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Study Design: Examination of hyaluronidase-4 (Hyal-4) expression in a rat spinal cord hemisection model.

Purpose: To determine the status of Hyal-4 expression after hemisection of the spinal cord, and the relationship between its expres-
sion and that of chondroitin sulfate proteoglycans (CSPGs).

Overview of Literature: CSPGs are expressed at the site of spinal cord injury and inhibit axon regeneration. Administration of exog-
enous chrondroitinase ABC (ChABC), derived from bacteria, digested CSPGs and promoted axonal regrowth. Using a rat hemisection
model, we have demonstrated peak CSPGs levels at by 3 weeks after injury but then decreased spontaneously. Could there be an
endogenous enzyme similar to ChABC in the spinal cord? It has been suggested that Hyal-4 is involved in CSPG degradation.
Methods: A rat hemisection model was prepared and spinal cord frozen sections were prepared at 4 days and 1, 2, 3, 4, 5, and 6
weeks post-cordotomy and stained for CSPGs and Hyal-4 and subjected to Western blotting.

Results: CSPGs appeared at the injury site at 4 days after hemisection, reached a peak after 3 weeks, and then decreased. Hyal-4
was observed around the injury site from 4 days after cordotomy and increased until after 5—6 weeks. Double staining showed Hyal-4
around CSPGs. Western blotting identified a band corresponding to Hyal-4 from 4 days after hemisection.

Conclusions: Hyal-4 was expressed in a rat hemisection model in areas surrounding CSPGs, and as its peak was delayed compared

with that of CSPGs. These results suggest the involvement of Hyal-4 in the digestion of CSPGs.
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Introduction

Damage to the spinal cord induces progressive accumula-
tion of reactive astrocytes around the lesion-induced he-
matoma within a few days [1], preceding the formation of
a glial scar, within a few weeks [2]. Using a mouse spinal
cord contusion model, Okada et al. [3] indicated that glial
scar formation served to minimize spinal cord damage.

They demonstrated a lack of glial scar formation and an
exacerbated damage in mice by knocking down “signal
transducer and activator of transcription 3, a signal that
induces the migration of reactive astrocytes [3]. However,
various factors known to inhibit axonal regeneration are
expressed in the glial scar and surrounding tissues [4].
First, reactive astrocytes inhibit axonal regeneration by
expressing chondroitin sulfate proteoglycans (CSPGs)
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[5-8]. Second, in the white matter of the spinal cord
surrounding the scar, myelin-associated glycoprotein,
derived from myelin produced by oligodendrocytes, and
Nogo-A are expressed [9,10]. Third, fibroblasts in the
fibrous scar around the cavity express semaphorin 3A,
which inhibits axonal regeneration [11,12].

CSPGs, major components of the extracellular matrix,
are expressed normally during development. They sup-
press axonal growth cones and control the direction of
axonal extension [13,14]. CSPGs are degraded by chon-
droitinase ABC (ChABC), an enzyme derived from bac-
teria [15]. Administration of ChABC to a damaged spinal
cord causes digestion of CSPGs expressed in glial scars,
thereby enhancing axonal regrowth and functional recov-
ery [16-19]. Furthermore, CSPGs expression is increased
in a spinal cord hemisection model and then decreases
[20], suggesting the enzymatic degradation of CSPGs.

The presence of endogenous enzymes digesting CSPGs
is unknown except in bacteria. Recently, Kaneiwa et al.
[21] reported that hyaluronidase-4 (Hyal-4), a human
endogenous enzyme, specifically hydrolyses chondroitin
sulfate (CS), suggesting its involvement in the digestion
of CSPGs. In this study, we evaluated the presence or ab-
sence of Hyal-4 expression and the relationship between
the decrease in CSPGs and Hyal-4 in a rat hemisection
model.

Materials and Methods

The study protocol was conducted per the Guidelines for
Animal Experiments of Kanazawa Medical University
and was approved by the Animal Ethics Committee.

