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Abstract

In goldfish, spinal cord injury triggers the formation of a fibrous scar at the injury site. Regenerating axons are able to pen-
etrate the scar tissue, resulting in the recovery of motor function. Previous findings suggested that regenerating axons enter
the scar through tubular structures surrounded by glial elements with laminin-positive basement membranes and that glial
processes expressing glial fibrillary acidic protein (GFAP) are associated with axonal regeneration. How glia contribute to
promoting axonal regeneration, however, is unknown. Here, we revealed that glial processes expressing vimentin or brain
lipid-binding protein (BLBP) also enter the fibrous scar after spinal cord injury in goldfish. Vimentin-positive glial processes
were more numerous than GFAP- or BLBP-positive glial processes in the scar tissue. Regenerating axons in the scar tissue
were more closely associated with vimentin-positive glial processes than GFAP-positive glial processes. Vimentin-positive
glial processes co-expressed matrix metalloproteinase (MMP)-14. Our findings suggest that vimentin-positive glial processes
closely associate with regenerating axons through tubular structures entering the scar after spinal cord injury in goldfish. In
intact spinal cord, ependymo-radial glial cell bodies express BLBP and their radial processes express vimentin, suggesting
that vimentin-positive glial processes derive from migrating ependymo-radial glial cells. MMP-14 expressed in vimentin-

positive glial cells and their processes might provide a beneficial environment for axonal regeneration.
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Introduction

Spinal cord injury (SCI) in adult mammals produces a nega-
tive environment for the severed nerves at the injury site,
including inflammation, scar formation, and a large cavity,
which inhibits axonal outgrowth. Functional recovery after
SCl is thus poor in mammals, and no fundamental treatment
for SCI is available in humans. In several teleost species, how-
ever, such as goldfish (Koppanyi 1955; Sharma et al. 1993;
Takeda et al. 2007), zebrafish (Becker et al. 1997, 2004), and
knifefish (Apteronotus leptorhynchus: Vitalo et al. 2016),
spontaneous axonal regeneration occurs across the injury site
after SCI, resulting in the recovery of motor function.
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The mechanisms of spontaneous axonal regeneration and
functional recovery in teleosts remain unclear. In goldfish, a
fibrous scar filled with collagen forms at the injury site after
spinal cord transection (SCT), and regenerating axons pen-
etrate the fibrous scar through tubular structures that form
within the fibrous scar tissue (Bernstein 1964; Bernstein and
Bernstein 1967; Takeda et al. 2015). The tubular structures
protrude into the fibrous scar from the surrounding nerve
tissue, and their walls are composed of laminin continuous
with the basement membrane bordering the fibrous scar and
surrounding nervous tissue. As the tubules enlarge, the num-
ber of regenerating axons increases and the fibrous scar area
becomes smaller (Takeda et al. 2015). Details regarding the
organization of the fibrous scar tissue and the tubular struc-
tures that develop therein are provided in Takeda et al. (2015).

The cellular and non-cellular factors that promote the
outgrowth of regenerating axons, however, are not well
understood. After SCI in teleost, a variety of cells, including
glial cells, are activated and various substances are released
(Becker and Becker 2020; Zupanc 2019). A previous study
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demonstrated that regenerating axons are frequently accom-
panied by glial processes within the tubular structures in
goldfish (Takeda et al. 2015). Elongation of glial fibrillary
acidic protein (GFAP)—positive glial processes is frequently
preceded by the regenerating axons, suggesting that GFAP-
positive glial processes do not guide the axonal regrowth
(Nona and Stafford 1995). These observations raise the pos-
sibility that axonal regeneration is not guided by glial fac-
tors. Alternatively, GFAP-negative glial elements might be
involved in axonal outgrowth (Takeda et al. 2015).

