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Chondroitin sulfate proteoglycans (CSPGs) consist of chondroitin sulfate (CS)
glycosaminoglycans (GAGs) and core protein and regulate the migration, axonal
outgrowth, and synaptogenesis in mammalian brains. In the present study, we
investigated the localization of CSPGs, the effects of sensory deprivation on the density
of perineuronal nets (PNNs), and the effects of chondroitinase ABC (Chase) on the
formation of barrel structures in the posterior medial barrel subfield (PMBSF). In
developing mouse and rat brains, the immunoreactivity of chondroitin-6-sulfate
containing proteoglycan (CS-6-PG), phosphacan, and neurocan was stronger at barrel
septa as compared with barrel hollows and surrounding cortex, while the labeling of
Wisteria floribunda agglutinin (WFA) was observed at barrel hollows. In adult brains, CS-6-
PG-immunoreactive and WFA-labeled PNNs were observed mainly at barrel hollows of
mouse, but they were seen chiefly at barrel septa of rats. Sensory deprivation of facial
vibrissae reduced the number of WFA-labeled PNNs at barrel hollows but not at barrel
septa. Intracerebral injection of Chase did not affect the formation of barrel structures in
the PMBSF. These data indicate species-dependent heterogeneity of CSPG expression and
activity-dependent formation of PNNs in the PMBSF, but CS GAGs have no crucial function
in constructing the barrel structures during early postnatal development.
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1. Introduction

The rodent somatosensory system is an excellent model to
study neuronal pattern formation and neuronal plasticity
(Fox, 1992; Frostig, 2006; for review, see Peterson, 2007). In
ata).
ConA, concanavalin A; CO
-6-sulfate containing pro
euN, neuron-specific nuc
gglutinin; VVA, Vicia villosa
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the primary somatosensory cortex, periphery-related pat-
terns of sensory receptors are recapitulated in layer IV as an
array of multineuronal structures called “barrels” (Woolsey
and Van der Loos, 1970). In barrels, neurons are arranged in
cylindrical or oval-shaped rings that are separated from
, cytochrome oxidase; CS, chondroitin sulfate; CSPGs, chondroitin
teoglycan; ECM, extracellular matrix molecules; GAG, glycosami-
lear antigen; PMBSF, posterior medial barrel subfield; PN, postnatal
agglutinin; WFA,Wisteria floribunda agglutinin; WGA, wheat germ
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neighbors by hypocellular “septa”. Those cell-dense walls
surround cell-sparse “hollows” containing thalamocortical
afferent terminals (Woolsey and Van der Loos, 1970). The
removal of sensory information by whisker follicle cauter-
ization or denervation induces a disorganization of struc-
tural barrel pattern. These barrel structures are consolidated
during the first few days (critical period) through somato-
sensory inputs from whiskers, so that the removal of
sensory information has little effect upon the organization
of barrel structures over postnatal day 5 (PN5) (Van der Loos
and Woolsey, 1973; Woolsey and Wann, 1976; Wong-Riley
and Welt, 1980; Schlaggar et al., 1993). The organization of
barrel structures is primarily determined by a genetic pro-
gram such as FGF-8 as well as the general patterning of the
neocortex (Fukuichi-Shimogori and Grove, 2001). Moreover,
refinement of barrel structures is likely to be guided by
activity-dependent mechanisms, since barrel structures are
less clearly defined or absent in mice with genetic knockout
of several genes such as NMDA receptor (Iwasato et al.,
2000), phospholipase C β1 (Hannan et al., 2001), adenyl
cyclase 1 (Welker et al., 1996), and monoamine oxidase A
(Cases et al., 1996).

The extracellular matrix (ECM) molecules are involved in
cell–substrate interactions during morphogenesis of the
nervous system in developing brains and plastic modifica-
tions of neuronal connectivity in adult brains. Chondroitin
sulfate proteoglycans (CSPGs) have been recognized as
important constituents of the brain's ECM and are con-
sidered to participate in neural network formation (for
reviews, see Bovolenta and Fernaud-Espinosa, 2000; Galtrey
and Fawcett, 2007). CSPGs consist of a core protein and
sulfated glycosaminoglycans (GAGs) (Bandtlow and Zimmer-
mann, 2000; Yamaguchi, 2000) and are generally known to
inhibit neurite outgrowth (Oohira et al., 1991; Katoh-Senba
et al., 1995). Moreover, recent studies have shown that CSPGs
are responsible for structural plasticity in adult brains such
as functional recovery after spinal cord injury (Bradbury
et al., 2002), axonal sprouting of cerebellar Purkinje neurons
(Corvett and Rossi, 2005), and reactivation of ocular dom-
inance plasticity in the visual cortex (Pizzorusso et al., 2002,
2006).