1. Preparation of a rat spinal cord hemisection model

Ten-week-old female Sprague Dawley rats (n=42, Sankyo
Labo Service, Tokyo, Japan) were used. They were deeply
anesthetized by intraperitoneal administration of pen-
tobarbital sodium at 45 mg/kg, and laminectomy of the
9th and 10th thoracic vertebrae was performed, and the
11th thoracic spinal cord was exposed. After incision of
the dura matter, the right half of the spinal cord was sec-
tioned with a razor blade. The spinal cord was hemisec-
tioned beyond the median line to ensure the separation
of half of the spinal cord. The rats were returned to their
cages with free access to water and food without manual
bladder expression.
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2. Preparation of anti-Hyal-4 antibody

An antibody to Hyal-4 was ordered from Invitrogen (Life
Technologies, Carlsbad, CA, USA). A segment considered
unlikely to cross with other members of the hyaluroni-
dase family was selected from the amino acid sequence of
Hyal-4 (NP_001094250.1), and the amino acid sequence
of the peptide to be synthesized was selected. The peptide
sequence to be used for immunization was determined
as CSYHIEASADREFVVKGRASD. The peptide was
synthesized and rabbits were immunized with the pep-
tide conjugated with keyhole limpet hemocyanin as the
antigen. After confirming the increase in antibody levels,
whole blood was sampled, and serum was obtained and
the antibodies were purified with an affinity column.

3. Immunofluorescence staining

Rats were deeply anesthetized by intraperitoneal admin-
istration of pentobarbital sodium at 50 mg/kg at 4 days or
1, 2, 3, 4, 5, or 6 weeks after hemisection, perfused with
phosphate-buffered saline (PBS), and fixed by perfusion
with 4% paraformaldehyde. A 16-mm craniocaudal seg-
ment of the spinal cord containing the site of injury was
excised and preserved overnight in 25% sucrose solution.
The tissue was embedded in optimal cutting temperature
compound (Sakura Finetech Japan, Tokyo, Japan), frozen,
and sliced into 30-um thick coronal sections.

After the compound was washed off with PBS, the sec-
tions were treated with PBS containing 10% normal goat
serum +0.3% Triton X-100 at room temperature for 2
hours and allowed to react overnight with the primary
antibody at 4°C. The primary antibody, mouse monoclo-
nal antibody CS56 (Sigma-Aldrich, St. Louis, MO, USA),
was used at 1:200. The anti-Hyal-4 antibody was used
after diluting with PBS containing 3% normal goat serum
+0.3% Triton X-100 at 1:100. After washing the sections
with PBS, they were allowed to react with the secondary
antibody for 1 hour at room temperature. As the second-
ary antibody, Alexa488-conjugated goat anti-mouse IgG
(1:200) and Alexa 594-conjugated goat anti-rabbit IgG
(1:200) (Invitrogen, Life Technologies) were used after di-
lution with PBS containing 3% normal goat serum + 0.3%
Triton X-100. After washing the sections with PBS, they
were mounted with Fluoromount (Cosmo Bio, Co., Ltd.,
Tokyo, Japan) and examined under a BZ-9000 (Keyence,
Osaka, Japan), and images were captured.
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4. Quantification of immunofluorescence stained-images

Images obtained from three animals at each time point
(total, 21 animals), with three slices per animal (total,
63 slices), were selected for analysis. The areas of CS56-
immunostained regions and anti-Hyal-4 antibody-
immunostained regions were determined in a 4.0x4.0 mm
square centered around the site of injury. Immunofluo-
rescence staining for CS56 and anti-Hyal-4 antibody was
measured with the software included with the BZ-9000,
with the threshold set at 12 (0-255). Non-specific areas
such as the meninges and nerve roots were excluded from
the measurements.