Ependymo-radial glial cells in the ependymal layer are
suggested to contribute to axonal regeneration after SCT
in some anamniotes. In zebrafish, a species closely related
to goldfish, scar tissue is not formed after SCT. Instead, the
gap in the spinal cord is reconnected by glial bridges cre-
ated by the migration of ependymo-radial glial cells that
normally express GFAP but proliferate and de-differentiate
to transiently express vimentin following SCT (Goldshmit
et al. 2012). The ependymo-radial glial cells and their pro-
cesses in the bridges, therefore, provide a scaffold for regen-
erating axons to pass through the injury site, but whether
these cells promote axonal regeneration on the glial bridges
remains unclear (Tsata et al. 2021). In some teleosts, on the
other hand, the ependymo-radial glial cells strongly express
vimentin together with GFAP. Although GFAP and vimentin
colocalize in many areas, there are many areas in which they
do not coexist (Arochena et al. 2004; Zupanc et al. 2012).
Brain lipid-binding protein (BLBP) is also suggested to be
expressed in ependymo-radial glial cells in teleosts (Adolf
et al., 2006; Wen et al. 2010).

In the present study, we further investigated the possible
involvement of glial elements in the outgrowth of regen-
erating axons in goldfish by evaluating the morphological
relationship between regenerating axons and glial elements
in the fibrous scar, using glial markers other than GFAP,
such as vimentin and BLBP. Vimentin and BLBP might be
expressed in cell types distinct from glial cells expressing
GFAP. We also re-examined the expression of matrix metal-
loproteinases (MMPs) in glial processes entering the fibrous
scar, based on previous observations that GFAP-positive
glial processes express MMP-14 after SCT (Takeda et al.
2021).

Materials and methods

Spinal cord hemisection

Goldfish, C. auratus (n=12; body weight 20-30 g), were
obtained commercially (Nomoto Fish Farm Co. Ltd., Yoko-
hama, Japan) and maintained in an aquarium at 25-27 °C. A

total of 6 fish underwent SCT in this study. For better quan-
titative evaluation of the regenerating axons and behavioral
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activities, a lateral hemisection was performed because full
transection at the upper spinal level frequently leads to per-
manent separation of the spinal cord. Lateral hemisection
is a useful model for sequential observation of regenerat-
ing axons (Takeda et al. 2007, 2015). The fish were deeply
anesthetized with 0.02% tricaine methanesulfonate (MS-222,
Millipore Sigma, St. Louis, MO, USA) in water and placed
on ice. The dorsal skin was incised at the level just caudal
to the cranium, the muscles retracted, and the post-temporal
bone and vertebrae exposed. The rostral segments of the
spinal cord were exposed after removing the bones, and a
frontal hemisection on the left side of the spinal cord was
performed at the level of the first spinal nerve. The hemisec-
tion was achieved by inserting the blades of small scissors at
aright angle to the spinal surface along the posterior median
septum. After the wound was sutured and sealed with an
aerosol plastic dressing (Yoshitomi-Seiyaku, Osaka, Japan),
the fish was placed in a bucket of water until the anesthesia
wore off and then placed in 0.1% tetracycline for approxi-
mately 15 min and returned to the aquarium.

Perfusion, fixation, and tissue preparation

Fish at 3 days (n=3) and 7 days (n=3) after SCT were
processed for immunohistochemistry. The fish were anesthe-
tized and perfused transcardially with saline containing 1%
heparin, followed by 0.1 M phosphate buffer (PB, pH 7.4)
containing 4% paraformaldehyde (PFA). The spinal cord,
including the injury site, was removed immediately, post-
fixed in 0.1 M PB containing 4% PFA for 5 to 6 h at 4 °C,
and left overnight in 0.1 M PB containing 25% sucrose at
4 °C for cryoprotection.

The spinal cord was embedded in Tissue-Tek OCT com-
pound (Sakura, Tokyo, Japan) and frozen with 2-methylbutane
(isopentane) in liquid nitrogen. The frozen specimens were cut
into serial 20-um thick horizontal sections and thaw-mounted
on gelatin-coated slides in a cryostat (Moriyasu-Konetsu,
Osaka, Japan) equipped with a microtome (Microm, Wall-
dorf, Germany). The sections were arranged in a 1 in 5 series
comprising every fifth section. A series comprised 10 to 12
sections. All sections were dried for 1 h at room temperature,
postfixed in 0.1 M PB containing 4% PFA for 30 min, and
rinsed in 0.01 M PBS (pH 7.4) containing 0.3% Triton X-100
(PBST, pH 7.4) for 10 to 20 min.