Perineuronal nets (PNNs) are a specialized form of ECM
that appears at the end of the critical period (Celio et al.,
1998). PNNs have been visualized using a variety of methods
including the labeling of lectins such as Wisteria floribunda
agglutinin (WFA) and Vicia villosa agglutinin (VVA) that have
high affinities to N-acetylgalactosamine (Härtig et al., 1992;
Brückner et al., 1993), the binding of hyaluronic acid binding
protein to hyaluronic acid (Brückner et al., 1998, 2000), and
immunological staining for CSPGs (Brückner et al., 1998,
Fig. 1 – Tangential sections showing the histochemical staining
immunohistochemical staining of NeuN andGFAP in the PMBSF o
and adult mice, barrel structures were clearly observed by CO an
magnification view and each barrel hollow was seen clearly by d
at highmagnification view. (E–E″) In rats, barrel structureswere cl
clearly seen by NeuN immunostaining and Nissl staining. (F–K′)
(arrowheads) of GFAP-positive astrocytes distributed in the PMB
at surrounding cortex (nonbarrel cortex). Scale bars=A and C (50
2000). PNNs are frequently seen around parvalbumin-immu-
noreactive GABAergic interneurons in the cerebral cortex
(Brückner et al., 1994; Brückner and Grosche, 2001). During
postnatal development, PNNs are first detected at the onset
of the period during which the pattern of neuronal activity
determines the mature synaptic circuitry and neuronal
phenotype in the visual cortex (Köppe et al., 1997; Brückner
et al., 2000). It is also shown that dark-rearing from birth
prolongs the duration of the critical period and attenuates the
expression of several CSPGs (Lander et al., 1997; Pizzorusso
et al., 2002). PNNs are well preserved and maintained for 3–
10 weeks in slice culture, indicating that the differentiation of
PNNs is part of the developmental program maintained in
brain tissue in vitro (Brückner and Grosche, 2001). It is also
shown that the formation of PNNs in brain slice culture is
promoted via calcium signaling (Brückner and Grosche, 2001).
More recently, we have demonstrated that neurons them-
selves are able to construct a PNNs structure in dissociated
cortical culture without glial cells (Miyata et al., 2005, 2007),
and later this was confirmed in hippocampal neuron culture
(John et al., 2006).

Various ECM molecules are shown to be expressed speci-
fically in the somatosensory barrel cortex. Lectin histoche-
mistry has revealed that lectin binding is absent from barrel
hollows in the early postnatal period using peanut aggluti-
nin (PNA), concanavalin A (ConA), and wheat germ agglu-
tinin (WGA) (Cooper and Steindler, 1986; Steindler et al.,
1995). It has been demonstrated that CSPGs such as
neurocan and DSD-1-PG are also absent from barrel hollows
in the early developing brains (Watanabe et al., 1995;
Steindler et al., 1995). Tenascin-C, which is able to interact
with CSPGs, is shown to be expressed predominantly at
barrel septa, but tenascin-C-deficient mice show normal
distribution of DSD-1-PG immunoreactivity and PNA labeling
(Steindler et al., 1995; Mitrovic et al., 1996; Cybulska-
Klosowicz et al., 2004). A recent study has shown that trim-
ming of facial vibrissae attenuates the expression of Cat-
315-immunoreactive aggrecan without changing the number
of WFA-labeled PNNs (McRae et al., 2007). Moreover, the
deprivation of sensory information from facial vibrissae
decreases the number of VVA-labeled PNNs in the PMBSF
(Bahia et al., 2008).

At present, however, the functional significance of CSPGs
in pattern formation of barrel structures is not completely
understood. In the present study, therefore, we examined
the spatiotemporal expression of CS GAGs and major CSPGs
such as phosphacan and neurocan in the PMBSF of the
somatosensory cortex using rats and mice to show the
heterogeneity of CSPG expression. Furthermore, we investi-
gated the effects of sensory deprivation of facial vibrissae on
of CO and red-fluorescence Nissl and the
f the somatosenosry cortex usingmice and rats. (A–D) In PN10
d Nissl stainings and NeuN immunostaining at low
ouble labeling of Nissl staining and NeuN immunostaining
early observed by CO staining, but each barrel hollowwas not
The immunohistochemistry revealed that aggregates
SF of mice and rats in spite of uniform distribution of them
0 µm), B, D, and E–K (100 µm).
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the density of WFA-labeled PNNs and the effects of chon-
droitinase ABC (Chase) injection on the formation of barrel
structures in the PMBSF. Here, we showed that the expres-
sion of CSPGs was observed concomitantly with structural
barrel formation and the construction of CSPG-containing
PNNs depends on sensory information. Moreover, CS GAGs
did not have any crucial role in controlling the formation of
barrel structures.
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2. Results

