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Table 1 - Distribution of GIcAT transcripts in adult mouse

Table 1 (continued)

GIcAT-P GIcAT-S
Olfactory system__
" Olfactory bulb

Glomerular layer ++ ++

Mitral cell layer ++ 1]
Anterior olfactory nu. e+ 0
Basal forebrain
Caudate putamen/globus pallidus +H+4° 0
Ventral pallidum ++* +
Stria terminalis + +
Substantia nigra pars compacta 42 0
Lateral septum 4+ ++
Medial septumn/diagonal band ++ +
Amygdaloid complex
Central/medial amygdaloid nu. ++ +
Amygdalohippocampal area + ++
Hippocampal formation
Hippocampus

CA1 subfield 4t +

CA2/CA3 subfield +++ +++
Dentate granule cell layer 4+ 0

Dentate polymorphic layer 4 0

S. oriens/lucidum/radiatum 4P P

S. lacunosum-moleculare 0 0

Subiculum + ++
Cerebral cortex
Isocortex layers-

1 0 0

31 4+ 0

nr * 0

v ++ ++9

v S+ P

VI +++ +++2
Orbital cortex ++ ++°
Piriform cortex +++ +
Indusium griseum ES ++
Ectorhinal cortex 4 +++
Endopiriform cortex +++ Rans
Claustrum ++ +++
Cingulate/retrosplenial cortices -+ 42
Thalamus
Ventroposterior/posterior nu. + +
Lateral/medial geniculate nu. + . et
Ventrolateral/ventromedial ++ 0
Anteroventral/anterodorsal ++/++ ++/ 4+
thalamic nu.
Anteromedial/mediodorsal nu. ++ ++
Paraventricular/centromedial nu. ++H+ +Hi/4+
Paracentral/centrolateral nu. + +
Rhomboid/reuniens nu. ++ +
Parafascicular nu. + ++
Reticular nu. + +
Medial/lateral habenular nu. L nalana O/++
Hypothalamus
Dorsomedia hypothalamic nu. + =+
Ventromedial hypothalamic nu. 4 ++
Arcuate hypothalamic nu. 0 +++
Lateral hypothalamic nu + +
Supraammillary nu. ++ ++

GIcAT-P GIcAT-S

Hypothalamus
Medial/lateral mammilary nu. + [¢]
Pretectal nu group + +
Midbrain and pons
Superior/inferior colliculus 4+ +/+42
Periaquidauctal gray + +
Interpeduncular nu. +++ ++
Red nu. + ++
Lateral lemuniscus -+ ++
Pontine/reticulotegmental nu. ++ f++
Pontine reticular field + *
Dorsal tegmental nu. R ++
Parabrachial nu 4 ++
Parabigeminal nu. +i+4 ++
Dorsal/median raphe nw. ++ +
Superior olive ++ 0
Medulla
Giantceltular reticular nu. ++2 s
Raphe magnus/pallidus/obscurus nu. + +
Inferior olive/lateral reticular nu. 0 0
Cuneate nu, ++ +
Cranial nerve nuclei
Oculomotor (3) +++ ++
Trigeminal nu. {5)

Motor trigeminal nu. + . +

Ventrolateral trigeminal nu. +++ ++

Spino-trigeminal nu. e +

Principal sensory trigeminal nu. +++ +

Mesencephalic trigeminal nu. ++4® 0
Vestibular nu. group(8) ++ ++
Cochlear nu. group +++ ++
Prepositus hypoglossal nu. + ++
Cerebellum
Molecular cell layer + +
Purkinje cell layer +++ +
Granular cell layer o} +
Deep cerebellar nu. o+t +
Others
Choroid plexus [} 0
Ependyma and pia mater 0 0
Subfomical organ 0 ++

nu., nucleus; ++++, very high; +++, high; ++, moderate; +, low; +, very

low; 0, less than threshold.

A few cells positive for mRNA
bFew cells positive for mRNA.
“In the anterior part.

%n the parietal cortex, there were few cells positive for mRNA.

In GIcAT-P-deficient mouse brains, there were no signals using
GICAT-P cRNA. There were no differences in the distributions of
GIcAT-S mRNA in brains between wild-type and GIcAT-P-deficient

mice.

containing cells expressed with GIcAT-S mRNA between wild-

type and GlcAT-P-deficient mice {(data not shown).

Next we performed immunohistochemistry to investigate
the distribution of HNK-1 carbohydrate epitope, which is
synthesized by GIcAT enzymes (Fig. 2 and Table 2) and
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compared the regions expressing the GlcAT enzymes with the
areas containing HNK-1 carbohydrate in the adult mouse
brain with or without the GIcAT-P gene. First, in the wild-type
mice, the HNK-1 carbohydrate was widely distributed over
most of the mouse brain, which reflected the expression
patterns of the GIcAT-P mRNAs. Especially, among regions
containing a high level of GIcAT-P mRNA, the lateral septum
(LS; Figs. 2B-a and j), the hippocampal complex (Hip; Figs. 2A-c
and h), and the interpeduncular nucleus (IP; Figs. 2A-d and i) in
the limbic system and the cochlear nucleus (VC; Figs. 2A-e and
j) and the lateral lemuniscus (LL; Figs. 2B-b, h, k, and q), the
inferior colliculus (IC; Figs. 2A-e and j), the parabigeminal
nucleus (PBG; Figs. 2B-b, e, k, and n), the parabrachial nuclei
(PB; Figs. 2A-e and j), and the trigeminal sensory system (Pr5;
Figs. 2A-e and j), and the dorsal column nuclei (Cy; Figs. 2B-d
and m) in the sensory system showed very intense staining of
the HNK-1 antibody. On the other hand, among areas contain-
ing little GIcAT-P or GIcAT-S mRNAs, the medial nuclei of the
bed nucleus of the stria terminalis (BST; Figs. 2A-b and g), the
reticular nucleus of the thalamus (Rt; Figs. 2A-c and h), and the
precerebellar nuclei containing the inferior olive (10; Figs. 2B-f
and o), and the lateral reticular nucleus (LRt; Figs. 2B-i, 0, and
1), expressed the HNK-1 carbohydrate diffusely. These nuclei
also expressed the HNK-1 carbohydrate strongly in GlcAT-P-
deficient mouse brain. In addition, the SFO, the Arc, and the
MG, which showed very intense signals of GIcAT-S mRNA,
contained little HNK-1 carbohydrate in mice with or without
GIcAT gene.

In the present study, we also compared the HNK-1
carbohydrate expression in the layer of the cortex and the
cerebellum between wild-type and GlcAT-P-deficient mice
(Fig. 3). In the cortex, wild-type mice expressed GlcAT-P in
layer 11 to VI (Fig. 3A), which was likely to have led to the
expression of HNK-1 carbohydrate in most layers, including
very intense signals in the layer II {Fig. 3B}. On the other hand,
GlcAT-P-deficient mice expressed a little GIcAT-S and HNK-1
carbohydrate in layers V-V1 of most of the isocortex (Figs. 1B
and 2A-g, h, and i), while in the parietal cortices (Waite, 2004),
the presence of GIcAT-S was observed in layers V-VI ({Fig. 3C)
and the presence of HNK-1 carbohydrate in layers Il to VI (Fig.
3D). In the cerebellum of wild-type, the purkinje cells
expressed GIcAT-P (P; Fig. 3E) and the molecular layer strongly
contained high levels of HNK-1 carbohydrate {M; Fig. 3F). In
addition, HNK-1 signals were also seen as several neuronal
spots in the granular cell layers of the wild-type and GlcAT-P-
deficient mice (axrowhead in G; Fig. 3F) and the dotted signals
still left in the granular layer of GlcAT-P-deficient mice
(arrowheads in G; Fig. 3H), which seemed to be due to the
presence of GICAT-S transcripts (white arrowhead in G;
Fig. 3G).

