant B strain. Hence,
our findings are difficult to compare with these authors’
reports due to the abovementioned factors. Neverthe-
less, our results implied that the CD4*CD25"" T-cell
subset, in which T, cells comprise more than half the
cell population, would shift their immunity toward the
Th2 type by IL-10 excretion. In contrast, the role of
the CD4'CD25~ T cell population in viral
immunomodulation remains to be studied in detail as
these cells also produce Th1-type cytokines in addition
to TL-10. IL-10 excretion from both cell populations
were more abundant than IL-2 and IFN-y production.
In addition to its direct immune suppressive activity, IL-
10 is important to induce Trl cell (6, 24). Therefore,
enhanced excretion of IL-10 by HHV-6 infection may
result in induction of Trl cells, leading to stronger
immune suppression, and this suppression will make
the virus propagation easier. Furthermore, IL-2 can
activate T cells, and it is essential for HHV-6 replication
(15), so that enhanced IL-2 production will also facili-
tate the virus propagation. '

In humans, CD4*CD25" T cells secreted IL-10 but
not IL-2, IL-4 or IFN-y (19). However, other reports
revealed IL-4 and IFN-y production in addition to IL-10
production from CD4°CD25" T cells, while IL-2 was
not excreted from these cells (10, 23). The marked dif-
ference between the results of the abovementioned
studies and our study is regarding IL-2 production.
Presumably, this may be due to the differences in the T-
cell isolation methods used. Using FACS, we could
collect only CD4* T cells that expressed high levels of
CD25; however, the authors of the abovementioned
studies used immunomagnetic beads for isolation,
which cannot exclude T cells with low CD25 expres-
sion. Although Baecher-Allan et al. investigated
cytokine production using CD4*CD25"" T cells sorted
by FACS similar to our system, they found that neither
IL-10 nor IFN-y was secreted (4). We also observed
very low, if any, secretion of IFN-y from CD4*CD25"#
T cells, but IL-10 was significantly produced unlike in
their findings. This may be attributed to the stimula-
tion formulas that may affect the strength of cell stimu-
lation. Although they used plate-bound anti-CD?3 either
with soluble anti-CD28 or with the addition of a low
dose of IL-2 (50 units/ml) for the maximum stimulation
of CD4*CD25" T cells, these stimuli induced modest
cell expansion. However, our stimulus using
CD3/CD28 beads with a high-dose of IL-2 (500
units/ml) caused extensive cell proliferation, indicating
that our stimulus is considerably stronger. Thus, the
patterns of cytokine production could vary according to

the strength of cell stimulation.

The cell tropism of HHV-6 has been analyzed in
vitro and in vivo, and it has become apparent that CD4*
T cells permit its complete replication; however, no fur-
ther attempts have been made to study viral tropism of
any CD4" T-cell subsets thus far. Since one of the
recent advances in immunology is the discovery of the
new CD4* T cell subset T, we attempted to investi-
gate whether T., cells permit viral growth. In fact,
there are reports of the preferential infection of T, cells
by HIV (30). Following the infection of CD4*CD25""
T cells by HHV-6, both the number of Ag-positive cells
and progeny viruses produced by the infected cells
increased. These results suggested that T,., cells might
permit complete HHV-6 replication. However, it is
likely that the CD4*CD25" T cell fraction comprises
T, and non-T,, cells, as shown in Fig. 4, that have been
found to be either FoxP3 positive or FoxP3 negative.
FoxP3-expressing cells comprised approximately 60%
of the population. Therefore, the possibility that non-Tr,
cells in the subset might selectively allow HHV-6 repli-
cation, while T, cells do not, remains to be studied.
We attempted to study this topic in greater detail by a
single-cell assay. The results revealed that HHV-6 can
replicate in most types of CD4* T cells, including T,
cells. In addition, both the CD4*CD25*" and
CD4*CD25" T cell populations of PBMCs isolated
from ES patients in the acute phase contained compara-
ble amounts of HHV-6 genomes (data not shown). This
suggested that T.; cells have good susceptibility to viral
infection in vivo. Since HHV-6 utilizes CD46, a ubiqui-
tous membrane cofactor protein on T cells, as a receptor
for infection (34), we examined the CD46 expression
on each CD4" T-cell subset. As expected, more than
99% of cells in both populations were CD46 positive
(data not shown).

It is known that CD4*CD25"® T cells do not propa-
gate by standard T-cell stimulation, such as that with
plate-bound anti-CD3 and soluble anti-CD28 Abs with
IL-2. This condition is the so-called “anergic state.”
However, the anergic state was abrogated in the pres-
ence of crosslinked anti-CD3 and anti-CD28 Abs
together with a high dose of IL-2; this resulted in effi-
cient cell propagation (16, 17). Although we obtained a
large number of CD4*CD25"® T cells by the same .
treatment, the cells still retained their anergic features
because their expansion capacity was lower than that of
CD4*CD25" T cells (Fig. 2). It has been shown that
expanded T, cells retain their phenotypic and function-
al features (17).

As reported by Hori and colleagues, the FoxP3 pro-
tein is a key transcriptional factor conferring CD4* T
cells with regulatory functions (18). Furthermore, the
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forced expression of FoxP3 conferred peripheral
CD4*CD25™ T cells with suppressor functions (13).
Thus, it is believed that FoxP3-expressing CD4* T cells
are T, cells. It has been reported that FoxP3 is
expressed in activated CD4*CD257, CD4*, and CD8*
T cells (31, 40). However, we did not observe acquisi-
tion of the protein in activated CD4*CD25" T cells
(data not shown). This may due to the difference in
assay systems or cells used; the Western blot technique
(40) and cloned T cells (31) were used in their studies.
Since Western blot analysis measures the total amount
of protein in whole cells, it is not clear whether the
upregulation of FoxP3 protein expression implies an
increase in the number of protein-positive cells or an
increase in the protein quantity in a single cell. Fur-
thermore, cloned cells did not, of course, represent a
particular cell population. On the other hand, we used
single-cell analysis to accurately determine the number
of FoxP3-positive cells.

In conclusion, our data indicated that HHV-6 could
replicate in both T., and non-T. cells in the
CD4*CD25" as well as in CD4*CD25~ T-cell subsets.
Further, virus-infected CD4*CD25"" T cells shift their
antiviral immunity toward Th2 dominance by producing
IL-10. However, the role of viral infected CD4"CD25~
T cells remains obscure. ]
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Abstract

Neural plasticity is necessary for the expression
and maintenance of higher brain functions. While most of
the experimental approach to the plasticity still remains
phenomenalism, analyses at the molecular level have gradually
progressed, especially concerning synaptic plasticity. The
analyses revealed that several carbohydrate structures play
irhportant roles in the synaptic plasticity. This review describes
the roles of 5 of these species of carbohydrates.

synaptic plasticity, carbohydrate
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A. Introduction

The brain comprises a sensory system, a motor system,
a limbic system for learning and memory, and a homeostasis
system related to body temperature and reproduction. These
systems communicate with each other via a complex neural
network to express higher brain functions. The neural circuitry
is not complete throughout life, with the addition, revision,
and maintenance of information over long periods causing the
network to change. Such phenomena are known collectively
as neural plasticity, comparable to the plasticity of clay.
Neural plasticity occurs in various neural regions during (i)
developinent of the neural circilitry in the fetus, (ii) physical
and mental development in children, (iii) learning and
memory, (iv) breeding, and (v) regeneration following neural
degeneration. Several representative examples involving the
auditory system are described.