Immunostaining

A series of sections were incubated in a moist chamber
overnight for 3 nights at 4 °C with a mixture of primary
antibodies diluted with 1% normal donkey serum, 0.2%
bovine serum albumin, and 0.1% NaN3 in 0.01 M PBST.
The primary antibodies were as follows: (1) mouse mono-
clonal anti-acetylated tubulin (1:100, T7451, Sigma-Aldrich,
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Darmstadt, Germany, RRID: AB_609894) as an axonal
marker for axons; (2) goat polyclonal anti-GFAP (1:100,
ab53554, Abcam, Cambridge, UK, RRID: AB_880202); (3)
mouse monoclonal anti-vimentin (1:200, ab8069, Abcam,
RRID: AB_306239); (4) rabbit polyclonal anti-vimentin
(1:50, ab229622, Abcam, RRID: none); (5) rabbit poly-
clonal anti-BLBP (1:300, ABN14, Millipore, Burlington,
MA, USA, RRID: AB_10000325); (6) rabbit polyclonal
anti-MMP-9 (1:50, AS55345, AnaSpec, Fremont, CA,
USA, RRID: AB_2144746); and (7) rabbit polyclonal anti-
MMP-14 (1:50, ab53712, Abcam, RRID: AB_881233). The
antibody combinations for multiple labeling were as follows:
(1) anti-acetylated tubulin, anti-GFAP, and anti-vimentin;
(2) anti-BLBP, anti-GFAP, and anti-vimentin; (3) anti-
GFAP, anti-MMP-9, and anti-vimentin; and (4) anti-GFAP,
anti-MMP-14, and anti-vimentin.

The sections were rinsed several times with 0.01 M
PBST, and then incubated for 3 h at room temperature with
a mixture of secondary antibodies diluted with 1% normal
donkey serum, 0.2% bovine serum albumin, and 0.1% NaN3
in 0.01 M PBST. The secondary antibodies were as follows:
(1) Alexa 488—conjugated donkey anti-rabbit IgG (10 pg/
ml; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA); (2) cyanine Cy3—conjugated donkey anti-rabbit
IgG (10 pg/ml; Jackson ImmunoResearch Laboratories);
(3) Alexa 647—conjugated donkey anti-rabbit IgG (10 ug/
ml; Jackson ImmunoResearch Laboratories); (4) cyanine
Cy3—conjugated donkey anti-mouse IgG (10 pg/ml; Jackson
ImmunoResearch Laboratories); (5) Alexa 647—conjugated
donkey anti-rabbit IgG (10 pg/ml; Jackson ImmunoResearch
Laboratories); (6) cyanine Cy3—conjugated donkey anti-goat
IgG (10 pg/ml; Jackson ImmunoResearch Laboratories); and
(7) Alexa 647—conjugated donkey anti-goat IgG (10 ug/ml;
Jackson ImmunoResearch Laboratories).

Verification of antibody specificity

The negative control study for immunohistochemistry was
performed by incubating spinal cord sections with 0.5%
normal mouse serum (Jackson ImmunoResearch Laborato-
ries), 0.5% normal rabbit serum (Jackson ImmunoResearch
Laboratories), or 0.5% normal goat serum (Jackson Immu-
noResearch Laboratories) instead of the primary antibodies.
Frozen sections were fixed in 4% PFA for 5 min.
Antibodies against MMP-9 (AS55345, AnaSpec, RRID:
AB_2144746) and vimentin (ab229622, Abcam) were gener-
ated using the tissue of zebrafish, a closely related species
of goldfish. The antibody against GFAP (ab53554, Abcam,
RRID: AB_880202) was confirmed to react specifically with
antigens in zebrafish tissue and was used for goldfish studies
(Takeda et al. 2021, 2023). The antibody against acetylated
tubulin (T7451, Sigma-Aldrich, RRID: AB_609894) was
confirmed to react specifically with antigens in the tissue

of various mammalian species, frog, chicken, and inver-
tebrates, and used in studies of zebrafish (Wilson et al.
1990), and goldfish (Takeda et al. 2021, 2023). To confirm
the specificity of antibodies against MMP-14 (ab53712,
Abcam, RRID: AB_881233), vimentin (ab8069, Abcam,
RRID: AB_306239), and BLBP (ABN14, Millipore, RRID:
AB_10000325), the amino acid sequence of the antigenic
site of each antibody and the amino acid sequence homolo-
gous to the antigenic site of zebrafish were obtained from the
NCBI protein database (Bethesda, MD, USA). The obtained
homologous sequences were locally aligned by EMBOSS
Water (EMBL-EBI, Hinxton, UK), and the amino acid
match rates were calculated to be 78% for MMP-14, 88%
for vimentin (mouse), and 92% for BLBP.