2.2.  Regulated expression of GIcAT-S in the hippocampus
in mice with GIcAT-P deficiency

We have previously reported that GlcAT-P-deficient mice
exhibited reduced long-term potentiation (LTP) at the Schaffer
collateral-CA1 synapses {Yamamoto et al., 2002). One matter
for concern is whether GleAT-S compensated for the lack of
GIcAT-P enzyme activity for production of HNK-1 in the
hippocampus of the GlcAT-P-deficient mice. In the present

study, we found that the level of GIcAT-S transcripts in the
CA3-subfield of GlcAT-P-deficient mice was higher than that
in wild-type, especially an increase of 1.7-fold was observed in
the CA3a containing the Schaffer collateral fibers projecting to
the CA1l-subfield (Figs. 4C, D, and J). The HNK-1 carbohydrate
was expressed strongly in the polymorphic layer (Figs. 2A-h
and 5H) and the CA3a (Fig. 5E). However, in the strata oriens
and radiatum and the pyramidal cell layer of the CAi-
subfield, HNK-1 signals were .localized mostly in neuronal
cells containing parvalbumin signals (Figs. 5A, D, and G), a
marker for the interneuron (Kosaka et al,, 1987). On the other
hand, there were little differences of immunoreactions of
HNK-1 or WFA between wild-type and GIcAT-P-deficient mice

(Fig. 6).

3. Discussion

. HNK-1 carbohydrate epitope is a sulfated trisaccharide,

HS033GlcAR1-3Galp1-4GlcNAc {Chou et al, 1986; Voshol et
al, 1996), and key enzymes in the biosynthesis of the
epitope are two different glucuronyltransferases (GIcAT-P
and GIcAT-S) (Seiki et al, 1999; Shimoda et al, 1999;
Terayama et al, 1997, 1998). Although these enzymes have
different acceptor specificities in vitro assay system (Kakuda
et al., 2005), the critical acceptor specificity is dependent on
in which cells the enzyme meets with acceptor substrates. In
the brain, with its great variations in the cell populations
and their connections, it is important to provide information
about the expression of these enzymes in the particular cells
and fibers. In the present study, we determined directly
brain regions containing cells expressing two enzymes by
detecting their transcripts not showing displacements and
projections. The major findings of the present study were
the regional specificities of GIcAT transcripts and HNK-1
carbohydrate epitope.

HNK-1 carbohydrate epitope was distributed widely in the
adult mouse brain and there were two patterns of HNK-1
immunostaining: spotted and diffuse signals {Table 2, S and
D). Diffuse signals are likely to be brought through efferents
from the regions expressing GIcAT transcripts. The epitope
was especially concentrated as strong signals in the limbic-
related, the sensory, and the cerebellar systems. The present
findings suggested that HNK-1 carbohydrate networks
tended to be espedally concentrated in the septal regions
among the limbic-related systems (Risold, 2004). First, GIcAT
transcripts and HNK-1 carbohydrate were localized strongly
in the lateral septal region (LS), the hippocampus, and the
paraventricular thalamic nucleus (PV). These regions are
connected as follows: (1) the LS receives ipsilateral afferents
from the CAl-subfield and bilateral ones from the CA3-
subfield of the hippocampus, {2) axons from the LS innervate
the midline nuclei of the thalamus, especially the PV, and (3)
afferents from the PV project to the hippocampal formation.
Next, the present study also showed that the bed nucleus of
the stria terminallis (BST) expressed the HNK-1 carbohydrate
very strongly and diffusely, but not GIcAT transcripts. The
expression of HNK-1 carbohydrate is reasonable because the
stria terminalis is one of four main routes of afferents and
efferents of the septal region; the stria terminalis, the fornix,
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the media! forebrain bundle, and the stria medullanis. In with the medial nuclei of the BST. As the ventromedial
addition, the LS connects extensively with the medial zone hypothalamic nucleus (VMH) in the medial zone of the
of the hypothalamus and then the medial zone connects hypethalamus (Simerly, 2004) expressed both GIcAT mRNAs

Fig. 2 - Comparison of HNK-1 catbohydrate expressions in the coronal section of GlcAT-P-deficient mice and normal
littermates. Representative immunohistochemical micrograph with anti-HNK-1 antibody. Brightfield images of coronal
sections (14 m thick) of mouse brain with {w/w; A-a- and B-a~i) or without (-/-; A-f-j and B-j-r) GIcAT-P gene. Regions in the
rectangles in A-c and A-h are expanded in Figs. 3B and D. Regions in the rectangles in a and j are magnified in the insets (B).
Differential interference contrast images (insetsof aand j, e, gQi, n, and p-1) {B). Scale bar=1 mm in A; 200 pm as blackbars in B;
S0 pm as white bars in B.
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Fig. 2 {continued)

strongly, the HNK-1 carbohydrate seems to be present at
high levels in the BST of both wild-type and GIcAT-P-
deficient mice. The LS is also directly connected with the
periventricular zone of the hypothalamus. The arcuate
hypothalamic nucleus (Arc) in the periventricular zone
(Simerly, 2004) expressed GI’C_.‘.A?-S mRNA strongly, which
might be involved in.any controls of neuroendocrine and
autonomic reéponses. Finally, there was a system in which
the stria medullaris (sm; Fig. 2A-c) and the fasciculus
retroflexus (fr; Fig. 2A-h) projected from the septal regions.
In this network, the septal afferents project through the stria
medullaris to the medial habenular nucleus (MHb) and the
projections continue in the fasciculus retroflexus to reach
the IP. In this network, very intense expressions of GlcAT-P
in the MHb and the IP (Figs. 1A-d and €) seemed to induce
very strong expression of HNK-1 carbohydrate in the stria
medullaris (sm; Fig. 2A-c) and the IP (Fig. 2A-d). On the other
hand, the other neurons in the basal forebrain except for the
septumn connect with the lateral habenular nucleus (LHb)
through the stria medullaris. Therefore, moderate expres-
"sion of GlcAT-S in the LHb might induce moderate expres-
sion of HNK-1 carbohydrate in the fasciculus retroflexus (fr;
Fig. 2A-h) and the IP (Fig. 2A-i), as suggested by the results of
immunohistochemistry in GIcAT-P-deficient mouse brain.
The present study showed that two nuclei showing expres-
sion of GIcAT-P mRNA at the ++++ level (Table 1) were the
MHDb and the parabigeminal nucleus (PBG). It is reported that
these nuclei contain a dense aggregate of cholinergic
neurons, while the sept-hippocampal cholinergic pathway
contains basal forebrain cholinergic neurons (Butcher, 1995,
2004). 1t is possible that at least 3 part of the subpopulations

composed of neurons expressing GIcAT-P and then catalyz-
ing the HNK-1 carbohydrate synthesis belong to the choli-
nergic system.