Research has progressed psychophysically concerning
the discrimination of frequency, loudness, pitch, tone, and
source localization of sound, and it has recently been revealed
that the acquirement of source localization, at least is related
with neural plasticity. When spectacles were embedded in
the optic tectum of juvenile barn owls, the auditory space
map in the external nucleus of the inferior colliculus shifted
according to the optic displacement of the prisms and induced
hanges in interaural timing difference (ITD), one of the
most important cues for sound localization. After adapting
e owls with a prism in the optic tectum, ITD tuning shifted
‘0 a long time (us). Removing the prism after adaptation led
‘0 the tuning returning to normal, short time. Embedding
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the prism again led to a shift of ITD tuning as when the
~ prism was first embedded. This showed that juvenile owls
memorize prism adaptation acquired developmentally (1,2).
The sensitive period of the prism adaptation ends as the owls
approach sexual maturity, at about 200-250 days old, which
suggests that acquirement of sound localization is a neural
plasticity occurring in the developmental period. For lots of
neural plasticity containing developments of auditory, visual,
and motor systems as well as sound localization, the periods
- required for the acquirement are determined and called
critical periods. For example, birds communicate through
various songs. Song learning involves two components: song
memorization and vocal learning. Juvenile birds memorize
songs early in life during a critical period and birds are able
to sing by vocal learning following the end of the critical
period (3). While the start and termination of critical periods
seem to be programmed by genetic information, the molecular
mechanisms are little understood.

As an example of adult neural plasticity,
nonreproductive female midshipman fish present no response to
male vocalizations by the inner ear. However, nonreproductive
female treated with testosterone or 17f-estradiol exhibit an
increase in the degree of temporal encoding of the frequency
content of male vocalizations by the inner ear that mimics the
reproductive female’s auditory phenotype(4). Furthermore,
the response of the inner ear is observed seasonally in the
summer but not in the winter (5) and is understood as a neural
plasticity in breeding season.

Other examples of adult neural plasticity involve
neural diseases. For example, it is known that synapses form
and neurites develop following brain ischemia and trauma.
In addition, neural stem cells in the olfactory ventricle, the
lateral ventricle, and the subgranule cell layer of the dentate
gyrus develop as new neural cells, which are involved in
regeneration. In addition, epilepsy is a disease involving

- abnormal neural plasticity and repetitive-seizures caused by
the overloaded discharge of neuronal cells. Finally, there have
been reports concerning adult neural plasticity caused by
neural diseases.

Neural plasticity is evaluated based on morphological
and physiological observations at cell biological level. So
far, the synaptic plasticity existing between neurons and
between neurons and effector cells has been extensively
investigated. It is thought that the physiological activity in
neural circuits reacts and changes depending on the condition
of synapses. Based on the notion that “two synaptically
coupled neurons wire together more strongly, when neurons
can fire and fire together (paraphrase of Hebb’s postulation
1994)”, the molecular cascade and signal transmission in the
synaptic region lead to neural plasticity in vivo and this has
been investigated with a focus on the hippocampus (6,7). For
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example, when two stimuli (paired pulses) are applied to the
presynaptic nerve, paired-pulse facilitation and paired-pulse
depression develop according to differences in the timing

of the stimuli (2) (short-term synaptic plasticity). Then, in -

stimuli, frequency of firing in addition to timing seem to
induce long-term synaptic plasticity, that is, in synapses in
pyramidal cells of the hippocampus and cerebral cortex, high-
frequency continuous spike stimuli at ca. 100 Hz and 1sec
induce long-term potentiation (LTP) whereas low frequency
ones at ca. 1Hz for 10 min induce long-term depression (LTD).
Because the periods of continuous activity increase from
seconds to hours, LTP and LTD are models for learning and
memory. Furthermore, it has been reported that the size of
the spine was increased by LTP and reduced by LTD (8,9).
Recently, the study of the molecular mechanisms related
to synaptic plasticity has progressed, with reports of the
involvement of carbohydrates. This review describes recent
findings on synaptic plasticity focusing on the hippocampus,
one of the regions of the brain that have been analyzed
extensively at the molecular level. First, it describes the
“mechanisms of hippocampal LTP” and then the involvement
of 5 species of carbohydrates in synaptic plasticity.

B. Mechanisms of Hippocampal LTP

The hippocampal formation, the center of memory,
is linked by unidirectional projections [entorhinal cortex
(EC) — dentate gyrus (DG) — CA3 — CAl — subiculum].
Projections from the entorhinal cortex to the dentate gyrus,
from the dentate gyrus to the CA3 subfield, and from the
CA3 subfield to the CA1 subfield are known as the perforant-
pathway, mossy fibers, and Shaffer coljaterals, respectively.
Stimuli of the perforant-pathway, mossy fibers, and Shaffer
collaterals are recorded in dendrites of granule cells in
the dentate gyrus (EC-DG synapse), in the pyramidal cell
layer of the CA3 subfield (DG-CA3 synapse), and in the
pyramidal cell layer of the CA1 subfield (CA3-CA1l synapse),
respectively (10) (Fig. 1). In 1973, Bliss et al reported that the
response of granule cells in the dentate gyrus to stimulation of
the perforant-pathway with high frequency continuous spike
stimuli was an induction of LTP for at least 6 hours, in the

hippocampus in anesthetized rabbits (11). Then, stimulation

of the perforant-pathway was recorded in the dentate gyrus
of the hippocampus in un-anesthetized rabbits, resulting in
LTP lasting 3 days (12). These results in rabbits indicate that
LTP is a model of learning and memory in the hippocampus.
Then, the development of a physiological technique with
hippocampal slices led to numerous reports of the detection of
LTP in DG-CA3 and CA3-CA1 synapses (13), which recently
have been more frequent than those with EC-DG synapses.
More recently, LTP has been detected in the cerebelium,
amygdala, cerebral cortex, and so on.
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Fig. 1. A picture of a transverse hippocampal brain slice prepared
from the rat and mouse, which was modified slightly from a fig in
Fundamental Neuroscience 2nd ed”. Com system, commissural
system; DG, dentate gyrus; EC, entorhinal cortex; gl, granule cell
layer; mol, molecular layer; pcl, pyramidal cell layer; PP, perforant-
pathway; Sch, schaffer collateral; sl, stratum lucidum; so stratum

oriens; sr, stratum radiatum.

Next, this review describes the molecular mechanisms
of LTP simply. The induction of LTP depends on an increase
in the intracellular concentration of calcium ions ([Ca*’}i) in
some key compartment of pre-'and/or postsynaptic cells. The
regulation of [Ca*’i for induction of LTP is controlled by four
pathways that have been well studied: N-methyl-D-aspartate
receptor (NMDAR); a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor (AMPAR); calcium influx through
voltage-gated calcium channels (VGCCs); and the release of
calcium from intracellular stores. The receptors were located
in the spine and dendritic shaft (7,14).

While the AMPAR has relatively low Ca*’ permeability
and AMPAR-mediated conductance is essentially voltage-

independent, the NMDAR becomes permeable to Ca** with the -

lifting of the Mg* block but this channel block is relieved by
sufficient depolarization of the postsynaptic membrane. Thus,
the NMDA-mediated conductance is dependent on voltage.
After enough postsynaptic depolarization induces the release
of Mg** from NMDAR, the glutamate released from pre-
synapses binds to the NMDAR and causes an influx of Ca®
into dendritic spines on the postsynaptic cell. The [Ca*]i that
increased is thought to activate CaM kinase II (Ca**-dependent
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kinase IT), which plays a key role in the induction of LTP.
While this progress is known as NMDAR-dependent LTP, LTP
not requiring the NMDAR also exists (NMDA-independent
LTP) (15-17). For example, in the presence of the competitive
antagonist APV (2-amino-5-phosphnovalerate), LTP has been
induced in DG-CA3 synapses. The NMDA-independent LTP
has been prevented by a blocker of VGCC, showing that
VGCC is involved in the induction of LTP instead of NMDAR
(15,16,18). Also, it is known that NMDA-independent LTP
occurs via VGCC in some of the CA3-CA1 synapses.
Another mechanism for the induction of LTP
involves the metabotropic glutamate receptor (mGIuR) (19).
Induction of LTP was prevented by a blocker of mGIuR,
" MCPG [(+)-a-methyl-4-carboxy-phenylglycine], in the
CA3-CAl synapse, while LTP was induced by addition of
MCPG following highly frequent stimulation. This indicates
that mGluR functioned in the pre-synapse. Concerning
the mechanism of Ca™ release from intracellular stores
dependent on mGluR, the glutamate released by highly
frequent stimulation activates PLC (phospholipase C) via
mGluR and PLC enzymatically breaks down membrane
phospholipids to form DAG (diacylglycerol) and IP; (inositol
1,4,5-trisphosphate). DAG modulates channel activity through
PKC (protein kinase C) and IP, mobilizes the increase of [Ca™]i
from intracellular stores. The increase in [Ca*}i does not occur
as quickly as the opening of VGCCs. Finally, PKC via mGluR
and CaM kinase via NMDAR seem to play important roles in
the maintenance of LTP. Additionally, CREB phosphorylated
by PKA (protein kinase A) and MAP kinase is also important
to maintain LTP (2). However, there is no unified view
regarding the molecular mechanisms of LTP’s induction,
while numerous works at molecular level have been reported.
Therefore, further research into these molecular mechanisms
. in addition to the involvement of carbohydrates is needed.
Some forms of LTD appear to be mediated by
the NMDAR and the VGCCs and seem to result from
depotentiation. It was suggested that a low [Ca*]i activates a
protein phosphatase and then causes LTD, while a high [Ca**}i
causes LTP (21). A recent report suggested that inhibition of
VGCCs in presynapses induces LTD in interneuronal synapses
in the mossy fiber-stratum lucidum (21). Finally, progress in
the molecular study of LTD is also expected in the future.