5. Western blotting

Animals were deeply anesthetized with pentobarbital at 4
days, 1, 2, 3, 4, 5, and 6 weeks after hemisection and per-
fused with PBS. A 10-mm craniocaudal segment of the
spinal cord centered around the site of injury was care-
fully and promptly resected after perfusion. Moreover, a
4-mm craniocaudal segment of the spinal cord centered
around the site of injury was excised and homogenized
with 200 pL of lysis buffer (50 mM Tris-HCI [Wako Pure
Chemical Industries, Ltd., Osaka, Japan]), 150 mM NaCl
(Wako), and 1.0% Nonidet P-40 (Nacalai Tesque Inc.,
Kyoto, Japan) in pure water, supplemented with protease
inhibitor solution (prepared by dissolving EDTA-free
complete mini [Roche, Ltd., Basel, Switzerland] at a rate
of 1 pL/25 mL). After centrifugation (15,000 rpm, 30
minutes, 4°C), 1.5 mL of the supernatant was separated
as a cell lysis solution. An aliquot was diluted to 10 uL
by adding lysis buffer, mixed with the same volume of
2xSDS-PAGE sample buffer (mixture of Laemmli sample
buffer [Bio-Rad Laboratories Inc., Hercules, CA, USA]
and 2-mercaptoethanol [Sigma-Aldrich] at 19:1), and
heat-treated at 95°C for 10 minutes. After heating, the
sample was separated by SDS-PAGE, and transferred to a
polyvinylidene difluoride membrane (Immunobilon, Mil-
lipore, Billerica, MA, USA) using a HrizBLOT apparatus
(Atto, Tokyo, Japan). The membrane was first immersed
in blocking solution (PBS-T solution containing 5% skim
milk) for 30 minutes. After incubation with the primary
antibody (1,000-fold dilution of the prepared anti-Hyal-4
antibody) and the secondary antibody (10,000-fold dilu-
tion of goat anti-rabbit immunoglobulin/HRP, Dako,
Tokyo, Japan), the membrane was washed twice, once

with PBS-T for 5 minutes and then with 10 mM PBS (pH
7.4) for 5 minutes. For detection of bands, Immunostar
(Wako) and Las-4000 (Fujifilm, Tokyo, Japan) were used.

6. Evaluation of anti-Hyal-4 antibody

Double-stranded DNA, in which restriction enzyme
sites (5: BamHI, 3’: Xbal) were added at the terminals
of the base sequence of the full-length rat Hyal-4 gene
(NM_001100780.1), was synthesized and subcloned into
the BamHI-Xbal site of the vector (pBApo-CNV Pur). In
the plasmid DNA obtained, the sequence of the synthetic
gene was confirmed by single-strand analysis. The pre-
pared plasmid was purified to transfection grade using
the OIA Spin Mini prep kit (Qiagen, Hilden, Germany)
(pBApo-CMV-rHyal4) and was transfected using Effec-
ten (Qiagen) into HeLa cells, derived from a human uter-
ine cervical cancer. The protein was extracted after 2-day
culture, and Western blotting was carried out using anti-
Hyal-4 antibody. pBApo-CMV (an empty vector) was
used as a negative control.

7. Statistical analysis

Data are expressed as meanststandard deviation. Analy-
sis of variance was used to compare the quantified data of
immunofluorescence staining for CS56 and anti-Hyal-4
antibody at each time point (n=9, for each group), fol-
lowed by the Bonferroni/Dunn post hoc test between
points of measurement (StatView ver. 5.0, SAS Institute
Inc., Cary, NC, USA). A p-value <0.05 was considered to
indicate statistical significance.

Results

1. Immunofluorescence staining

1) Expression of CSPGs and Hyal-4

At 4 days after hemisection, weak staining for CS56 was
observed at the site of injury (Fig. 1A), while weak stain-
ing with anti-Hyal-4 antibody was noted around the site
of injury (Fig. 1H). After 2-3 weeks, strong staining for
CS56 was noted in and at the margin of the site of injury
(Fig. 1C, D), together with a gradual increase in the inten-
sity of staining with anti-Hyal-4 antibody around the site
of injury (Fig. 1], K). However, at 4 weeks after hemisec-
tion and subsequently, the intensity of staining for CS56
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decreased gradually (Fig. 1E-G), while persistent staining 4 days post-cordotomy, 15.5+1.1x10" um? at 1 week,
with the anti-Hyal-4 antibody was noted (Fig. 1L-N). The 20.6£1.7x10* pm”® at 2 weeks, 25.0+2.6x10* um’ at 3
area stained with CS56 measured 11.6+0.7x10" um” at weeks, 12.8+1.5x10" um” at 4 weeks, 8.7+1.0x10" um” at