Kosaka et al. have previously showed that a part of
neurons with HNK-1 immunostaining contained Ca?*-binding
protein parvalbumin (Kosaka et al., 1990, 1992). On the other
hand, the present study showed that most neurons with
HNK-1 immunostaining were a subpopulation of interneur-
ons immunopositive for parvalbumin in the hippocampus
and the cerebral cortices (Fig. 5]) of GIcAT-P-deficient mice.
The strong staining of HNK-1 in the hippocampus was
induced by the expression of GIcAT-S'mRNA in the CA3a. It
has been previously reported that LTP was increased by
application of anti-HNK-1 antibody into the stratum radiatum
(Saghatelyan et al., 2000). The findings of the present study
suggest that the antibody was targeted to interneurons
expressing the HNK-1 carbohydrate that GIcAT-S synthe-
sized, resulting in the reduction of the efficacy of evoked
GABA release. Alternatively, as GIcAT-P was expressed in
pyramidal neurons of the CA1-3 subfields, the present study
also confirmed a previous report showing that the HNK-1
carbohydrate synthesized by GlcAT-P activity directly affects
the increase of LTP at the Schaffer collateral-CA1 synapses
(Yamamoto et al., 2002).

Among the sensory systems {Malmierca and Merchan,
2004), the auditory system was most markedly enriched in
GIcAT transcripts. For example, the cochlear nuclear complex
provides the first relay center in the ascending pathway of the
-auditory process and the axons project into the lateral
lemniscus (LL); especially, afferent projections to the ventral
complex of the LL arise mainly from the contralateral side of
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Table 2 - Distribution of HNK-1 in GlcAT-P-deficient mice

Table 2 (continued)

Olfactory system +/+ - Olfactory system . PR +H+ ~/-
Olfactory bulb D N Midbrain and pons
Granular cell layer - 'Superior/inferior colliculus pYDSs$ st
Mitral cell layer D N Periaquiductal gray D° D
Anterior olfactory nu. DS s Interpeduncular nu. D® D
’ Redpu. s Ds
Basal forebrain "Lateral lemuniscus ] ss s
Caudate putamen/globus pallidus -p¥ - N/D Pontine/reticulotegmental nu. : s/s° oo
Ventral pallidum D D Pontine reticular field D% D¥
Stria terminalis ol D Dorsal tegmental nu DS Ds
Substantia nigra pars compacta N N Parabrachial nu. D%s® s
Lateral septum D° s Parabigeminal nu. D%° D%s°
Medial septum/diagonal band p¥ s*/Ds* - Dorsal/median raphe nw D D/S
] Superior olive . DS 0
Amyagdaloid complex .- ’ ) :
Central/medial amygdaloid nu. D N Medulla
Amygdalohippocampal area D N " GiantceHular reticular nu. ) D D¥
: Raphe magnus/pallidus/obscurus nu. D v
Hippocampal formation Inferior olive ) D Dsd
Hippocampus® Lateral reticular nu. ’ D D®
CA1 subfield D - Cuneate nu. : p® o
CA2/CA3 subfield D - S S
Dentate granule cell layer D s Cranial nerve nuclei
Dentate polymorphic layer . Oculomotor (3) N s
S. oriens/lucidum/radiatum D® S - Trigeminal nu. - . ) p¥ N
S. lacunosum-moleculare N N Motor trigeminalnu. -+ - - DS s
Subiculum DS [ Ventrolateral trigeminal pu. DS s°
Spino-trigeminal nu. D°s® s°
Cerebral cortex Principal sensory trigeminal nu. ' DSs® 58
Isocortex layers Mesencephalic trigeminal nu. N N
I ‘ N N Vestibular nu. group (8) D s
I D N Cochlear nu. group Ds® s®
m D s Prepositus hypoglossal nu. D D
v N I .
v Ds S Cerebellum
vi DS S Molecular cell layer D N
Orbital cortex D 5 Purkinje cell layer S N
Piriform cortex | )d N Granular cell layer s pY¥s?
Indusium griseum D s Deep cerebellar nu. Ds® Ds®
Ectorhinal cortex D D . :
Endopiriform cortex D D Others )
Claustrum D D Choroid plexus N N
Cingulate/retrosplenial cortices Ds DS Ependyma and pia mater N N
- Subfomnicalorgan - N N
\T;’e‘::;:;riste rior/Posterior nu. o¥ DY/N fxu., nucleu§; P, diffuse signals positi?/e for HNK-1; S, spotted signals
Lateral/medial geniculate nu. v N :n cells positive for HI?IIF-I; N, negative.
Ventrolateral/ventromedial ¥ N bA few cells were p'osmve.for HNK:I. -
Anteroventralfanterodorsal thalamic nu ¥ ¥ :I‘here were no mgnals. in the hippocampal pyramidal cells of
Anteromedial/Mediodorsal nu, pw D%V fxther type of mouse bmm .
Paraventriculaz/ DSV D% Th-e spotted signals in hyu III and IV were observed only in the
centromedial nu. nu. . g :;etal cortex. . X .
Paracentral/centrolateral mu ¥ oW . e'rewa.s an especially strongsignal in the beta subnucleus of the
Rhomboid/reuniens nu. h)d p¥ $ :’;n:lr( o!we;l
Parafascicular nu. ld N s €ak signa's.
Reticular nu. DS D® Strong signals.
Mediallateral habenular nu. /DY N/D
Hypothalamus
Dorsomedial hypothalamic nu. D . ps the ventral cochlear nucleus {(VC). Then the LL and cochlear
Ventromedial hypothalamic nu. D° D® nuclei project axons to the inferior colliculus (IC) directly.
Arcuate hypothalamic nu. )l p¥ GIcAT transcripts and HNK-1 carbohydrate were concentrated
Lateral hypothalamic nu. o¥ . Nw in these three nuclei. On the other hand, the medial geniculate
S“% ﬁamammiuary;:l'ﬂ D : g of the thalamus (MG) contained only GlcAT-S mRNA, but little
;‘ edial/lateral ma ary o Dw GlcAT-P mRNA or HNK-1 carbohydrate. The MG, which is the
retectal nu. group D S

last center for auditory processing before inputs reach the
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Parietal Cortex