C. Polysialic Acid

PSA (Polysialic acid) is a post-translational
modification consisting of a homopolymer of ¢2,8-linked
sialic acids present in the cell membrane. In the brain, PSA is
found in a limjted number of glycoproteins and predominantly
on the ‘neural cell adhesion molecule (NCAM) and sodium
channel a subunit (22,23). While research has so far been
more frequent concerning PSA-NCAM, concerning the PSA
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in the sodium channel a subunit, researches have focused
on the involvement of sialic acids with channel activity (24).
Therefore, this review mainly describes PSA-NCAM.

NCAM is expressed on the membranes of neurons and
glia cells and is an adhesion molecule that promotes cell-cell
interaction with homophilic binding. NCAM is classified by
its type of cytoplasmic domain into NCAM-120 [glycosylp
hosphatidylinositol (GPI) anchor type], NCAM-140 [short
cytoplasmic domain], and NCAM-180 [long cytoplasmic
domain}. Only NCAM-180 contains PSA. Two related

-enzymes: ST8Sia II (STX) and ST8Sia IV (PST), are
responsible for the polymerization of sialic acid in a2 — 8
linkages in the fifth Ig (immunoglobulin)-like domain of the
extracellular domain (25-27). In vitro analysis has suggested
that ST8Sia IV has greater polymerizing activity than ST8Sia
IT and the coexistence of these enzymes increases the activity
(28).

In polysialylated-NCAM, ionic repulsion caused by the
cationic charge of polysialic acid on NCAM is an impediment
to membrane-membrane contact (29) and increases elasticity
structurally, leading to an increase of neural plasticity.
Concrete examples include the outgrowth of neurites
and axons and structural changes of synapses (30-34).
Furthermore, several experimental approaches: treatment with
Endo-N (endoneuraminidase) and mice deficient in ST8Sia I,
ST8Sia IV, and NCAM, have revealed roles of PSA-NCAM
in synaptic plasticity. Therefore, this review focuses on the
function of PSA in synaptic plasticity.

First, it explains the distribution of PSA and NCAM in
the hippocampus according to the unidirectional connection
described in “Mechanisms of hippocampal LTP” (Fig. 1).
Immunoelectron microscopy with anti-NCAM-180 antibody
demonstrated that about one-third of the postsynaptic density
expresses PSA-NCAM in the molecular layer of the dentate
gyrus receiving the perforant pathway (35). The ratio of one-
third obtained with anti-NCAM-180 antibody is consistent
with that obtained with anti-PSA antibody (36,37). On
the other hand, PSA and NCAM also seem to occur in the
presynaptic membrane independently. While NCAM is
expressed in the mossy fiber bundles and boutons, PSA
is distributed in unmyelinated axons with the mossy fiber
bundles and immature boutons. These results show that not
all NCAM is modified with PSA (33, 38). Additionally, there
was no expression of either NCAM or PSA in the DG-CA3
synapse receiving the mossy fiber (36). Finally, axons on the
Schaffer collateral and pre- and post-synaptic membranes in
the CA1 pyramidal layer are PSA-positive, which seems to
show PSA-NCAM-positivity, because the PSA in the Schaffer
collateral disappears in NCAM-deficient mice (39). Referring
to this distribution, the involvement of PSA-NCAM in
synaptic plasticity is described below.
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. NCAMRE v 779 V9 ATIRERETH -2 H
5. PSA-NCAM DG ERLTWABEEZLND (39), LLE
O PSA-NCAM DA F 2 BEZ. LWTIZPSA £ ¥+ 72T
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Table. L. Roles of polysialic acid and NCAM in neural development and synaptic plasticity.This table was modified
from two tables in Ref 42,43, and 44. — indicates impairment of function; + indicates normal function. n.d., not detected; n.d.*, there
might be no difference; $ shows that impairment was rescued by elevation of extracellular Ca™ concentrations from 1.5 to 2.5 mM; #

shows impairment in the adult but not juvenile.

Function Endo-N NCAM-/- | conditional NCAM-/- ST8Sia fV-/- | ST8Sia ll-/- Molecular basis
Migration of neural precursors —o a5 nd.* +4 +9 PSA-dependent NCAM function
Lamination of mossy fibers = -4 R aal +43 2 ST8Sia ll-dependent PSA-NCAM function
STP in CA3-CA1 synapse 2429 ) +4 +4 +2 PSA-dependent NCAM function
STP in DG-CA3 synapse +42 +4 +44 R o +43 No effect of PSA or NCAM
STP in EC-DG synapse n.d. —49 n.d. +49 +4 PSA-independent NCAM function
LTP in CA3-CA1 synapse 3429 = —544) —#43) +2 ST8Sia IV-dependent PSA-NCAM function
LTP in DG-CA3 synapse |+ — +4 +49 +9 PSA-independent NCAM function
LTP in EC-DG synapse nd = nd. +40 +9 PSA-independent NCAM function ‘
LYD in CA3-CA1 synapse -39 n.d. 544 —t43) nd. ST8Sia IV-dependent PSA-NCAM function
In 1996, Muller et al. indicated that the treatment of BOMEREZHEHT 5o

hippocampal slices with Endo-N resulted in the disappearance
of LTP or LTD in the CA3-CAl synapse (39). Then, several
reports were published about analyses of PSA-NCAM in
mice deficient in ST8Sia II, ST8Sia IV, and NCAM (Table
. D). In Table 1, STP shows an initial response following high
frequency stimulation and LTP shows a long-lasting response
for more than several minutes following stimulation. NCAM
is involved in most of the synaptic plasticity of the three
pathways of the hippocampus in Table 1, except for no
response of STP in the DG-CA3 synapse (39-42).

First, LTP in the perforant pathway requires NCAM
but not PSA (40). The expression of PSA-NCAM in one-
third of postsynaptic density in the perforant pathway (35)

has led to p_ostulation of the involvement of PSA-NCAM in

LTP and we expect progress in further investigations. Second,
while PSA expressed depending on ST8Sia II is necessary
for lamination of the mossy fiber, the STP and LTP in mossy
fibers is PSA-independent (41,42), which might result from
no expression of PSA in DG-CA3 synapses. Finally, LTP
and LTD in the Schaffer collateral require PSA-NCAM (39,
42-45), which is not incongruous with the expression patterns
of PSA-NCAM in pre- and post-synaptic membranes of
CA3-CAl synapses. Additionally, conditional ablation of
- NCAM by cre-recombinase under the control of the CAM
kinase II promoter resulted in inhibition of LTP and LTD
in the CA3-CA1 synapse (44). The ablation resulted from
the recombinase activity in neurons involved in NMDA-
dependent LTP, suggesting a correlation between PSA and
NMDAR in the CA3-CA1 synapse. NMDAR consists of
NR1 and NR2 subunits which are expressed in the pyramidal
cells of the CA1 subfield. Recently, it has been reported that
- PSA-NCAM affected the NR2B subunit, that is, soluble PSA
and PSA-NCAM inhibited single NMDAR channel activity
stimulated by glutamate (46). The inhibition by PSA and PSA-
NCAM was fully occluded by the NR2B-specific antagonist,