2 wk 3wk 4 wk 5 wk 6 wk
u
! .
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Fig. 1. Immunofluorescent images of chondroitin sulfate proteoglycans (CSPGs) and hyaluronidase-4 (Hyal-4) after spinal cord hemi-
section. Changes in immunological staining for CS56 (CSPGs) (green) and Hyal-4 (red) 4 days (A, H, 0), 1 week (B, I, P), 2 weeks (C,
J, Q), 3 weeks (D, K, R), 4 weeks (E, L, S), 5 weeks (F, M, T), and 6 weeks (G, N, U) after spinal cord hemisection. Inmunological
staining for CS56 increased at the site of injury from 4 days to 3 weeks after hemisection (A-D) but then decreased (E-G). However,
the Hyal-4-immunostained area increased around the site of injury from 4 days after hemisection and persisted for 4 weeks or longer
(H-N). In double staining images, the Hyal-4-immunostained area (0—U) was observed around the CS56-stained area at the site of
injury at all time points. In all images, the cranial side is to the left. Scale bar=500 pm.
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Fig. 2. Serial changes in the expression levels of chondroitin sulfate proteoglycans at the site of injury and hyaluronidase-4 (Hyal-4)
around the site of injury. Data for the stained area are averaged over three slices obtained from three animals (total, 9 slices). Anal-
ysis of variance, using data at each time interval, showed significant differences in immunological staining for CS56 among various
groups until 5 weeks after hemisection and staining for Hyal-4 until 4 weeks after hemisection (*p<0.0001). NS, not significant.
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5 weeks, and 7.7+1.4x10" um” at 6 weeks. These results
were consistent with the immunofluorescence staining.
The Hyal-4-stained areas were 8.0+0.7x10", 12.9+1.3x10",
21.3+1.0x10", 28.0+1.5x10°, 33.4%1.7x10", 35.6+2.0x10",
and 35.4+1.7x10* um®, respectively (Fig. 2). Statistical
analysis showed that the area stained for CS56 differed
significantly among the measurement points, except after
5-6 weeks, increasing significantly from 4 days to 3 weeks
after hemisection and decreasing significantly thereafter
until 5 weeks after hemisection. The Hyal-4-stained area
varied significantly among the measurement points until
4 weeks after, with significant increases from 4 days to 4
weeks post-cordotomy (Fig. 2).

2) Relationship between CSPGs and Hyal-4

The relationship between the decrease in CSPGs and
Hyal-4 expression was evaluated using double staining.
The intensity of staining for CS56 at the site of injury and
for Hyal-4 around the site of injury increased gradually
from 4 days to 3 weeks after cordotomy (Fig. 10-R).
Examination of the double-stained samples obtained 3
weeks after hemisection under high-power magnification
showed that the areas stained for Hyal-4 and CS56 over-
lapped occasionally (Fig. 3). At 4 weeks after hemisection,
staining for CS56 had diminished at the site of injury,
whereas that for Hyal-4 had increased, compared with the
pattern obtained at 3 weeks after hemisection (Fig. 1S).
At 5-6 weeks, staining for CS56 diminished further, but
that for Hyal-4 remained unchanged (Fig. 1T, U). Most of

Fig. 3. High-magnification fluorescent staining images of chondroi-
tin sulfate proteoglycans (CSPGs) and hyaluronidase-4 (Hyal-4) at 3
weeks after hemisection. Photomicrographs of the lesioned tissue
3 weeks after the hemisection. The results of immunofluorescence,
stained for CS56 (CSPGs) (green) and Hyal-4 (red), are shown. The
Hyal-4-immunostained area surrounds the CS56-positively stained
area. In some parts, Hyal-4 staining invaded the area stained for CS56.
Scale bar=50 pm.

the areas did not overlap at any point of evaluation and
were clearly separated.