Cerebellum

Fig. 3 - Expression of GIcAT transcripts and HNK-1 carbohydrate in the parietal cortex (A-D) and the cerebellum (E-H) of
mouse brain. Dark-field images of in situ hybridization (A, C, E, and G), differential interference contrast images of
immunohistochemistry (B, D, F, and H). I-V], layers of the cerebral cortex; G, granular cell layer; M, molecular layer; P, Purkinje
cell layer of the cerebellum. GIcAT-P (A and E); GIcAT-S (C and G); HNK-1 (B, D, F, and H). Wild-type (A-D, E, F, and G); -/~ (D and
H). Cellular patterns of GlcAT-S transcript in C and G were the same as those in -/~ mice. Scale bar=100 pm.
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Fig. 4 - Comparisons of GIcAT transcripts in the hippocampus between wild-type (wt/wt; A, C, E, and G) and
GlcAT-P-deficient (-/-; B, D, F, and H) mice. Microautoradiography of in situ hybridization in the hippocampus under
dark-field illumination (A-D) and bright-field illumination (E-H). Scale bars=1 mm (A-D) and 10 pm (E-H). GlcAT-P cRNA
(A, B, E, and F) and GIcAT-S cRNA (G, D, G, and H). Arowheads show neuronal cells containing signals. Comparisons of
GIcAT-P and GICAT-S transcripts between wild-type and GlcAT-P-deficient mice (I and J). 8 WT, 17 GIcAT-P column and
vertical line, mean (+SD) signal intensity per mm?. Statistical significance of the differences was determined by paired t-test
(*p<0.0001 for GIcAT-P; **p=0.0014 for GIcAT-S). The data show the lack of signal of GIcAT-P cRNA in the hippocampus of

GlcAT-P-deficient mice (B, F, and I).

auditory cortex, receives axons from the IC and part of the
efferents from the MG project to the reticular nucleus of the
thalamus (Rt) containing all GABAergic and parvalbumin-
positive neurons. As the Rt showed very strong labeling of
HNK-1, several efferents from the MG might contribute to the
very strong labeling of HNK-1 in the Rt (Groenewegen and
Witter, 2004). On the other hand, the strong labeling in the Rt
might also be dependent on projections from layer VI of the
cerebral cortex, because afferents to the Rt mainly originate in
layer V1. However, like the MG, the Arc and the subfornical
organ (SFO) also showed strong positivity of GlcAT-S mRNA
but not GlcAT-P mRNA nor HNK-1 carbohydrate. The possibi-
lity still exists that GlcAT-S enzyme exerts activity toward
another acceptor substrate other than HNK-1 in those nuclei.
Concerning the somatosensory system (Tracey, 2004), the
cuneate nucleus (Cu) and the gracile nucleus (Gr) expressed
GIcAT mRNAs moderately and the HNK-1 carbohydrate very
intensely. These nuclei belong to the dorsal column nuclei,
which receive somatosensory afferents originated in cell
bodies in the dorsal root ganglia. As the dorsal column nuclei
also receive afferent fibers from the trigeminal nerve, the
trigeminal nuclei expressing GlcAT mRNAs and the HNK-1
carbohydrate at high levels might provide the carbohydrate to

%

the Cu and the Gr. These nuclei connect with the ventropos-
terial thalamic nudei and the fibers continue to layer IV of the
parietal cortex (Waite, 2004). The pathway might, especially,
contribute to the strong labeling of HNK-1 in layer IV of GIcAT-
P-deficient mice (IV; Fig. 3D).

Concerning the cerebellar system, the precerebellar nuclei
(Ruigrok, 2004) showed very strong HNK-1 staining in both
wild-type and GlcAT-P-deficient mice. While the pontine
nuclei {Pn; Figs. 2B-c, g, |, and p) including the reticuloteg-
mental nucleus (RtTg Figs. 2B-c and 1) expressed moderate
signals of the GIcAT transcripts (Figs. 1j and u), the 10 and
the LRt expressed weak ones (Figs. 1h and s). As afferents to
the Pn generally arise from layer V neurons of the ipsilateral
cortices, where GlcAT mRNAs and the HNK-1 carbohydrate
are expressed, the HNK-1 carbohydrate might be supplied
more from layer V to the Pn. The fact that afferent pathways
to the 10 mainly arise from somatosensory nuclei, such as
the spinal trigeminal nucleus and the dorsal column nuclei,
where HNK-1 was expressed very strongly, is in accord with
the finding that the 10 showed diffuse HNK-1 staining.
Efferent fibers of the 10 are the sole source of cerebellar
climbing fibers and terminate on the dendritic tree of
Purkinje cells in the molecular layer, in which Purkinje
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HNK1

Fig. 5 ~ Double-labeled immunofluorescence micrographs with anti-HNK-1 (red) and anti-parvalbumin (green) antibodies in
the CA1 subfield (A-C), the CA3 subfield (D-F), the dentate gyrus (G-1), and the cingulated cortex (J-L) of GlcAT-P-deficient mice,
Scale bar=300 pm. Arrows shiow that HNK-1 signals were localized in neuronal cells containing parvalbumin.

cells expressed GlcAT-P mRNA and then the HNK-1 carbo-
hydrate synthesis was catalyzed and projected to the
molecular layer (Figs. 3E and F). Finally, the HNK-1 carbohy-
drate present in the LRt might have been brought there by
fibers that arose from the cerebral cortex, the vestibular
nuclei, and the hypothalamus, where GlcAT transcripts were
expressed.

As shown in Fig. 2, the HNK-1 carbohydrate epitope widely
distributed in most of brain disappeared in the GlcAT-P-
deficient mice. However, HNK-1 immunoreactivity remained
on neuronal cells in layers III to VI of cerebral cortex in the
GIcAT-P-deficient mice (Figs. 2 and 3D). We have already
reported that the remaining HNK-1 carbohydrate in the GlcAT-
P-deficient mice corresponded to the perineuronal nets (Celio

et al., 1998), which are known to comprise lattice-like
accumulation of the extracellular matrix on a subset of
neurons (Yamamoto et al., 2002). The major extracellur matrix
of perineuronal nets are composed of hyaluronan, tenacin-R
(Celio and Blumcke, 1994) and chondroitin sulfate proteogly-
cans such as neurocan, brevican, and phosphacan (Hagihara’
et al., 1999; Haunso et al., 1999; Matsui et al., 1998; Matthews et
al., 2002; Rauch et al., 1991). It should be noted here that HNK-1
carbohydrate is expressed on most of extracellur matrix of
perineuronal nets (Briickner et al,, 2000). Furthermore, mor-
phological alteration in Wisteria floribunda agglutinin (WFA)-
labeled perineuronal nets around cortical interneurones in
tenascin-R-deficient mice has been reported (Briickner et al,,
2000). Then, to examine morphological alteration in Wisteria
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HNK-1

WFA

Merge

Fig. 6 - Double fluarescence staining focused on the perineuronal nets with anti-HNK-1 antibody (green) and WFA lectin (red). Brain
coronal sections (40 pm thick) from 10-week-old wild-type (wt/wt; A-C) and GIcAT-P-deficient mice (~/~; D-F) were incubated with
anti-HNK-1 antibody and WFA. (Wisteria Floribunda agglutinin) lectin (SIGMA) and then incubated with FITC-conjugated anti-mouse IgM
antibodies (zymed) and Rhodamine-conjugated avidin (vector). HNK-1 carbohydrate overlapping perineuronal net was found in
GlcAT-P-deficient mice (F) as is the case with wild-type mice {(C), and no obvious structural differences of perineuronal nets were
observed in GIcAT-P-deficient mice at the fluorescence staining level. Scale bar=50 pm.

floribunda agglutinin (WFA)-labeled perineuronal nets in the
GlcAT-P-deficient mice, we carried out double fluorescence
staining with the HNK-1 antibody and WFA. As shown inFig. 6,
no obvious structural differences of perineuronal nets were
observed in GlcAT-P-deficient mice at the fluorescence stain-
ing level, while perineuronal nets show clear structural
changes in tenascin-R-deficient mice (Briickner et al., 2000).
It suggests that the disappearance of HNK-1 carbohydrate in
GlcAT-P-deficient mice has little effect on the formation of
perineuronal nets. We are now trying to identify the molecular
nature of the HNK-1 carbohydrate remaining in the perineur-
onal nets in GlcAT-P-deficient mice.