2.1. Comparison of PMBSF structures in mouse and rat

The PMBSF is a subfield of the rodent primary somatosensory
cortex that represents 5 rows of large whiskers with exquisite
order. In the PMBSF of PN10 and adult mice, a typical barrel
structure was clearly visible by staining presynaptic terminals
of thalamic afferent nerves with cytochrome oxidase (CO)
Fig. 2 – Tangential sections showing the localization ofWFA labe
rats. (A–D′) In PN10 mice, WFA labeling was seen at barrel hollow
animals, moreWFA-labeled PNNs were observed at barrels in the
WFA labeling was observed at barrel hollows in the PMBSF of PN
septa as comparedwith barrel hollows in adult rats. (G–L′) The im
PMBSF in PN10 mice and rats. CS-6-PG-immunoreactive PNNs w
in adult rats. Scale bars=A, C, E, F, G, I, J, and L (500 µm), B, D, H,
histochemistry (Figs. 1A and C) and by labeling postsynaptic
neurons with both red-fluorescence Nissl staining (Figs. 1A′
and C′) and neuron-specific nuclear antigen (NeuN) immu-
nostaining (Figs. 1A″ and C″). Higher magnification showed
that each barrel hollow was separated from other barrel
hollows by cell-dense walls (Figs. 1B and D). In contrast to
mice, in rats hollows were revealed by either Nissl staining or
NeuN immunostaining (Figs. 1E′ and E″), although a typical
barrel structure was observed with CO staining (Fig. 1E). Some
of CSPGs are known to be produced by glial cells (for review,
ling and CS-6-PG-immunoreactivity in the PMBSF of mice and
s in the PMBSF to show vibrissa-related pattern. In adult
PMBSF as compared with surrounding cortex. (E–F′) Stronger
10 rats and more WFA-labeled PNNs were seen at barrel
munoreactivity of CS-6-PGwas observed at barrel septa of the
ere seen at barrel hollows in adult mice and at barrel septa
and K (100 µm).



121B R A I N R E S E A R C H 1 2 5 2 ( 2 0 0 9 ) 1 1 7 – 1 2 9
see Celio and Blumcke, 1994; Celio et al., 1998), and therefore
we examined the localization of GFAP-positive astrocytes in
the PMBSF of mice and rats (Figs. 1F–K′). While GFAP-positive
astrocytes formed large aggregates in the PMBSF of mice and
rats, they were distributed uniformly in the surrounding
cortex (nonbarrel regions).

2.2. Spatiotemporal expression of CSPGs in PMBSF

To examine the spatiotemporal expression of CSPGs in the
PMBSF, we used WFA lectin and the antibody against chon-
droitin-6-sulfate containing proteoglycan (CS-6-PG) (Fig. 2). It
is shown that WFA lectin recognizes N-acetylgalactosamines
of CS GAGs (Härtig et al., 1992; Brückner et al., 1993) and
anti-CS-6-PG antibody recognizes 6-sulfated stubs of core
proteins disclosed after Chase treatment (Miyata et al., 2005).
Stronger WFA labeling was observed at barrel hollows as
compared with barrel septa and surrounding cortex in PN10
mice (Figs. 2A, A′, B, and B′). More WFA-labeled PNNs were
seen at barrel hollows as compared with barrel septa and
surrounding cortex in adult mice (Figs. 2C, C′, D, and D′). In
PN10 rats, similar to mice, stronger WFA labeling was
observed at barrel hollows as compared with barrel septa
and surrounding cortex (Figs. 2E and E′), and more WFA-
labeled PNNs were seen at barrel septa as compared with
barrel hollows and surrounding cortex (Figs. 2F and F′). The
immunoreactivity of CS-6-PG was weaker at barrel hollows
as compared with barrel septa and surrounding cortex in
PN10 mice and rats (Figs. 2G, H, H′, I, and I′). In adult mice,
more CS-6-PG-immunoreactive PNNs were observed at both
barrel hollows and septa as compared with surrounding
cortex (Figs. 2J, K, and K′). In contrast to mice, more CS-6-PG-
immunoreactive PNNs were seen at barrel septa of adult rats
as compared with barrel hollows and surrounding cortex
(Figs. 2L, and L′). CS-6-PG immunohistochemistry and WFA
labeling histochemistry revealed that spatial expression of
CSPGs in PN5 mice and rats were the same to that seen in
PN10 animals.