1996 ££{Z Muller 54t (39). #HE A F 4 X2 Endo-N AE %
fF\vy. CA3-CAl ¥+ 7RIZBITALTP L LTD Dl E%2RL
72 Z O Muller 5 DD, Endo-N MEIZHIZ T, NCAM,
ST8Siall, ST8SiaIV D/ v 7 77 b= AEBIZBIT 5 BIFH
FbATE (B, F1I2BITASTP &it, BEERNBE
DFEBFEOREER L, LTPIZF0#¥+ToEICH-2EH
WHRERLTWA, NCAM i3, BREHEICBITS DG-CA3 ¥
FTTAOSTP CHE LI L2 RITE. BEIIBIT 538
BEXDIZLALTRTOYF FATERICES L TWS (39
—42),

EBSERICEBTALIPIZOoOWTiE, NCAM 3BT
HHHPSA DEERE{F T\, EC-DG Y+ 7AD 13 ¢
PSA-NCAM T3 3 Z & 225 (35). PSA DY F 7 ATEHA~AD
Mo DOBENTEEN, LTD 2 5042 0OBITMHE-1
5 (40)o RIZEBREHEORIIZIZPSA DREIFES L, B
ST8Sia Il DRBEHAWNETH 5 (41.42), FDO—HF T, HIRE
HOLTP IZ2WTid, PSADEE:2ZITH Vv, Thit, DG-
CA3 ¥V F7RIZPSA DRBENZVI S, YFTATEE
ICREERELZVwOR2S L, &5I2NCAM », DG-
CA3VFFADSTPIZIEALZWZ LY, Y F7RICREAL
TWEWI LICHETAORb LAy, BEIL,. V¥ 77—
BRI BIT AV F T ATEBMIZ, PSA:NCAM O LTP £ LTD
ADEBELo b L (HHAL TV 3 (39.42-45), LTP R U*
LTD 3£i2, PSA-NCAM OEBZHE (FT 5, Thid, CA3-
CAlVFTADRY T 7T ABRUVEY F 7 AEHIZPSA-
NCAMBFH L TwAI bbbV F FATHRE~DBEE %
BB ENTEL, 72, NMDAR-dependent LTP D#EH:
KEETHALEEZLNTWS CaM kinase I D 7O E—% —
XBTD Cre BRIEFEHW:, IV F 143 3F/VNCAMRE
TTABBIIBVTL, CA-CAl ¥ F 7T RIZBUALTP &
LTD #fHE SN, 9 L7:fHEiE. NMDAR-dependent LTP
KE5T5-2—OYICNANCAM 2 RESEERTH D
Ztd b, CA3-CAL ¥+ 7 RIZHB S NCAM & NMDAR &
DHEEERRETHI LIRS (44), NMDAR iX, NRI &
NR2H 7= b5k b, CAl #MIZICiX, NR2A &
NR2B DIFEFH LN TV 505, BAENHE D, 5. PSA-NCAM
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ifenprodil. These observations indicate that PSA and PSA-
NCAM interact with the NR2B containing NMDA receptors.
However, in the hippocampus, synaptic NMDA receptors
contain NR2A and extrasynaptic NMDA receptors contain
NR2B (47), which causes loss of mitochondrial membrane
potential (an early marker for glutamate-induced neuronal
damage) and cell death. These results raise doubt about
whether the effect of PSA-NCAM on NR2B is involved in
synaptic plasticity. On the other hand, a report found that
post-synapses contain NR2B, which affects the induction
of LTP in the amygdala which receives projections from the
hippocampus (48). Therefore, also in the hippocampus, the
effect of PSA-NCAM on NR2B may be directly involved in
NMDAR-dependent LTP.

PSA expressed dependent on ST8Sia IV is necessary
- for the induction of LTP and LTD in the CA3-CA1 synapse of
only adult mice (more than 4 weeks old) (43). The abundant
expression of ST8Sia II in newborn mouse brain shifts toward
a prominent expression of ST8Sia IV in the adult brain (49).
This expressional shift might affect differences between

juveniles and adults concerning the acquirement of synaptic -

plasticity.

Furthermore, previous reports have shown the
involvement of PSA-NCAM in higher neural plasticity.
In a fear-conditioning test suitable for observations of
emotional stress (45), the injection of PSA-NCAM-Fc into
the hippocampus in vivo resulted in a reduction of freezing
time when the mice entered a room where they had previously
received footshocks (contextual learning). On the other hand,
NCAM-deficient mice have a disturbed contextual memory.
The mice received an injection of PSA-NCAM-Fc or NCAM-
Fc into the hippocampus, resulting in an extension of or no
effect on the freezing time, respectively. As these effects of
PSA-NCAM do not occur following an injection into the
amygdala, an adequate dose of PSA in the hippocampus
seems to be involved in emotional stress. The suprachiasmatic
nuclei (SCN) of the hypothalamus contain an endogenous
circadian clock that maintains synchrony with the external

environment through light input and express PSA-NCAM. In

rat brain slices recorded for 3 days, the mean firing frequency
of SCN neurons was recorded as a sinusoidal curve over a 24
hour period with a peak at midday, resembling the circadian
rhythm, and treatment of the slices with glutamate produced
light-like shift of 3 hours in the circadian rhythm (54). On
the other hand, in NCAM-180-deficient mice, circadian
rhythmicity was abolished, resulting from a determination
based on activity in darkness (55). Furthermore, treatment
with Endo-N in the SCN disturbs the light-like shift caused
by glutamate (53). These results suggest that PSA affects
circadian rhythm and is also relevant to synaptic plasticity
via glutamate stimulation. Additionally, several reports have
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MBNR2B IZHEHT A2 L dtb o T E7: (46)o HBS I
L7:PSA R PSA-NCAMMB V% I VERBICL28—0
NMDAR # ¥ A VEHZBHETL20DTH %, $7- NR2B 4
EBMAEH (ifenprodil) #*. PSA #° PSA-NCAM L L3 F v
ANEHHEELESTEI L5, PSA #° PSA-NCAM 75,
NR2BIZERTAH LMLt ol LELEMS, BE
Za—-UrD¥F+7ANMDAR #*NR2A TH H ., o+ TAH
NMDAR #*NR2B T 5 L ) HEND 5 = L (47). & 612id,
NR2B REN T VY I VERIMIZ X 5B #H T2 2 &2
5. NR2B % /L7 PSA-NCAM DAY + 7 A I E
BESTL2LI PR, BROBTEZAHH2, LLE
MORE, BEICADEELFORMMAIZB VT, NR2B 722
NA Y (B FTR) KEEL, LTPICHEET 2R HE
IN7:(48) FNEL. CAl Y F TRIIBWTHNR2B ¥4 L
7- NMDAR-dependent LTP 2°7-7E L. PSA % PSA-NCAM »*}§
S5LTwaTERIBREN TV, .