The present study was the first to show the regional
relationship between GIcAT transcripts and the HNK-1 carbo-

hydrate as an end-product in the brain, which will be very
helpful for investigations of the role of HNK-1 carbohydrate in
brain functions. Furthermore, this work provides the first
example of histological enzyme-substrate analyses aimed at
understanding the glycosylation system in the brain network.

4. Experimental procedure
4.1, Animals
Normal mice {8 weeks old and 45 weeks old, male; C57Bl/6] jcl

from CLEA Japan, Inc., Tokyo, Japan) and GlcAT-P-deficient
mice (45 weeks old, male), which were backcrossed with
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C57Bl/6] mice for more than eight generations, were utilized
for experiments. All procedures were performed according to
the guidelines for animal welfare of the Nara Institute of
Science and Technology.

4.2. In situ hybridization

For preparation of riboprobes, the GIcAT-P and GlcAT-S target
sequences were amplified using a single preparation of cDNA
synthesized from hippocampal total RNA by one round of
polymerase chain reaction using the following primers. The
size of the final amplification product is shown in parenth-
eses: GIcAT-P, 5-TAG GGA GTA CTG CAT GTC CG -3'/5’-TAT
AGT TGC GTG GTG TCT CT-3’ (299 bp: nucleotide Nos. 488-786)
and GleAT-S, 5-ACG CGC AGC GAG CTG GTG AG-3'/5’-TTT
TGG ATT GGA CAA GAT GA-3' (417 bp: nucleotide Nos. 1019-

1435). The polymerase chain reaction product was subcloned -

into pGEM-T easy vector. a >°S-labeled riboprobes were pre-
pared according to the manufacturer’s instructions {Roche
Molecular Biochemicals), using Sall and T7 RNA polymerase
(T7) for the antisense probe and Ncol and SP6 RNA polymerase
(SPe6) for the sense probe for GlcAT-P; and using Ncol and SP6
for the antisense probe and Sall and T7 for the sense probe for
GlcAT-S. '

In situ hybridization histochemistry with [**S]-labeled
riboprobe (2 x10° dpm/slide glass) was performed as described
previously (Okabe et al., 2001). For tissue preparation, mice
were anesthetized with diethyl ether inhalation and decapi-
tated. Coronal sections (14-um thick) were cut on a cryostat

_and thaw-mounted onto slides coated with 0.1% 3-amino-
propyltriethoxy silane (Sigma-Aldrich, Tokyo, Japan) in acet-
one. Sections on slides were fixed in 4% formaldehyde in
0.1 M sodium phosphate, pH«7.4, for 20 min at room
temperature. Next they were washed, treated with 10 pg/mL
protease X in 50 mM Tris-HCl, pH 7.5,-and 5 mM EDTA at
room temperature for 3 min, postfixed with the above
fixative, washed again, acetylated with 24 mM acetic anhy-
dride and 0.1 M triethanolamine for 10 min, washed, then
dehydrated through an ascending alcohol series. Each *S-
labeled riboprobe (2x10° dpmy/slide glass) was mixed with
hybridization buffer; 50% deionized formamide, 0.3 M Nacl,
5 mM EDTA, 10% dextran sulfate, 1x Denhardt’s solution, 0.2%
N-lauroylsarcosine, 500 pg/mL yeast tRNA, 200 pg/mL salmon
testis DNA, 2 mM dithiothreitol and 20 mM Tris-HCl, pH 8.0,
placed on the sections, and incubated at 55 °C for 16 h. The
sections were washed at 68 °C for 30 min each with 5x NaCV/
Cit, 5 mm dithiothreitol and 50% formamide, 2x NaCl/Cit,
5 mm dithiothreitol. And they were treated with 2 pg/mL
RNaseA in 0.5 M NaCl, 1 mM EDTA and 10 mM Tris-HC], pH
7.5, at 37 °C for 30 min, then washed with 50% formamide, 2x
NaCl/Cit, and 5 mM dithiothreitol at 68 °C for 30 min and with
2x NaCl/Cit and 0.1x NaCl/Cit at room temperature for 10 min
each. After dehydration through an ascending alcohol series
and air drying, slides were exposed to imaging plates
(BAS2500, Fujifilm, Tokyo, Japan) for 24 h (macro-autoradio-
gram). The next day, slides were coated with autoradiography
emulsion (NTB2, Kodak, Rochester, NY), exposed for 3 weeks,
then developed with D-19 developer (Kodak) and fixed with
Fuji fix (Fujifilm, Tokyo, Japan, Japan) in distilled water. The
sections were observed under a light microscope with dark-

field illumination (Nikon Corporation, Tokyo, Japan) (micro-
autoradiogram), then sequentially stained with 0.01% thio-
nine acetate (Nacalai Tesque, Inc., Kyoto, Japan) for observa-
tion under bright-field illurnination. The specificity of the
riboprobes was checked by comparing brain sections hybri-
dized with sense and antisense probes. No signals were
detected on the adjacent sections incubated in a control
hybridization mixture containing sense probes corresponding
to GICAT cRNAs.

4.3.  Estimation of the regional distribution in normal
mouse brain

Pseudo color images of brains in macro-autoradiography
(BAS2500) were produced using image analysis software
(Win Roof v3.3, Mitani Corporation, Osaka Japan) to judge
the differential intensity as described previously (Matsuhashi
et al,, 2003). Visual inspection of emulsion autoradiograms
was also used to identify brain nuclei and particular cell types.
Definitions for brain regions and nuclei were established
following brain maps (Franklin and Paxinos, 1997). A combi-
nation analysis of macro- and micro-autoradiograms, was
used to establish the comparative distribution of the two
transcripts, which was presented as a system of pluses (Table
1), with four pluses (++++) indicating maximal signal intensity.
The hybridization patterns were virtually indistinguishable
between mice (n=3) and among independent hybridizations
(=2).

4.4.  Quantification of signal intensity of GIcAT transcripts
in the CA3 subfield of the hippocampal formation in
microautoradiography

The signal intensities in sections cut at - 2.0 mm with respect
to the bregma were examined. The signal intensity within a
$175.25 um? circular field in the CA3 subfield under dark-field
illumination was measured automatically using Win Roof v3.3
(n=8). The raw signal intensity of a circle in the isocortex was
taken background in each section. Figs. 4A-D shows repre-
sentative fields among images used for the analyses.