2.3. Spatiotemporal expression of phosphacan and
neurocan in PMBSF

The immunoreactivity of 6B4phosphacanwasweaker at barrel
hollows as comparedwith barrel septa and surrounding cortex
in PN10 rodents (Figs. 3A, A′, B, B′, E, E′, F, and F′). In adult
animals, more 6B4-phosphacan-immunoreactive PNNs were
observed at barrel hollows as compared with barrel septa and
surrounding cortex (Figs. 3C, C′, D, D′, G, G′, H, and H′). The
immunoreactivity of 3F8 phosphacan was weaker at barrel
hollows in the PMBSF as compared with barrel septa and
surrounding cortex in PN10 animals (Figs. 3I, J, J′, K and K′),
while in adult rodents more 3F8-immunoreactive PNNs were
seen at barrel septa as compared with barrel hollows and
surrounding cortex (Figs. 3L, M, M′, N, and N′). These results
indicate the heterogeneous phosphacan composition of PNNs
in the PMBSF. In PN10 rats, the immunoreactivity of 1G2 and
PAb291 neurocan was weaker at barrel hollows as compared
withbarrel septaandsurrounding cortex (Figs. 3O,O′, P, andP′),
whereas the their immunoreactivity did not delineate the
PMBSF of the PN10 and adult mice (data not shown). WFA-
labeledPNNswereoftenseenatparvalbumin-immunoreactive
neurons which are considered as GABAergic neurons in the
PMBSF ofmice (Figs. 4A, A′, A″, and A″) and rats (Figs. 4C, C′, C″,
andC″) andWFA-labeledPNNswere frequently seen to contain
6B4 immunoreactivity (Figs. 4B, B′, B″, B″, D, D′, D″ and D″).
These results indicate that PNN-containing neurons in the
PMBSF are GABAergic neurons.

2.4. Effect of sensory deprivation on number of PNNs and
Chase treatment on formation of barrel structures

In order to assess whether sensory information from facial
vibrissae affects the formation of PNNs, facial vibrissae were
removed on PN1 and examined the number of WFA-labeled
PNNs in rat PMBSF on PN56 (Fig. 5). Sensory deprivation sig-
nificantly reduced the number of WFA-labeled PNNs in barrel
hollows but not in barrel septa. Moreover, to assesswhether or
not CSPGs participate in controlling the formation of barrel
structures, Chase was injected intracerebrally into the soma-
tosensory cortex on PN0, PN2, PN4, and PN6, and we examined
the formation of barrel structures in the PMBSF of mice on PN7
(Fig. 6). The quantitative analysis of barrel structures of the
PMBSF showed that the percentage of row C and D and D/C
ratio were not changed with Chase treatment. This result
indicates that the intracerebral injection of Chase did not
disturb the formation of barrel structures.
3. Discussion

The CSPGs are now known to be concernedwith cell–substrate
interactions during brain development and plastic modifica-
tions of neuronal connectivity in adult brains. The present
study investigated the spatiotemporal expression of CSPGs in
the PMBSF of PN10 and adult rodents using lectin histoche-
mistry and immunohistochemistry, and resultant data were
summarized in Table 1. Themain findings of the present study
were as follows; 1) in the early developing brains of PN10
rodents, the expression of CSPGs was observed simulta-
neously with the appearance of barrel structures. WFA
labeling was stronger in barrel hollows, while the immuno-
reactivity for CS-6-PG, phosphacan, and neurocan were lower
in barrel hollows than surrounding cortex. 2) In adult brains,
moreWFA-labeled and CS-6-PG-immunoreactive PNNs in rats
were observed in rat septa than barrel hollows, while
those in mice were likely to be seen with greater intensity
in barrel hollows, indicating the distinct PNN distribu-
tion pattern between mice and rats. 3) In the PMBSF of
adult rodents, the distribution pattern of 6B4- and 3F8-
phosphacan-immunoreactive PNNs in barrels and septa
complemented each other. 4) GFAP-immunoreactive astro-
cytes constituted large aggregates within the PMBSF, although
they were distributed uniformly in the surrounding cortex. 5)
The deprivation of facial vibrissae significantly decreased the
number of WFA-labeled PNNs in barrel hollows but not barrel
septa in rats. 6) Intracerebral injection of Chase did not affect
the early formation of barrel structures in the PMBSF of mice.