MZ T, CA3-CAl ¥ F TARIBITALTP RIUFLTD -
5 PSA IE. ST8SiaIlVIZX AR T7TNVEBERICLZ LS T
BB @3 HPELITNIZ4BBUEOT YA IBVTHEX
NIRRT, 2880 ST8Sia IVRET T ATIIEE NV,
ZhiZ, ST8Sia I VHAKICHM BB L., BERRBT I
DNTSTESia IVORRIBITTAZLICRBEATVELE
bbb 49, Thbb, PF 7 ATBHOEE BN LHTEER
ERBEOMTRELZY, PSADEDLY FIET2EEL L

- ha,

3512 PSA-NCAM iV Tk, BAOBRETER~DO
E2TRBT2H8E0DD. P, FEAFLAOBEICE
LABBEBRTA N LARE 29 A0OBER, PSA-
NCAM-Fc ZEA L%, BR a3 v 7 22 -BEICEY
Ans L 'fregzing FRFEPEMET 50 £D~HF T, NCAM Rk
YUARD ED L freezinig BERIAYE (. #B1Z PSA-NCAM-
Fc #EAT 5 L freezing BRI AR T 5 5, NCAM-Fc Tii %)

BFEZV, CHIZHEEICBITS PSAEDTEY, BHA ML

ACEELTWAZEERL TS, E5IRBHRE~DEA
T freezinig FEICEB Y S X 2w 2 b, BEICEEY
YT TAMBEREOBRBELTRL TR EEZ 6N (45),
F/2PSAR, Y= T4 T ) X L0BBIIIFTELTVE
ZEFMLN TS (53), REETHRRX L (SCN) 25, 4
EPoOBEESE ZSITRAZ LIZE D - Fs 73 X
LADEIFAPBEL B, In vitro SCN A5 4 XZHBEE Y AND
& BRABERFEZEBR LR CABICH - 26508 (BEHE)
EEZHMBER PR WIS AEE (B »5%5,
UEFHOHF) XLXB05hs (3ABEEEDY L &
Uy TLTHEHBICIIVY I VBRHS5 T2, BHIZES
NEBRBDE -7 3BEBHETAENDLATYS (54),
NCAM-180 R&E= 7 A Tid, BHEEHICBIT 5 EBEHEDOY X
LAFEBELE 252 (HEIIER, BEHIZES) »Hs
PUTE Y (55), SLHICIESCNATARIZBITATI VY I VB
BB X 2 FEHE— 27 O 3BEEBHED. Endo-NMAEIZL Y
BEESNDZIEDPL, PSADREBNSCNOF—HF4 T Y
ZHHEE L, SV I VEBERENTH LT SATEERE OB
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proposed effects of PSA on neural plasticity via neuronal
hormones: lactation by stimulation with oxytocin in supraoptic
nuclei of the hypothalamus (56), estradiol-induced increase
in the number of GABAergic axo-somatic synapses in the
arcuate nucleus of the hypothalamus (57), and developmental
migration of neurons expressing luteinizing hormone-
releasing hormone (LHRH) (58) and so on. Other reports have
also suggested that PSA has relevance to neuronal diseases
including epilepsy (59, 60), heroin addiction (61), and the
proliferation of neural stem cells (62).

D. HNK-1

The carbohydrate HNK-1 is carried by glycolipids
and glycoproteins including the immunoglobulin (Ig)
superfamily (NCAM, PO, L1, and F3/F11/contactin), integrin,
proteoglycans, and the extracellular matrix giycoproteins
(tenascin-C, -R). HNK-1 is involved in neural development
and synaptic plasticity through the mediation of cell-cell
recognition. HNK-1 is a sulfated trisaccharide (HSO,-
3GlcAP1-3Galpl-4GlcNAc) and two glucuronyltransferases
(GIcAT-P, GIcAT-S) and one sulfotransferase (HNK-1ST)
are involved in its biosynthesis. Studies have been conducted
with GIcAT-P and HNK-1ST deficient mice to know whether
HNK-1 is involved in neural plasticity (63,64). Deficiencies
of both GIcAT-P and HNK-1ST resulted in an inhibition of
LTP in the CA3-CAl synapse, suggesting the involvement of
HNK-1 in synaptic plasticity. The molecular mechanism of
LTP via HNK-1 needs to be analyzed in more detail. On the
other hand, it has been reported that the application of anti-
HNK-1 antibody induced an increase of LTP and decrease of
GABA, receptor-mediated pIPSCc (perisomatic inhibitory
postsynaptic currents) in CA3-CA1l synapses (65). HNK-1
antibody did not affect pIPSCs in knock-out mice deficient
in tenascin-R, but did affect them in NCAM-deficient mice.
These results provide evidence that HNK-1 carried by
tenascin-R is involved in channel permeability of GABA,
receptor at least in some hippocampal neurons.

E. Fuca(1-2)Gal _
Fucosé-a( 1-2)-galactose [Fuca(1-2)Gal], which
~ exists as a terminal carbohydrate modification to N- and
O-linked glycoproteins, has been implicated in learning and
memory (66,67). 2-deoxy-D-galactose (2-dGal) prevents the
formation of Fuca(1-2)Gal linkages by incorporation of the
drug into glycan chains, reversibly. On injection of 2-dGal
into the rat intra vein, STP and LTP which should be induced
by high frequency stimulation are interfered with in the EC-
DG synapse (perforant pathway) and CA3-CA1 synapse
(Schaffer collateral) (68). Also, the injection of an antibody

(A46-B/B10) recognizing the Fuca(1-2)Gal epitope impaired

the retention performance of rats in a relearning session with
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EENRESINDS (53)y COMPSA IR, FF T F VEIBK
JH2WARBEFICBY ABRERTHBRE LB (SON) KBITAR
It (56), TAPOFVABKEAIHEE=2-O F TR
BoOBE (7). E6icid, HEERFINVEVHEAVECR
Ba—-OVDOREROEE (S E. BEFNVEVIZEDLS
TEBHECNDBS 2R TI2H8EN D5, I-TA»AE
B’ (59.60) R ~T A hFE G EDEEP, BESRHMBEON
B (62) L DBEEEDUMEEMETRETARALIBRESLTEY,
SBODEL L LIMEDERIZET NS,

D. HNK-1

HNK-1 8813, BlEEHIViE, 1vA/ 707 > (g
A —7%=7 7 1] — (NCAM, PO, L1, F3/F11/contactin) % 1 ~ 7
)y, 7857F 7 Ay #EBS < } ) 2 X tenascin-C, tenas-
cin-REDHES U BICHINT 28T, MiaEERiREL
FRALZ-RERERLCY T 7ATERICHAS T 5, Z® HNK-1
B N-TEFNT I+ I VEBEOERTRBICHFEET LY
S/ PM-AREFEIINVIUVEETERT A 2BO VIO
SR BEEE (GICAT-P, GIcAT-S) L BBt E* B T A TEAE
BEFE (HNK-1ST) & hE&ER&Eh, JE4E GIcAT-P & HNK-1ST
D)y 2T PIVABERSIN, YFTATEHIZOWT
BRHNTV D, 32 CA3-CAl Y+ 7 AICBIT2 LTP 0
FIAPBBEE N, HNK-1 DY F 7 ATBEEADBEIRE S 1L
7: (63.64)0 TOLTP~OBEIIHMTAHFAH =X 112S
BOBKEFOLIATH B, L Lid 6. HNK-1 Hifhhs,
CA3-CAl Y+ 7ADLTP % LR &€ 5 L 32, GABA, ¥
FHHERO pIPSC DIRIELET S LLBENF D5 (65) I D
pIPSC X, NCAMRET V7 AHETH., FERM L AHICRE
EN7zH, tenascin-R RETTABETCIIBI O b ol &
it tenascin-R IZfFINE sz HNK-1 5, e &b —HD
BE=2—-020GABA, FEEDOF v A VEBKICEHL- T
VREERLTVA, '

E. Fuc « (1-2)Gal .
Fuc a (1-2)Gal i, N- &8, O-BEEHEF V2K
BHOKBICHMI N, FERECEbLZ LMURTE R
B &8N T &7z (66.67)s 2-deoxy-D-galactose (2-dGal) iZ. FXTD
Fuc ¢ (1-2)Gal REHREBHETA2RETH B, Flziddboh
CROBEBRZHEALNZZ v POREIRIC 20 2 mol 2-dGal #E A 30
5%, EC-DG ¥+ 7 A (BE##EE) RU CA-CAl ¥+ 7
A Ay 77 —HE) CEEENBEBI 2oL A, STP
DHHIBER SN, FOHROBIM(Q20 £ mol) 2L h, LTP D
FELIFI SN (68)0 T/ Fuc o (1-2)Gal ¥ P — 7k Dk
T 5505 (A46-B/B10) 2 ERPUCEAR MEBHA P L AEE (8
BEHEDILEETICALE 7y boay 2 HFEEI N5 passive
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passive avoidance, which is a method of determining the
effect on learning of an unpleasant stimulus [When rat enters a
dark alley, rat is punished by footshocks despite preference for
dark](69). Many reports implicate Fuca(1-2)Gal in amnesia
with behavioral analyses. -

Finally, it was recently clarified that the carrier of
Fuca(1-2)Gal is synapsin Ia and Ib (70). The A46-B/B10
antibody recognizes synapsin. The addition of 2-dGal to cells
prevents the fucosylation of synapsin, resulting in synapsin’
s degradation mediated by the calcium-dependent protease
calpain. The de-fucosylation changes the cellular half-life of
synapsin from 18 to 5.5 hours. ‘

Synapsin tethers synaptic vesicles to the actin
cytoskeleton. An increase of [Ca®™)i activates PKA (protein
kinase A) and CaM kinase, resulting in phosphorylation of
synapsin. Then, phosphorylated synapsin withdraws its role
as a tether and synaptic vesicles prepare to dock and fuse
with the active zone of the presynaptic membrane, resulting
in the release of neurotransmitters. Therefore, a steady supply
of synapsin is very important to the acquirement of synaptic

plasticity and Fuca(1-2)Gal bears the primary responsibility

for the stability of synapsin.