4.5.  Immunohistochemistry

Mice (45weeks old) were perfused under deep.anesthesia
through the heart with 4% paraformaldehyde in 0.1 M sodium
phosphate, pH 7.4. Brains were removed, kept in the same
fixative at 4 °C for 16 h and in 30% sucrose, 0.1 M sodium
phosphate, pH 7.4, at 4 °C for 48 h, frozen on dry ice, and
sectioned coronally at 30 ym on a cryostat.
Immunohistochemical analysis was performed with mouse
monoclonal HNK-1 antibody (American Type Culture Collec-
tion) and then the anti-mouse 1gM antibody conjugated with
horseradish peroxidase (HRP). Sections were developed with
0.02% 3,3'-diaminobenzidine (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) in 50 mM Tris-HCl, pH 7.6, 0.6% ammonium
nickel (l) sulfate hexahydrate (Wako Pure Chemical Industries),
and 0.01% hydrogen peroxide. Images were captured with an
Axioplan 2 (Carl Zeiss, Tokyo, Japan). For double-labeled
immunofluorescence histochemistry, the sections were incu-
bated with biotinylated HNK-1 antibody and mouse
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monoclonal anti-parvalbumin (Swant, 235, Bellinzona, Switzer-
land) as primary antibodies and then with rhodamine-avidin
and anti-mouse IgG antibody conjugated with fluorescein
isothiocyanate (BIOSOURCE Intermnational, CA, USA) as second-
ary antibodies. Images were captured with a laser scanning
microscope (LSM510 invert; Carl Zeiss, Tokyo, Japan). The
immunohistochemical patterns were virtually indistinguish-
able between mice (n=3) and among independent reactions
(23).
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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

important roles in the synaptic plasticity. This review describes .

the roles of 5 of these species of carbohydrates.
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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)
development of the neural circuitry 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
changes in interaural timing difference (ITD), one of the
most important cues for sound localization. After adapting
‘he 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 neunral 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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NTVBEEZLNEHN, 2OF5FAAXLE, DL
HIELAEDDRSTEBLT, SBROBITICHFESN L,

KRB R T I A AT 2B LT, FEEA
ODHEISNERET I, BORZFORFEABRBICREL 2
VAL COTREHBITAPATOYR LT RIRA LT VA —
VESREZA, AERREL, £HEENE2 L OHOEE
ERBERT IO R o2V BENDE A, $/-o0
NEORIGI. BECOABEIA, £ICRBEETLIIE,DS
(5). BB IBHEL /- ABETEETHIEIMOA TS,

EHIZ, BABZICHETEELEBGTAROME LT, &
BUELLTEMNELIBTONS, I E, HEMNRHE
FUlIVHEBEL TR @R ETOEIL, YT
AREERBETAILEPHON TS, F/o, BNE, AIME.
RUEESERE TESRAB I CHEET A HEHAM:. Hi
RARERAL oL, BECESTAZ LY, TR
BLELTELAZLNT WA, FLTADAR, BELRIE
Y EURALZERSS LI, RELHEROTENE(E
BT 7R, #EMROBH 2 REICHRT 2 REEORE
EULPEBTH), 0L CHOKEFREETEL 5
BOTEHNELDEZRESN TS,

RITHRR A 2 R % T hid, MEwT8Md, e
MR UEBENLBECETIHTENS, £LTSHE T,
B, ca—-UOrf@dsvidoa—or—28HRBRIcE
ETAHVFTAOTBEICEE LB IThbhT& (¥
TTRAUEBEE), ThIT, BERNBBACOEEE, ¥+ 7
ABEOEBRRICE L TR LET A EEZ LR TV S,
FLTCIOF7AEERR T =a—0 r Bk, BABEICE
LT, Y F7AKEE2 515D 5 (Hebb BIDOER 1994 4) |
EVIEZEREIL, VI TABEBUTCOBFEERLHTFH
AT —FH, BREOTENELED 6T EEX, EBEOF
BEVbn2BETRLICHEIEDLNTEL 6.7) BIZ
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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 lsec
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 — CA1 — 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 collaterals, 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-CAl 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-CAl synapses (13), which recently
have been more frequent than those with EC-DG synapses.
More recently, LTP has been detected in the cerebellum,
amygdala, cerebral cortex, and so on.
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. Y3 7RG a - oy 2ERBESRHE (EH Y
F /AT ), 2 AOREEAOBEEEIIL LT, Y FTAE
Za2—UrORICH T B E (paired-pulse facilitation) & .
BFET 554 (paired-pulse depression) 253 5 (2)o = DEFEIE
KA T, RAEORLZAABEANTAILILLY, BY
R SATBESFESINS, BELAREREE S Y
FTAR LI, I00H: BEOBEEERA A1 JHE % 18
fMzs &, REIEHE LTP) #HE SN, 1Hz BEOEFENE
*1073%ED E, BYHHE LTD) PRI 5, IhbORISES
B2, BV F FTATHEOBEMAL S, BEEMICES
T2ILHhs, TEFTOETNVELTELFBERATVS,
E5IT, LTP IV, BYFTAKNMET 5 A1 VHBEX
THFR, FIZLTD IV AL U HBMET 2 FDHRE S
nTWw5 (8.9 . TH LAV T 7ATBRICEDLLSF
AHZXLADBEIPHEATED, BHOBME*RET 2 HE
bEV, FZTEBTIR, YFHTATERICOWT, BbH
FLANVDOBHAVPEATVWLVEDTHIHEELTFLI, &
EOHMBEREZTEET S, 713, BELTP RERFIC
DWTHBRIIEHL, FOBRBEIMBESN TV AREHO Y

" T ANEBREANDBEIZOWT, BFBHTS.

B. /BB LTP 4K

SROBPR L HTh 2 BEE., BREBEOF M —FHET
»HYy . EEARE EC) ~#KE (DG) —~ CA3 — CAl ~HEX
HANLRFEPEDLSE, £ L THEEARED SEREA, #IK
@55 CA3~, £LTCA3H»5 CAl LR SN 2 EHE
#wE, TNFNEEEMEEE (perforant-pathway), ZIRBEHE (mossy
fiber), > ¥ 7 7 — 818X (Shaffer collateral) & v* 95, # LT, B
MR BREME, vy 7 AR ESE LB L, F0E
., SR EER R ORHRER LB T 5 5 F 8 (EC-DG ¥
F7A), CA3 #EHIE (DG-CA3 ¥+ 7 R). CAl K
JafB (CA3-CAL ¥+ 7R ) »oMBEEDORFEL BRI LHT
&5 (10) (B 1)o 1973 44 Bliss 525, FREEEZHE L 727 Fif
BOEBSMEE+HHEENHSL. RkitkohiRm - EiHk
BHRER TR Lo s, S Ld 6EBEAOHEREL
REMNOERERZBELL, Ihid, EEEER (%) LB
HBEBRERE T F TACBI AEH B BDICR:
bOTHB (11)e FOHREREETOTH FEHWLHAALTIE,