The barrel cytoarchitecture is different between mice and
rats; In rats, large gaps called septa are observed between
individual barrels. In mice, however, the gap is not obvious
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Fig. 4 – Tangential sections showing the colocalization of WFA labeling and the immunoreactivity for 6B4 phosphacan
or parvalbumin in the PMBSF ofmice and rats. (A–B″) In adultmice,WFA-labeled PNNswere often seen at parvalbumin-positive
neurons in the PMBSF andwere frequently observed to colocalize with the immunoreactivity of 6B4 phosphacan (arrowheads).
(C–D″) In adult rats, WFA-labeled PNNs were often seen at parvalbumin-positive neurons in the PMBSF and were
frequently observed to colocalize with the immunoreactivity of 6B4 phosphacan (arrowheads). PV, parvalbumin. Scale
bar=100 µm.
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and neighboring barrels are tightly apposed to each other (For
review, see Peterson, 2007). In the present study, the mouse
PMBSF was clearly observed not only by the visualization of
Fig. 3 – Tangential sections showing the localization of phosph
PN10 mice, the immunoreactivity of 6B4 phosphacan was elimi
image of vibrissa-related pattern. In adult mice, more 6B4-phosp
PMBSF as compared with barrel septa and surrounding cortex. (
rats was similar to that of mice. The immunoreactivity of 6B4 p
6B4-phosphacan-labeled PNNs were observed in the PMBSF of a
was absent at barrel hollows in the PMBSF to show negative im
In adult animals, however, more 3F8-phosphacan-labeled PNNs w
barrel hollows and surrounding cortex. (O–P′) The immunoreact
hollows in the PMBSF in PN10 rats. Pcan, phosphacan; Ncan, neu
F, H, J, and M (100 µm).
presynaptic terminal (CO staining and GAP-43 immunostai-
ning) but also by the visualization of postsynaptic neurons
(Nissl staining and NeuN immunostaining). On the other
acan and neurocan in the PMBSF of mice and rats. (A–D′) In
nated at barrel hollows in the PMBSF to show negative
hacan-labeled PNNs were observed at barrel hollows in the
E–H′) Spatiotemporal expression of 6B4 phosphacan in
hosphacan was absent in the PMBSF of PN10 rats and more
dults. (I–N′) The immunoreactivity of 3F8 phosphacan
age of vibrissa-related pattern as seen by 6B4 phosphacan.
ere observed at barrel septa in the PMBSF as compared with

ivity of 1G2 and PAb291 neurocan was absent at barrel
rocan. Scale bars=A, C, E, G, I, K, L, N, O, and P (500 µm), B, D,



Fig. 5 – Effects of sensory deprivation on the number of WFA-labeled PNNs in the PMBSF of rats. (A–B′) Tangential sections
showing WFA-labeled PNNs in a row C barrel of nondeprived and deprived PMBSF. (C) The quantitative analysis revealed
that the sensory deprivation of facial vibrissae reduced the number of WFA-positive PNNs in barrel hollows but not in barrel
septa. *P<0.05. Scale bar=100 µm.
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hand, the rat PMBSF was not clearly visualized with Nissl
staining and NeuN immunostaining. In the present study,
PNNs were observed mainly inside barrel hollows in mice
although theywere seen chiefly in barrel septa of rats by using
bothWFA labeling and CS-6-PG immunohistochemistry. PNNs
are known to be formed around GABAergic interneurons
(Brückner et al., 1994; Brückner and Grosche, 2001). The
immunohistochemistry for glutamic acid decarboxylase
reveals that the somata of GABAergic interneurons are located
along the sides of the barrel structure in both mice and rats
(Lin et al., 1985). Therefore, the dissimilarity of PNNs between
mice and rats is possibly due to the different distribution of
CSPGs rather than GABAergic interneurons. These results
indicate that there is a species-dependent heterogeneity
between mouse and rat in basic neuronal arrangement of
barrel structures and distribution of PNNs.

The present study further revealed that GFAP-immuno-
reactive astrocytes constituted large aggregates within the
PMBSF in spite of the uniform distribution of GFAP-immu-
noreactive astrocytes in the surrounding cortex. This observa-
tion is essentially different from previous studies; glial
glutamate transporter, GLAST and GLT-1 are early and selec-
tively expressed in numerous astrocytes in the PMBSF from
PN5 to PN10 (Voutsinos-Porche et al., 2003). The levels of
GLAST markedly increase during the most active period of
synaptogenesis (Furuta et al., 1997), while the expression of
GFAP in astrocytes increases gradually throughout the adult
lifespan of mice, rats, and humans (Eng et al., 2000). Taken
together, these results indicate that GFAP-immunoreactive
astrocytes, possibly mature astrocytes, constitute large aggre-
gates in the PMBSF.