F. Proteoglycan

Proteoglycans are heavily O-glycosylated proteins.
The carbohydrate structure is called glycosaminoglycan
(GAG) and composed of repeating disaccharide units: amino
sugar derivatives and hexose derivatives, with diversity in the
position and quantity of sulfation. Proteoglycans are secreted
into the extracellular matrix and inserted into the plasma
membrane, and influence cell-environment interactions by
binding to a heterogeneous group of growth factors and other
matrix ligands, and adhesion molecules. In the central nervous
system, hyaluronan, chondroitin sulfate, and heparan sulfate
among proteoglycans, especially, influence the development
of peural circuits and regeneration of neural injury (71-73).
Furthermore, the involvement of chondroitin sulfate and
heparan sulfate in synaptic plasticity has been reported.
F-1. Chondroitin Sulfate

Treatment with chondroitinase ABC of hippocampal
slices resulted in the disappearance of LTP or LTD in
the CA3-CA1 synapse (Schaffer collateral) (74). On the
other hand, it has been reported that tenascin-R binds with
chondroitin sulfate and the CA3-CAl synapse of tenascin-
R-deficient mice exhibits a reduction of LTP compared to
the wild typé (75). The degree of the reduction is the same
with or without chondroitinase ABC, suggesting that binding
between tenascin-R and chondroitin sulfate is involved in the
development of LTP. On the other hand, there is no effect in
tenascin-R-deficient mice on LTD in the CA3-CAl synapse,
showing that the effect of chondroitinase ABC on LTD is
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avoidance ¥ AWTHED., v VIR HFLI L6, AR
FEDEBHREADLDD,) 2{To2b T A, EFEFHREINE
BLAZEr»S, BEEFOLHMBAREIFESL TS
Tl b otz (69) BEDZ EHL, Fuc o (1-2)Gal R
EEESETHALLEEMEN TV,

B2 %5 T, Fuc a (1-2)Gal D ¥ E$84577 synapsin Ia & -
Ib T2 DAL (70)s £DOEMIIFIZA Iz A46-B/
BIOHGEA, Y F 7V ERBBLALILESHZ, LT, ¥
F7Y ik 2-dGal BN AL T LIZX D Fuc o (1-2)Gal 3%
E2FLhl Ry, TOHER. H V3L~ (calcium-dependent
protease calpain) i B END X 522 ). Fuc o (1-2)Gal 23
i+ Iy OERBIZ. 18EE»S SSERNLBRD
T2,

SFTANER, VFTIUERLTT I F OB OR
FloohTBY, YF7ARMRXROBRSEICL hHHREAIIC
Ca* *H AT A Z & T, PKA % CaM kinase 25iE#E{b e h, &
FIYVE) VEBMbEND, YT TV YN VEMEEh AL
VFTAMBET I F HEILBREL, VFTANEDCT
PFATS =Ky R T L, MEGEDEORB D,
OIS, VFTVVORERERBIE. VTS RATERD
BERILL->THEBILEETHL I LPbH D, Fuc « (1-2)Gal
B, F TV VOREILEFHoTWA I LFHL,ER S
AR

F.Z7asxJUh>
TaFF ) A IZO-HERES LN BT, BHEHES
RyVagzI ) yyarepidh, 737800V B0 2
BEHENORYELEENLOL ), BEEOEHONELEE
KXW EHELED, 7UFF I B D% i, MRast~<
P ZRCETH, Lo < M) 2 ARLHBEEFRT L
EEL. MBI a=r—Yar®, ABRBOZSHERIC
B5LTWw3, PEAERTR., ChITROBEOKREE
PLHBBRBREROBEEIC, e TLVO VB, I FuoAfF Yy
BB, ~NNF UHBOBEFBLPIIZoTETWS (71-
73), E5FUFF TN Ay OBRTH, Bizary FaoA4F
B, ~NNT VBNV S T ATERICESTAZ L AL
nTEY, KBTI, SO FTATEE~DHESIcOWT

BHT 2,
F-1. 3> ka4 FoHER

HEX*3L Y4 F+—¥ABCREBIZL Y I Ful+
VBB ESB L. CA3-CAL VT TR (Vv 7 7 —fIH)
CEEERNREBI 20725, LTP RULTD AHifl s h
724 — K. DEI L Y LTP L5 T AN YV 7 X T
I FOA FUBBICEST A5 T tenascin-R THH T &
ARSI TV (75) T &2 5, tenascin-R RE~<T AEEA
DABCUBOME X R7-& 25, ABCHLEFIH LTP #5I%
BRBRALTCHolme COFERI, Pl baryFof+r
BiBE O tenascin-R £ OFEEAMLTPOREICES L TWwAEZ L
ARELTWS, —HF T, tenascin-R RE< 7 A#EIZLTD
DEEBRALNLRWI LD 6, ABCREIZL S LTD $# 1.

©2007 FCCA (Forum: Carbohydrates Coming of Age)



induced by the binding of chondroitin sulfate to a component
of the extracellular matrix other than tenascin-R. Furthermore,
mice deficient in Ptprz (protein tyrosine phosphatase receptor
type Z), having domains for binding with chondroitin sulfate,
also showed a reduction of LTP compared to wild-type mice
in the CA3-CA1 synapse (76). These results suggest that
chondroitin sulfate binds with Ptprz, tenascin-R, HNK-1,
and so on extracellularly and seems to coordinate synaptic
plasticity. '

The involvement of brevican and NG2, proteoglycans
containing chondroitin sulfate, in synaptic plasticity has been
reported. First, brevican-deficient mice showed significant
deficits in the maintenance of LTP in the CA3-CAl synapses
of hippocampal slices. Additionally, application of anti-
brevican antibody also shows deficits in the LTP in the CA3-
CA1 synapse (77). Alternatively, NG2 is expressed in 5 to
10 % of all cells, depending on the brain region, especially
in the hippocampus. NG2-positive cells are glia that do
not express GFAP (glial fibrillary acidic protein) or MBP
(myelin basic protein). NG2-positive cells are not astrocytes
or oligodendrocytes. Furthermore, the neuron-glia synapse
is found in NG2-positive cells (78). Ge et al. made whole-
cell recordings from NG2 cells in the CAl region of rat
hippocampal slices by inducing glial cell membrane currents
with a high frequency stimulation of Schaffer collaterals (79).
The identity of astrocytes and NG2 cells was determined
by post-immunostaining. Theta burst stimulation resulted in
a persistent increase in the EPSC (excitatory postsynaptic
current) amplitude in NG2 cells, analogous to LTP found
in synaptic plasticity existing between neurons. The LTP-
like EPSCs were reduced by philanthotoxin-33, a toxin that
specifically blocks the CaPARs (Ca**:permeable AMPA
receptors), Kyn (NMDA, quisqualate, and kainite receptor
. blocker), and BAPTA (calcium cannel chelator). These
results show that NG2 cells induce a NMDAR-independent
LTP that depends on [Ca®*]i. Further research is needed to
know whether NG?2 itself is implicated in synaptic plasticity,
however, the involvement of NG2-positive cells in synaptic
plasticity has been clarified.