"3BELTPHRHRLAZE,O, LTPRERICBITAEED

ETFNVELTELIONB L) IS (12)0 2D, BE
ATAARFRAL-BREBENZHMOBES ELFE- T,
BRI & CA3 ERMRBIIRERM (DG-CA3) Y7 A%,
T 77— L CAl SEEHIRAEIRZSHER (CA3-CAL) ¥+ 7
AZBWT, LTPFBEEEINE L3124k D (13). $TIIES
BHEBRLIVFAHINIFEIE  RoTWnh, ELIKET
. DB, KRR, RRSR4 2B TLTP OBEN
RodoTBY . 4TR.BEEFEORICTH S LV X hit,
LILL—BILLEEFNELTELAORBE I IZh o,
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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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Riz. LTP DS FEE OV THEICEIT S, LTPD
FEIZE, BIRUHBEYF TAOBBAL V7 LRE ([Ca?li)
DLABUEATHD, BV FTANDAINYTLADRAL
i, NMDA &% (NMDAR, N-methyl-D-aspartate receptor);
AMPA % 754K (AMPAR, @ -amino-3-hydroxy-5-methyl4-isoxazole
receptor); BALKEN I IV &5F AV (VGCCs) ; HFAA 7
VY TAAMNTEATHEIANLNTBY, ChoZEKR
BYFTADMET B ANA VR REEBIIFTHL TS
(7.14),

AMPAR 7% Ca®? 123t ¥ 5 ZBEIFEL, BAUKFREE
ERERVWERGTH BN LT, NMDAR I3EE Mg? 12
FhEOF7Oy 7 8hTED Ca? 2 &AL 2w, BAKE
MEEFRTESERTH B, FVF I VEEIZLD AMPARD
BB Ca? ALY, BV F T RAED TG ICRAET
%k, NMDAR %6 Mg? # 8N T, F¥ AAVHHOT 5,
® NMDAR O F ¥ A VOROE., B F7A»5 0D Ca” il
LB L7k EDA, Cat BBV F T ANKAT 5o #
L7z [Ca*?]i #5. A/¥4 YE T CaM kinase II (Ca™-dependent
kinase ) ED AN 7 AEFHEOF F— ¥ EHRLELL, £0
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kinase H), 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 (mGluR) (19).
Induction of LTP was prevented by a blocker of mGluR,
MCPG [(+)-a-methyl-4-carboxy-phenylglycine], in the
CA3-CA1 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"Ji
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 limited number of glycoproteins and predominantly
on the neural cell adhesion molecule (NCAM) and sodium
channel o subunit (22,23). While research has so far been
more frequent concerning PSA-NCAM, concerning the PSA
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BOBBAHI AT —FIZL), LTPPELBLEZ LN TY
5o —HT, DX 5% NMDAR 24 L7-Ca® AICL W &
#EXh b LTP (NMDAR-dependent LTP) & 1327 5, NMDAR
EFRHESLVLTPOFEDSFLET S (15417, FIz i TEREE
-CA3 {8 > > 7 A 1k, NMDAR BHEHITH 5 APV(2-

- amino-5-phosphonovalerate) FETC. LTP 2 EH T 5, =D

B¥. APV L3EIC VGCCHEHEE 2D 2 Lick ), LTPA5H
KT HZEdH, NMDAR Ofib hiZ VGCC 2%, LTP DFHE
ICB5 5 Z & A S (15.16.18) NMDAR-dependent LTP
HEL B EDD CAZ-CAl ¥ F T AZBWTH,—E VGCC %,
LTP DFBIZES T LS TV 5, _

mz T, REBI/ VT I VEZESL (mGluR, metabo-
tropic glutamate receptor) dMIEAH V> 7 LBED FRIZE
EF2ZdHOoNTYS (19, RBEIVY I VEZEK
i, B FTRARFCRARYFTFTRACSEET S, AT
CA3-CAl ¥+ 7 RAIZB VT, mGluR DFEHH TH 5 MCPG
[(+)- a -methyl-4-carboxy-phenylglycine] % #x5 L 7:1%. BHEE
H# (high-frequency stuimulation) # 5 % % &, LTP DFHE)T
HElshz, ¥0O—F T, BEERELT 5 27212 MCPG %
BELBEIE. LTPOFEFBZ 5, ZHit, mGluR 58T
VFTAZBOTEBLAEZEZRLTWS (19), mGluR
DANY T LABBICELEFF AL =X LIZOWTIE, BE
EREIcE oS-I Vy 3 VB, mGIuR 2 AL T
PLC (phospholipase C) Zi&H#{t L, PLCHE LD VEE %
DAG (diacylglycerol) & IP; (inositol 1,4,5-trisphosphate) (Z53-f%
%, DAG ¥ PKC (protein kinase C) % A-LTF ¥ F Vv %1%
Ll P, AR N T LBEOTEXIZE ) L) TH B,
mGluR 24 L7z AN T AOBHIE, ANV ILF ¥RV %E
LIS - D LAEBDTH BT EH 5D, mGuR
4L 7z PKC i, %28~/ NMDAR %4 L7z CAM kinase
EHRICLTP OMBFICEELREZELH LI THD, 61,
EHAME O#MERFIZ, protein kinase A (PKA), MAP kinase {2 X B
) VEfbx %75 CREBOEEFBROAEILETH AL E
AENTV5E Q) LHPLEXFS LTPHEDOFFHEIL,
RELODETHBEORBIESON TV RWENE L, BHED
BELESBDE LR AMEDERI RSN,

LTD b LTP & [I#, NMDAR # VGCCs DHEARE X
NTWaY, HERNIVYILABEDOLIT VLY, F0#%
DY TFNVROENILTD OFEICEE L TR LI THS
(20), BEDEICTIE, EREHE - EHB (stratum lucidum) 2
BT AMNE=2—10 7 (intermeuron) ¥ F S AT, B F7 A
DB Ca® F ¥ 2V OWFHAS, LTD ¥ FHE T 2 B¢
BESNTEY Q). LTD DFFRBICIOVTE, 4RO
ROERVEBEFEINS,

C.RULTPILE (PSA)
RYSTNVEEE, ¢ 28FEE LIV TVEBEROEHKEY
T bubHRREEHTH) ., BTOR) 7 VEREH
FETHIELE S VS BE LT, BERREEST NCAM)
FEENEKERETF P T LAF YRV a Y Ty FAEHLR
Tw3 (22.23)s PSA-NCAM 75, Bd L F 7 ATEMHIZOW
THIEIEAT VD, FO—FT, F R TLF i NatT
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in the sodium channel o 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-celt
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 éxperimental approaches: treatment with
Endo-N (endoneuraminidase) and mice deficient in ST8Sia II,
ST8&Sia 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 CAl 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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2=y MIBITD, VTIVERES L F v FVEEORESRICO
WTORFEIL, BEBHLVILOHDOT M) T AF ¥ A VICE
B LN HLTHE I L b (24), A Tid PSA-NCAM
ZDOWTERT A, NCAMIZ, —a2—0 Y7 7HBEEL
TRAL. TOFET4) v 7B L Y HREEELER
2RET S, MBBEERTTH A, NCAM I, #MBEF 2 A
¥ Db L H, NCAM-120{GPI(glycosylphosphatidylinositol)
7 ¥ h — 4% 4 7], NCAM-140 [short cytoplasmic domain],
NCAM-180 {long cytoplasmic domain] IZ55tF b+, NCAM-180
DH&, KT IVEALEZITE, Zhid, NCAM AR F 2
4~ L D% 51g (immunoglobulin) 8t K X 4 Y 2H &0 Loft
& N7z NS RIBESAB O S 7 VB, STSSia II (STX) &
ST8Sia IV (PSTYIZX Y, ¢« 2—8HEEATTNVBRES*ZITA
bDTHD (2527 <h b 2HOBEEEHICOVTIE, HiC
EHEROFRY TNV T VEZEBL, ST8Siall 1 H b
ST8Sia IV DA FEATEHENE (. & HIZ ST8Sia Il & ST8Sia
IVEERI R ESEREOBV LM i viro DERZ L DE
BHERTWVD (28),