In the PMBSF, lectin labeling such as ConA (specific for N-
acetylgalactosamine), PNA (specific for mannose), and WGA
(specific for N-acetylglucosamine and N-acetylneuraminic
acid) is weaker in barrel hollows than in both septa and the
surrounding cortex on early postnatal animals (Cooper and
Steindler, 1986; Steindler et al., 1995). Moreover, the expres-
sion of CSPGs such as neurocan and DSD-1-PG is weaker
in barrel hollows of infant animals (Watanabe et al.,
1995; Steindler et al., 1995). In the present study, the immuno-
reactivity of CS-6-PG, 6B4 and 3F8 phosphacan, and 1G2
and PAb291 neurocan were absent at barrel hollows in
early developing brains and this observation coincides
with the above previous results. In contrast, the labeling
of WFA (specific for N-acetylgalactosamine) was stronger in
hollows than septa and the surrounding cortex in the present
study. The labeling of VVA, a lectin specific for N-acetylgalac-
tosamine, is also stronger in barrel hollows in infant animals



Fig. 6 – Effects of intracerebral injection of Chase on the formation of barrel structures in the PMBSF ofmice. (A and B) Tangential
sections showing GAP-43 immunoreactivity in the PMBSF of control and Chase-injected animals. The PMBSF was clearly
visualized with the immunohistochemistry of GAP-43. (C, C′, D, and D′) Elimination of WFA labeling and immunolabeling of
CS-6-PG showeddegradation of CSPGGAGs in the PMBSFwith Chase injection. Scale bars=500 µm. (E) The quantitative analysis
revealed that intracerebral injection of Chase did not change the normalized percent of row C and D and D/C ration.

125B R A I N R E S E A R C H 1 2 5 2 ( 2 0 0 9 ) 1 1 7 – 1 2 9
(Bahia et al., 2008). These studies indicate the heterogeneous
expression of CS GAGs in the PMBSF of early postnatal brains.

It has been shown that PNNs are frequently seen around
parvalbumin-immunoreactive GABAergic interneurons in the
cerebral cortex (Brückner et al., 1994; Brückner and Grosche,
2001). In the visual cortex of mammals, the number of PNNs
strongly increased in all cortical layers at PN35 and reached
adult levels at PN70, coincident with the end of the critical
period (Lander et al., 1997; Pizzorusso et al., 2002). Rearing
animals in complete darkness from birth, which is known to



Table 1

Animal PN10 Adult

Barrel Non barrel Barrel Non barrel

Hollow Septa Hollow Septa

WFA Mouse + − − ++(p) +(p) +(p)
Rat + − − +(p) ++(p) +(p)

CS-6-PG Mouse − + + ++(p) +(p) +(p)
Rat − + + +(p) ++(p) +(p)

6B4 phosphocan Mouse − + + ++(p) +(p) +(p)
Rat − + + ++(p) +(p) +(p)

3F8 Phosphocan Mouse − + + +(p) ++(p) +(p)
Rat − + + +(p) ++(p) +(p)

1G2 Neurocan Mouse ND ND
Rat − + + − − −

Pab291 neurocan Mouse ND ND
Rat − + + − − +(p)

(p): perineuronal nets. ND: not detected.
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prolong the critical period for ocular dominance plasticity,
inhibits the developmental maturation of PNNs in the visual
cortex (Lander et al., 1997). The postnatal development of
PNNs appears to coincide with key periods of axonal growth,
synaptic refinement, myelination, and with establishment of
adult-like pattern of neuronal activity (Köppe et al., 1997).
More recently, it is shown that the injection of Chase into the
adult visual cortex removes the CS GAGs of PNNs and thereby
restores ocular dominance plasticity (Pizzorusso et al., 2002,
2006). In the present study, the spatial expression pattern of
CS GAGs and CSPGs appeared after the critical period and
delineated the PMBSF, however, the intracerebral injection of
Chase did not influence the formation of the PMBSF pattern in
mice, indicating that CS GAGs are not crucial determinants
for barrel formation during development. It is shown that
reduction of long term potentiation is observed in hippocam-
pal slices pretreated with Chase (Bukalo et al., 2001). There-
fore, the modulation of neuronal excitability might have a
possible functional significance in CSPG expression in barrel
structures.