F-2. Heparan Sulfate

Among proteoglycans with heparan sulfate, syndecan-3
is expressed in pyramidal cells in the CAl subfield of the
hippocampus and biological analyses show that FGF and HB-
GAM bind syndecan-3 in the hippocampus. Two approaches
have been used to investigate the effects of heparan sulfate
on the induction and maintenance of LTP. First, treatment
with heparitinase of hippocampal slices resulted in the
disappearance of LTP in the CA3-CAl synapse (Schaffer
collateral) (34,80). Second, the application of a soluble
syndecan-3 to hippocampal slices prevented LTP in the CA3-
CALl synapse. On the other hand, syndecan-3-deficient mice
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tenascin-R St O@BBEANA< P 7 AL DHEEEB EBLTY
LLBEbhb, $7-—FT, I FOAF U BREEEERY
¥ Prprz(protein tyrosine posphatase receptor type Z) DRK<
ARBBEAT 4 ADCA3-CAl ¥ F TR (v 77 —H)
CEEENEYBI o/t A, LTPO &R, Zhd
NMDA-independent LTP T& 57 (76)o LLEDER LY, 2~
Fo 4 FBEi3. Ptprz, tenascin-R. HNK-1 % X & L iC#if3
NTEELEY., VFT7RATBREBEELTVWEDTHS ),

—F T, avFuA F U REEREFOIUFFSNALD
B C. brevican & NG2 (28T 5 ¥+ 7 ATNEBEMBEINT
W5, 9, brevican HEBLTPICBESLTWw3L)TH5
(7T)o Brevican KK 7 A#EERX 7 4 A2 CA3-CAl ¥+ 7R
(L% 77 —f@k) S8BT 5 LTP OFEHIE S h, £ 51213,
Ay bO— LTI ABERX S A4 RICH brevican b TS5 L
722 ZA, LTPOFEMNBEE NI, —HT. NG2 KBTS
R, PLBERIZLTYS, NG2 1L, B 5-10% oMk
PERBELTWAIFIC#EEIZE { . GFAP (glial fibrillary acidic
protein) B&# % UF. MBP (myelin basic protein) BEtE D 77 7 #lifig
IKEBELTYwD, THhbh, —IIEDATWET7A O
A ChF)IFFagA PT%&V\%B&’C‘?JVJ‘ 2 bil
NG2#fi3, =a2—0 P FTAEMESD (78) Ge bid.
BASAZA0 vy 7 7—HBICLTP FEMBE*EY ., CAlH
BICHEET A NG2ARDEEMN2/5vy F27 5 72k hilE
L7z (79) N2 THEDE I Pk, N F 25 THE
BlraEREYBI 2, BLAICEAEL TS, LTP EAR
# (theta burst stimulation) {2 & ¥ . NG2 #ifgid, BEMHE Y F
7 ABH (EPSCs) DILKEF Lo T LTP BN RIHE, Ca®*
FBE AMPA SAAOHEES (PhTx) THHE S, 25121,
Kyn(NMDA, quisqualate, and kainate receptor blocker) %, 7V ¥
Y LhF ¥ FNFEL— M (BAPTA) TH, #Hifls i, b
DT EHE, NG2#i2ik. non-NMDA ZEMEMEFEMIZLTP ¥
EEL, ZOLTPIE, —a—Ory—za—ury@{iyrr7 Rk
FB AN Ca* BEIKTFELA-LTP TH A LAHL R E
%ol ERIZNG2 BEM, LTPICHS LTWwah L) i,
SBOBRHABEATIRH L, P2 Ld, NG2ERRLTw
37 TR, LTPFEICED o TR I HLr Lo
YA
F-2. ANIND LB

ARG VBB REOTIOTFF SIS IDIE, Y UTFRY
S AHE CAl 6 HRICRATEILEPALNTRS, &5
IZE{LEMBEIT LY, BE TR Y Y70 v 3 S T FGF
R HB-GAM AT LHbhoTwd, ~NT VBRI
SonTH, FIRLTELFERICIN VT ATEE~D
BSIZOoOWTHARGR D2, TT, #ERx A~/ FF—
ERBIZEDANT VREE S LR, CA3-CAl VF T A
(e 77—H8) CEEENEEBI 2oL I5, LTPH
BE N (34.80), TR-THEEY Y TH v -3 2#HECAL
FRIZIFEME CA3-CAl VY F TACEHEERNR B L.,
LTP A &Nz —H T Y v Fh ¥ 3RETT AEETIL,
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showed an increase of LTP in the CA3-CAl synapse (81).
Previous reports have indicated that FGF increases LTP (82)
and HB-GAM impairs LTP (83) in the hippocampus. The
heparan sulfate might coordinate the effects of FGF and HB-
GAM on neural plasticity. Recent research has indicated
that Drosophila heparan sulfate proteoglycan: syndecan
and Dallylike [glycosylphosphatidylinositol (GPI) anchored
glypican] play important roles in the development of synapses
in neuromuscular junctions (84). It is known that boutons
in presynaptic terminals contain active zones that organize
glutamate’s release and an increase of synaptic activity
enlarges the active zone per bouton, which requires LAR
famﬂy RPTPs (protein tyrosine phosphatases) (85). First, both
syndecan and dallylike bind LAR. Second, the syndecan-
deficient mutant shows a decrease of bouton size and the
Dallylike-deficient mutant shows a decrease of active zone
size. Finally, a double mutant assay showed the requirement
of LAR for actions of both syndecan and Dallylike. The
discovery of the collaboration of these heparan sulfate
proteoglycans in morphological synaptic plasticity will lead to
analyses in mammalian systems including the mouse and rat.

G. Concluding Remarks

This review focused on 5 species of carbohydrate,
whose structure had been identified and for which there
were knock-out mice deficient in the transferase required
to synthesize the carbohydrate. There are reports that
carbohydrates affect the maturation of channels, channel
activity, and the transport of synaptotagmine to presynaptic
terminals and so on (24,86-90) and that carbohydrates are
implicated in synaptic plasticity (91-93). Furthermore,
concerning the neural plasticity described in the introduction,
analyses at the cellular and molecular level should progress in
the near future and carbohydrates will attract more attention.
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Article history: ) The HNK-1 carbohydrate epitope, a sulfated glucuronic acid at the non-reducing terminus of
Accepted 4 May 2007 glycans, is expressed on glycoproteins and glycolipids and modulates neurite outgrowth and
Available online 16 May 2007 - synaptic plasticity by affecting the adhesive and anti-adhesive properties. It is known that