FY VT VEMEL SN NCAM-180 12, RV TLVEDE
BWHICLAREIZL Y, NCAMEBROMBEEHEER OB
&L (29), BEFNICABETAEL, TEE* SO
I THEH, BEMICE, ARREOBECIBIIIEREBE
PHEOME, EHICRVTTAOERELERTERES D
%(30-34) o & 5|2, PSA % 3 $ 5 Endo-N (endoneuraminidase)
#FB L7z A . NCAM, ST8Sia II # L T ST8Sia IV ®
VT I RNIYANEREINLZ NS, YT ATEE
D PSA & NCAM OEBFFTVWEAEL N> TE L,

L. BERCBILEES . [BELTP B4EE
Fl OBETRLAEERBEERICH-TRT (H1), ¥

. PSA-NCAM 3., EESHHERIHRA SR BEEERESTFEIC

BT HEHESTTAREDOBB L F 1B IZEB LTV (35),
D13 v IEIE, $TPSA Hifk (735 mAb, MenB mAb) &
U NCAM-180 ik 2 V- REBHIC LI WRAIBDE L+ 1E
TWwbZEHMb, PSA-NCAMDFEEZERLTWAEELZLN
5% (36,37 —H T, PSA ¥ NCAM #hFhi, BT+ TR
BREZTTRLL RO F TABIOFEETLII DS,
WY 7ABICBIT S PSAOBEIZOVWTIIER IR 5, X
2, EREHICBWVTIE, NCAM 75, SHREERE 5%
TdH5H CAIEBAOHBERRICTHT 5, £N—F TPSA
i, BREEREROI LI VEESEVTWRVWEIEE, £
S —OBMBERRIZAHLTED, T§-XTHNCAM »*
PSA-NCAM Tl ZWIZ L #/RLTW3A (33.38) 512, B
B DRENT L 5 DG-CA3 ¥ 7 AIZiZ NCAM RUFPSA i
RIFELLZWE)THB (36), BEWL. v 77 —AHIC
DWVTi, Yv 7 7 —ABIC L A EERV CAI BRICHER
T ACA3CAl VFTADH LV F TABRUHY F 7 AEE
IZPSABMHTH o7, DY v 77 —ARKICBIT S PSA 5
3. NCAMKRE /9777 b9 ATIRERETH- /-2 tHh
5. PSA-NCAM DHFFERLTWBEEZLND (39), M E
® PSA-NCAM DA A% BE12, LLTICPSA & ¥+ 7AW
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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 IV-/- | ST8Sia il-/- Molecular basis
Migration of neural precursors 8 =852 nd.* +49 +2 PSA-dependent NCAM function
Lamination of mossy fibers s —4 +4 +49 = ST88Sia ll-dependent PSA-NCAM function
STP in CA3-CA1 synapse 3439 - +4 +4) +49 PSA-dependent NCAM function
STP in DG-CA3 synapse +42 +41 +4 i +42 No effect of PSA or NCAM
STP in EC-DG synapse n.d. —4 nd. +40 +4 PSA-independent NCAM function
LTP in CA3-CA1 synapse —3439) = 44 —43) +42 ST8Sia IV-dependent PSA-NCAM function
LTP in DG-CA3 synapse +42 —41 +4 +49 +42) PSA-independent NCAM function
LTP in EC-DG synapse nd. ~< nd. +4 +9 PSA-independent NCAM function :
LTD in CA3-CA1 synapse 39 n.d. 344 —#43) n.d. ST8Sia IV-dependent PSA-NCAM function
In 1996, Muller er al. indicated that the treatment of BOMEERTEHT 5,

hippocampal slices with Endo-N resulted in the disappearance
of LTP or LTD in the CA3-CA1 synapse (39). Then, several
reports were published about analyses of PSA-NCAM in
mice deficient in ST8Sia II, ST8Sia IV, and NCAM (Table
. I). 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 postulation 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-CAl 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
stirnulated by glutamate (46). The inhibition by PSA and PSA-
NCAM was fully occluded by the NR2B-specific antagonist,
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1996 412 Muller % i3 (39). #HE X 5 1 A2 Endo-N LB %
TV, CA3-CAl ¥ F 7 XICBITAHLTP & LTD Dk %R L
72 < O Muller 5 DEFE D, Endo-N LTI Z T, NCAM,
ST8Siall, ST8SiaIV D/ v 7 7 M7 AEEIIBIT 5 M)
ThhTE7- (Fl)o F1IZHBITAHSTP &id. BHEEHBH%E
DMEROREERL, LTP R F0%RETOMIZh- 258
WHERLTWwA, NCAM 12, BREHEICBIT S5 DG-CA3 ¥
FTTADSTP CHE L2V L 2RI BRICBIT 23 #
BEBEDIILAETRTOYF T ATEEIZES L T3 (39
—42)0

BEHSMERICETALTPICDOWTIE, NCAM FH4ET
HEWPSADEE £ FIT%\V, EC-DG Y FTAD 133
PSA-NCAM T&H 5 Z & 45 (35), PSA DV F FAUJHEHE~D
fSHDESAITEEN, LTD 2 &0 4R OBITIE-h
5 @40) RIZERBEOFELICIEPSA DERMFES L, i
ST8Sia Il DERPFULEATH 5 (41.42)0 £D—F T, BRE
HOLTP 1220V Tid, PSANOEELZIT v, Zhit, DG-
CA3 VY F T RIZPSA DRAB LW EH S, VY FHTATER
WRESEFZEL20vO»d LAy, 52 NCAM 75, DG-
CA3VFTADSTPIZEHLZWZ LD, Y FTRICREL
TWHEWI LICEETEO2d Lk, BEIC, v 77—
BHIZBIT AL F TS ATEHIZ, PSA-NCAM @ LTP 2 LTD
~DEBE oL b LIHBAL TWS (39.4245), LTP R UF
LTD #iZ. PSA-NCAM DEEBZHERIT 5, Thid. CA3-
CAl Y F 7ADRI Y+ 7 ABERTH Y F 7 ABEIIT PSA-
NCAMBZAHL TR ehrbd Vv 7ATEE~DBES *
BT 5Z LA TE 5B, T2, NMDAR-dependent LTP DiEHF
WEETHLEEZLNTWS CaM kinase T 7O E—% —
FERTD Cre BIEFEHW:, 271 ¥ 3+ NCAMRE
T ABEIZBWTL, CA3-CAl ¥+ T7ARIZBIFALTP &
LTD #flE & h7ze 29 L7/-fEEE, NMDAR-dependent LTP
KEETA2=22—O0VIZOANCAM ¥ RESELERTH D
&M S, CA3-CAl ¥ F FRIZHIT S NCAM & NMDAR &
OREEERET A &% % (44), NMDAR iE, NR1 &
NR2H 72w bbb, CALE#MEMARIZIE, NR2A &
NR2B DHFEEIHN SN TV A, FEDHEH» S, PSA-NCAM
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