In the PMBSF of the somatosensory cortex, the appearance
of VVA labeling appears simultaneously to barrel formation in
the developing rat and sensory deprivation reduced the
number of VVA-labeled PNNs (Bahia et al., 2008). This
observation seems to result from changes in GABAergic
neurons themselves rather than changes of CSPG expression,
since sensory deprivation of facial vibrissae leads to the
decrease in the number of GABAergic neurons in layer IV by
losing small-size interneurons (Micheva and Beaulieu, 1995).
Moreover, the number and proportion of GABA-immunoreac-
tive synaptic contacts are profoundly decreased in layer IV of
PMBSF by sensory deprivation of facial vibrissae (Micheva and
Beaulieu, 1995). Besides, whisker trimming did not lead to a
global loss of PNNs but instead led to a specific decrease in
Cat-315-positive PNNs (McRae et al., 2007). The present study
further demonstrated that sensory deprivation of facial
vibrissae significantly reduced the number of WFA-labeled
PNNs at barrel hollows but not at barrel septa. This result
indicates that afferent input from thalamic neurons promotes
the maturation of GABAergic neurons in barrel hollows.
4. Experimental procedures

4.1. Animals

Male rats (Wistar) and mice (C57BL/6) were used for the
present experiments. Animals were housed under standard
conditions with a 12:12 h dark and light cycle and ad libitum
access to commercial chow and tap water. All experimental
protocols were performed in accordance with the guidelines
for animal research of the Neuroscience Society of Japan to
minimize the number of animals used and their suffering. To
examine the effect of sensory deprivation on the density of
PNNs, the mystacial pad follicles of vibrissa row C were
unilaterally cauterized with an electric cauterizer (Fine
Science Tools, British Columbia, Canada) on PN1 and the
number of WFA-labeled PNNs was quantitatively counted in
rats on PN56. To assess the effects of chondroitinase ABC on
development of barrel structures, 1 µl of protease-free
chondroitinase ABC (20 U/ml, Seikagaku, Tokyo, Japan) was
injected intracerebrally into the PMBSF of mice on PN0, PN2,
PN4, and PN6, and then animals were fixed on PN7 to immu-
nostain with GAP-43 antibody. The elimination of CS GAGs
on core proteins was confirmed by the immunoreactivity of
CS-6-PG and WFA labeling.

4.2. Antibodies and reagents

Fluorescein isothiocyanate (FITC)-conjugated anti-mouse
IgM was purchased from Pierce (Rockford, IL, USA). FITC-
conjugated anti-mouse IgG andanti-rabbit IgGwere purchased
from Kirkegaard and Perry Laboratories (Gaithersburg, MD).
Texas red Streptavidin and WFA were obtained from Vector
laboratories (CA) and Sigma-Aldrich Japan (Tokyo, Japan),
respectively. Red-fluorescence Nissl (NeuroTraceTM 530/615
red: N-21482) and DAPI were purchased from Invitrogen
(San Diego, CA) and DOJINDO (Kumamoto, Japan). The follow-
ing primary antibodies were used: CS-6-PG (mouse IgG, ICN
Biomedicals), GAP-43 (mouse IgG, clone 1C6-1), GFAP (mouse
IgG, Sigma-Aldrich Japan), NeuN (mouse IgG, Chemicon,
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Temecula, CA), neurocan (mouse IgG, clone 1G2; Watanabe
et al., 1995), neurocan (rabbit IgG, serum PAb291, Matsui et al.,
1994), parvalbumin (mouse IgG, Sigma-Aldrich Japan), phos-
phacan (mouse IgG, clone 3F8; Developmental Studies Hybri-
doma Bank, Iowa, IA), and phosphacan (mouse IgM, clone 6B4,
Maeda et al., 1995).

4.3. Tissue fixation and sectioning

Under deep anesthesia with pentobarbital (80 mg/kg), rats and
mice were perfused with heparinized phosphate-buffered
saline (PBS; pH 7.4) followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB, pH 7.4). Brains were removed from
the skull and sectioned midsagittally into two halves. They
were then postfixed overnight and flattened as described
previously (Jhaveri et al., 1991). After several washes with PBS,
tangential sections of flattened hemispheres were cut into
50 µm-thick sections on a vibratome (DTK-1000 microslicer,
DSK, Kyoto, Japan).

4.4. Histochemistry

CO histochemistry was performed as described by Silver-
man and Tootel (1987). Briefly, PFA-fixed sections were
rinsed with 10% sucrose in 0.1 M PB and then incubated for
10 min in 10% sucrose/0.05 M Tris buffer (pH 7.6) containing
275 mg/l of cobalt chloride and washed in 0.1 M PB, and
incubated for 4–6 h at 40 °C in 0.1 M PB containing 0.5 g/l of
3,38-diaminobenzidine tetrahydrochloride (Sigma-Aldrich
Japan), 50 g/l of sucrose, 75 mg/l of cytochrome C (type III;
Sigma-Aldrich Japan), and 20 mg/l of catalase.