3) Characterization of rabbit antiserum against Hyal-4

Multiple protein bands were detected in samples obtained
from the site of spinal cord injury at any time point (Fig.
4A). To evaluate the anti-Hyal-4 antibody, a plasmid

Hyal-4
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Fig. 4. Detection of hyaluronidase-4 (Hyal-4) expression after hemi-
section by Western blotting. Protein bands were detected at the same
positions at each point of evaluation from 4 days to 6 weeks after
hemisection (A). B-actin was used as a control for the protein level (B).
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Fig. 5. Detection of hyaluronidase-4 (Hyal-4) expression. The expres-
sion of Hyal-4 protein in Hela cells was examined by western blotting.
A strong signal was noted at a position higher than 50 kDa (indicated
by arrow) (A). Results of analysis of the same lysates using B-actin as
a control (B).
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vector expressing the full-length Hyal-4 rat gene was
transfected into HeLa cells. Western blotting showed spe-
cifically dense protein bands at 50-75 kDa in transfected
cells (Fig. 5A). Also, the bands detected at 50-75 kDa
increased with time (Fig. 4A), supporting that these are
derived from rat Hyal-4 gene (Figs. 4B, 5B).

Discussion

Hyal-4 evaluated in this study is one of the five members
of the hyaluronidase family (hyaluronidase-1 [Hyal-1],
Hyal-2, Hyal-3, Hyal-4, and Hyal-5) [22,23]. The hyal-
uronidase enzyme decomposes hyaluronic acid (HA) in
various tissues [24]. Hyal-1 and Hyal-2 coordinately de-
compose high-molecular-weight HA [25]. HA is a GAG
with a structure of alternating glucuronic acid and N-
acetyl glucosamine, resembling that of CS [25]. Kaneiwa
et al. [21] demonstrated that Hyal-4 breaks the bond of
galactosamine in CS and has a hydrolase activity specific
to CS, but not HA, suggesting its involvement in the me-
tabolism of CSPGs.

To examine Hyal-4 expression in the spinal cord, we
prepared a new anti-Hyal-4 antibody in this study and
used it for Western blotting. The anti-Hyal-4 antibody
prepared was evaluated by transfecting HeLa cells with a
vector expressing rat full-length Hyal-4 cDNA. A dense
protein band of 50-75 kDa was detected (Fig. 5A). Fur-
thermore, while multiple bands were detected at the site
of spinal cord injury (Fig. 4A), the results showed that
the molecular weight of the band detected by anti-Hyal-4
antibody was higher than 50 kDa. These results indicated
that the full-length Hyal-4 protein was located at the
same position in samples extracted from rats and our an-
tibody recognizes this polypeptide.

We also carried out an immunohistological evaluation
of the rat hemisection model using CS56 as representa-
tive for CSPGs and anti-Hyal-4 antibody for Hyal-4. At
the site of spinal cord injury, the increase in the expres-
sion of Hyal-4 after spinal cord injury was delayed com-
pared with the increase in CSPGs, and the peak of Hyal-
4 was observed after the peak of CSPGs at 3 weeks post-
cordotomy and it then decreased. Additionally, Hyal-
4 was expressed in the area surrounding the tissue that
expressed CSPGs at the site of spinal cord injury. Also,
we observed occasional migration of the area expressing
Hyal-4 into the CSPGs-expressing area, suggesting that
Hyal-4 surrounding CSPGs was involved in the digestion
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of CSPGs. These findings are similar to those reported by
Iseda et al. [20], who found GFAP-stained reactive astro-
cytes surrounding CSPGs in a rat spinal cord injury mod-
el. The results thus suggest that reactive astrocytes express
Hyal-4. As mentioned above, reactive astrocytes also
produce CSPGs [5-8], indicating that the same cells con-
trol the production and digestion of CSPGs. However, a
limitation of this study is the lack of direct evidence from
an experimental study using knock-out mice. Previous
studies [19,26] argued for a beneficial effect of ChABC
on spinal cord injury or lesion, but the ChABC admin-
istered was applied exogenously and not of mammalian
origin. In contrast, the present study revealed that CSPGs
digestion could be achieved by endogenous expression
of Hyal-4 in rats. Promotion of Hyal-4 expression would
enhance digestion of CSPGs, and may open a new avenue
to treatment of spinal cord injuries.

Conclusions

In a rat hemisection model, CSPGs were expressed at
the site of injury and Hyal-4 was expressed in the sur-
rounding area. The CSPG expression level decreased
gradually from 3 weeks after hemisection, whereas Hyal-
4 increased gradually until 5-6 weeks after hemisection.
Hyal-4 seems to be involved in digestion of CSPGs.
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