the HNK-1 carbohydrate is synthesized through two key enzymes, glucuronyltransferases
Keywords: (GIcAT-P and GIcAT-S). In the present study, we investigated the localization of GlcAT
Glycosyltransferase transcripts and HNX-1 carbohydrate in the adult mouse brain with or without GlcAT-P gene
Glycosylation using in situ hybridization histochemistrty and immunohistochemistry. Region-specific
Knock-out mice expression patterns of both GIcAT transcripts were observed. Strong expression of GIcAT-P
Adult brain and moderate expression of GIcAT-S were seen in neuronal cells of several nuclei of limbic-
In situ hybridization histochemistry related regions and of the sensory system and the cerebeliumn. It was shown histologically
Immunohistochemistry that the localization of HNK-1 carbohydrate paralleled the pattern of expression of GIcAT
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Abbreviations: GlcA, glucuronic acid; GIcAT-P, glucuronyltransferases P (AB055781); GlcAT-S, glucuronyltransferase S (AB055902); HNK-
1, HSO33GlcAp1-3Galp1-4GIcNAc; NCAM, neural cell adhesion molecule; CNS, central nervous system; 3n, oculomoter nu.; aca, anterior
commissure; AD, anterodorsal thalamic nu.; Arc, arcuate hypothalamic nu.; AQ, anterior olfactory nu.; BST, bed nu. of stria terminallis;
CA1-3, subfield CA1-3 of Ammon's horn; Cbn, cerebellar nu.; cc, corpus callosum; Cg, cingulate cortex; Cu, cuneate nu.; DB, diagonal band;
DC, dorsal cochlear nu.,; DG, dentate gyrus.; DM, dorsomedial hypothalamic nu.; Ect, ectorhinal cortex; En, endopiriform cortex; fr,
fasciculus retroflexus; Gl, glomerular layer of olfactory bulb; gic, granular cell layer of the dentate gyrus; Gr, gracile nu.; Hip, hippocampus;
1C, inferior colliculus; 10, inferior olive; 1P, interpeduncular nu.; LL, lateral lemniscus; LPB, lateral parabrachial nu.; LRt, lateral reticular nu,;
LS, lateral septal nu.; MD, mediodorsal thalamic nu.; MG, medial geniculate nu.; MHb, medial habenular nu.; Mi, mitral cell layer of
olfactory bulb; ml, molecular layer of the dentate gyrus; MPO, medial preoptic nu.; O, orbital cortex; PAG, periaquiductal gray; PB,
parabrachial nu.; PBG, parabigeminal nu.; pcl, pyramidal cell layer of the hippocampus; Pir, piriform cortex; Pn, pontine nuclei; PoDG,
polymorphic layer of the dentate gyrus; Pr5, principal sensory trigeminal nu.; PVA, anterior part of paraventricular thalamic nu.; Rt,
reticular nucleus of the thalamus; RtTg, reticulotegmental nu. of pons; S, subiculum; SC, superior colliculus; SFO, subfornical organ; s-1,
stratum luddum; sm, stria medullaris of thalamus; s-o, stratum oriens; SO, superior olivary nu.; Sol, solitary tract nu.; SpS, spinal
trigeminal nu.; s-1, stratum radiatum; Tha, thalamus; VC, ventral cochlear nu.; VMH, ventromedial hypothalamic nu
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transcripts in the brain. Additionally, the localization of HNK-1 carbohydrate was restricted
partially in the brain of GlcAT-P-deficient mice, while the HNK-1 carbohydrate was widely
distributed over most of the brain of wild-type mice. The present study provides a new
framework for understanding the network constructed by the HNK-1 carbohydrate in the

central nervous system.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The central nervous system performs the most complex and
dynamic biological functions. These functions are produced
by complex neural connections resulting from the formation
and maintenance of the vast array of synapses and cell-cell
interactions, which depend on specific interactions between
the extracellular matrix and cell membrane components.
Carbohydrates on glycoproteins and glycolipids play impor-
tant roles in a number of these interactions by enhancing
either the adhesive or anti-adhesive properties of molecules
involved in cellular adhesion (Pizzorusso et al., 2002; Rhodes
and Fawecett, 2004). The HNK-1 carbohydrate epitope, a
sulfated trisaccharide, HSO33GlcAp1-3Galp1-4GlcNAc (Chou
et al., 1986; Voshol et al, 1996) is found on a number of
glycoproteins, including neural cell adhesion molecule
{(NCAM) (Ong et al,, 2002), L1, myelin-associated glycoprotein
(Kruse et al, 1984), tenascin-C, and tenascin-R (Kruse et al,,
1985), tissue plasminogen activator (Zamze et al,, 2001), and
glycolipids (Chou et al.,, 1986). Cell-biologically, the HNK-1
carbohydrate is thought to function in the modulation of
neurite outgrowth (Martini et al., 1992), adhesion between
neurons and glial cells (Kunemund et al., 1988), and synaptic
plasticity (Dityatev and Schachner, 2003; Yamamoto et al,
2002). On the other hand, there have been few investigations
concerning the HNK-1 carbohydrate in the adult brain in vivo
except for ones focused on the hippocampus. One report
showed that the immunoreactivity of the anit-HNK-1 carbo-
hydrate antibody is detected as diffuse staining in the
neuropil and individual somata in almost the whole brain
(Yamamoto et al,, 1988), but there is little knowledge about
critical sites where the HNK-1 carbohydrate is expressed and
to which it is conveyed in the brain network. The present
study revealed critical regions expressing the HNK-1 carbo-
hydrate based on histological observations and revealed the
distributions of mRNAs of enzymes catalyzing HNK-1 synth-
esis. Two glucuronyltransferases, GIcAT-P and GlcAT-S, are
key enzymes in the biosynthesis of HNK-1 carbohydrate, and
. catalyze the transfer of glucuronic acid (GlcA) from UDP-GlcA
to Galpl-4GlcNAc (Seiki et al, 1999; Shimoda et al., 1999;
Terayama et al.,, 1997, 1998). Recently, we characterized the
acceptor specificities of the two glucuronyltransferases using
various oligosaccharides, suggesting the possibility that the
two glucuronyltransferases synthesize structurally different
HNK-1 carbohydrates (Kakuda et al., 2005). While it has been
reported that GlcAT-P catalyzes HNK-1 synthesis mainly in
the brain (Terayama et al, 1998), there have been no
investigations of the specific distributdons of each GlcAT
transcript, and it has not been possible to discriminate
between the HNK-1 carbohydrate produced by GlcAT-P and
that produced by GlcAT-S. Recently, we generated GlcAT-P-
deficient mice (Yamamoto et al.,, 2002), which permit us to

determine the region-specificities of HNK-1 carbohydrate
based on the expression of either GIcAT transcript in the
brain. In the present study, we investigated the formation of
the HNK-1 carbohydrate network in the central nervous
system (CNS).

2. Results

2.1.  Distribution of GIcAT transcripts and HNK-1 in the
adult mouse brain

In normal adult mouse brain, most of the cells labeled with
GIcAT-P and GIcAT-S cRNAs were ones showing representa-
tive neuronal shapes among cells stained with thionine. Table
1 shows scores based on a comparison of the relative signal
intensities not only among different brain regions but also
between GlcAT-P and GIcAT-S riboprobes, and Fig. 1 shows
representative sections. There was no discrepancy concerning
the levels of the transcripts between the present in situ
hybridization and the previous Northern blot analyses (Ter-
ayama et al., 1997, Yamamoto et al., 2002). GlcAT-P mRNA was
expressed widely in the mouse brain, while the expression of
GlIcAT-S mRNA was restricted. Regarding the distribution of
GIcAT-P mRNA, especially, very strong labeling of neurons
was detected in several nuclei of limbic-related regions,
several sensory systems, and the cerebellum. Among the
limbic-related regions, the anterior olfactory nucleus (AO; Fig.
1A-b), the piriformn cortex (Pir; Fig. 1A-c), the lateral septum (LS;
Figs. 1A-c and i), the hippocampus (Fig. 1A-d), the habenular
nucleus (MHDb; Fig. 1A-d), and the interpeduncular nucleus {IP;
Fig. 1A-e) expressed GIcAT-P mRNA strongly. Among the
sensory systems, there were the intense signals in the
cochlear nucleus (VC and DC; Figs. 1A-f and g}, the lateral

‘lemuniscus (LL; Fig. 1A-j), and the inferior colliculus (IC; Fig.

1A-f) in the auditory system, the parabigeminal nucleus (PBG;
Fig. 1A-j) in the visual system, the parabrachial nuclei (LPB; Fig.
1A-f) that function as gustatory relays, and the trigeminal
sensory system (Pr5 and Sp5; Figs. 1A-f, g, and h). Concerning
the expression of GIcAT-S mRNA, the transcript was detected
in restricted areas among regions showing the expression of
GICAT-P mRNA and especially, the CA2/CA3-subfields (CA3;
Fig. 1B-0), the ectorhinal cortex (Ect; Fig. 1B-0), and several
nuclei of the thalamus (MD; Fig. 1B-n). In addition, the
subfornical organ (SFO; Fig. 1B-n), the arcuate hypothalamic
nucleus (Arc; Fig. 1B-o), and the medial geniculate of the
thalamus (MG; Fig. 1B-p) expressed GIcAT-S mRNA very
strongly, but expressed little GlcAT-P mRNA. We also inves-
tigated the distributions of GlcAT-P and GlcAT-S transcripts in
the GlIcAT-P-deficient mouse brain. There was, as expected, no
signal with GIcAT-P cRNA probe in the GlcAT-P-deficient
mouse brain. There was no difference in regional distributions