For immunostaining of various CSPGs, GFAP, and NeuN,
standard immunofluorescence techniques were performed
on the free-floating cerebral sections as described in our
previous paper (Miyata et al., 2001). Briefly, the sections
were pretreated with 25 mM glycine PBS for 20 min and
incubated with 5% normal goat serum (NGS) in PBS
containing 0.3% Triton X-100 (PBST) overnight. Then sec-
tions were incubated with the following primary antibodies
in the PBST containing 5% NGS for 3 days at 4 °C: 6B4 anti-
phosphacan (dilution 1:40), 3F8 anti-phosphacan (dilution
1:5), 1G2 anti-neurocan (dilution 1:10), PAb291 anti-neurocan
(dilution 1:100), anti-NeuN (dilution 1:300), and anti-GFAP
(dilution 1:100). The sections were then incubated with
FITC-conjugated anti-mouse IgG, anti-mouse IgM, or anti-
rabbit IgG (10 µg/ml) in PBST for 2 h in PBST containing red-
fluorescence Nissl (dilution 1:200).

For immunostaining of CS-6-PG, the sections were treated
with chondroitinase ABC to remove CS GAG chains before the
immunofluorescence procedure, since anti-6′CSPG antibodies
recognize CS-6-sulfated stub of core proteins disclosed after
chondroitinase ABC treatment. Shortly, the sections were
incubated with 0.1 unit/ml of chondroitinase ABC (Seikagaku)
in 0.1 M Tris–HCl buffer (pH 8.0) containing 30 mM sodium
acetate, 1 mM PMSF, 5 mM NEM, 10 µg/ml of pepstatin, and
10 µg/ml of aprotinin for 3 h at 37 °C. After several washings
with PBS, the sections were incubated overnight with 5% NGS
in PBST and then with 6′CSPG (dilution 1:200) in the PBST
containing 5% NGS for 3 days at 4 °C. The sections were then
incubated with FITC-conjugated anti-mouse IgG (10 µg/ml)
for 2 h. Red-fluorescence Nissl was added at the same time
as the secondary antibodies.

For labeling of WFA, the sections were pretreated with
25 mM glycine PBS for 20 min and incubated with biotinylated
WFA (Sigma Aldrich Japan, 10 µg/ml) in PBST for 2 d at 4 °C.
The sections were then incubated with FITC-conjugated
streptavidin (10 µg/ml) for 2 h. Red-fluorescence Nissl were
added at the same time as the secondary antibodies. For triple
labeling, the sections were incubated with the following
primary antibodies in PBST containing 5% NGS for 3 days at
4 °C: anti-phosphacan (clone 6B4; dilution 1:40), and anti-
parvalbumin (dilution 1:250). The sections were then incu-
bated with biotinylated anti-mouse IgG or IgM (7.5 µg/ml) in
the PBST for 2 h followed by Texas Red Streptavidin (20 µg/ml)
in the PBST for 2 h. They were incubated with biotinylated
WFA (10 µg/ml) in the PBST for 2 days at 4 °C and then treated
with FITC-conjugated streptavidin (10 µg/ml) and DAPI
(dilution 1:1,000) in PBST for 2 h in PBST.

The sections were mounted on glass slides and sealed with
Vectashield (Vector Lab). Observation was made using a
LSM510 laser-scanning confocal microscope (Carl Zeiss, Ger-
many). The sequential scanning of recording configuration for
FITC was used to avoid bleed-through of FITC. Images
(1024×1024) were saved as TIF files with a Zeiss LSM510
Image-Browser software and organized with Photoshop 7.0.
Omission of the primary antibody did not produce any visible
immunostaining on these preparations.

4.5. Quantification

Measurements of the entire large barrels area of mouse
PMBSF and surface areas devoted to each row (C to D) were
made using the software Image J. For each hemisphere, areas
C and D were normalized for PMBSF area. The D/C ratio was
used as a plasticity index (Schlaggar et al., 1993; Rebsam
et al., 2005). The number of WFA-labeled PNNs was counted
in barrel hollows and septa as described by others (Bahia
et al., 2008). All values were expressed as means±SE and
statistical analysis was performed by ANOVA followed by
Fisher's test with α=0.05 considered as significant.
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