Observation and imaging

All sections were examined using an epifluorescence micro-
scope (Leica DMR; Leica, Wetzlar, Germany) equipped with
appropriate fluorescence filter sets. Images obtained with a
CCD camera (Leica DC 20; Leica) were digitally transferred
to a computer using DC Viewer Software (Leica). The spi-
nal region of the first spinal segment, 0-2 mm caudal to the
medullospinal junction was observed as the intact site. The
spinal region on the transected (left) side, from the level
0.5 mm rostral to the transected site to the level 0.5 mm
caudal to the transected site, was observed as the injury site.

Quantitative analysis of the number of glial
processes within the fibrous scar

To quantitatively analyze the number of glial processes
entering the fibrous scar, we used a series of spinal cord
sections stained with anti-acetylated tubulin, anti-GFAP,
and anti-vimentin, obtained from the fish 3 days (n=3) and
7 days (n=23) after SCT. The numbers of acetylated tubulin-
immunoreactive axonal processes, GFAP-immunoreactive
glial processes, and vimentin-immunoreactive glial pro-
cesses crossing a transverse line through the center of the
fibrous scar tissue were counted. The mean and standard
deviation (SD) were calculated from three fish, and signifi-
cant differences were tested using the Mann—Whitney U-test.

Quantitative analysis of the morphological
relationship between the axonal processes and glial
processes within the fibrous scar

To determine whether glial elements play a guiding role for
regenerating axons entering the scar, we examined the mor-
phological relationship between acetylated tubulin-immuno-
reactive axonal processes and GFAP- and vimentin-immuno-
reactive glial processes, using a series of spinal cord sections
obtained from the fish 3 days (n=3) after SCT. A total of
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685 acetylated tubulin-immunoreactive axonal processes
entering the fibrous scar were examined in 3 fish and the
percentage of axons associated with GFAP- and vimentin-
immunoreactive glial processes was calculated. The mean
and SD were calculated from 3 fish.

Ethical statement

This study was carried out in accordance with the recom-
mendations of The Yokohama City University Commit-
tee for Animal Research. All procedures were performed
according to the standards established by the NIH Guide
for the Care and Use of Laboratory Animals and the Poli-
cies on the Use of Animals and Humans in Research. All
efforts were made to minimize the number of animals used
and their suffering.

Results

Immunoreactivity of glial markers in intact spinal
cord

In the intact spinal cord, BLBP-immunoreactive cellular
structures were observed in the ependymo-radial glial cells
lining the ependymal layer and in the subpial region, but not
in other regions. BLBP-immunoreactive glial processes were
observed in the parenchyma and subpial regions, primarily as
radial processes extending from the ependymal layer (Fig. 1).
Vimentin-immunoreactivity was observed at the luminal
surface of the central canal, but not in the ependymo-radial
glial cell bodies (Fig. 1). Vimentin-immunoreactive cellular
structures were not observed in any other regions of the spi-
nal cord, whereas vimentin-immunoreactive glial processes
were observed in the parenchyma and subpial region, primar-
ily as radial processes extending from the ependymal layer

rostral

Vimentin caudal

Fig. 1 Distribution of glial markers in the intact spinal cord. (a)
Vimentin-immunoreactivity was observed on the luminal surface of
the ependymo-radial glial cells. Vimentin-immunoreactivity was also
observed in the radial processes (arrowheads) extending from the
ependymal layer. (b) BLBP-immunoreactivity was observed in the
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(Fig. 1). No GFAP-immunoreactivity was observed in cel-
lular structures, including the ependymo-radial glial cells.
Some GFAP-immunoreactive glial processes were observed
in the parenchyma and subpial region, but not in the radial
processes extending from the ependymal layer.

Immunoreactivity of glial markers in the lesioned
spinal cord

After SCT, the open wound created by hemisection at the
injury site was closed by a fibrous scar. The fibrous scar
and surrounding nervous tissue were distinguished as areas
with poor and strong GFAP-immunoreactivity, respectively
(Figs. 2A, G and 3A).

Within 7 days after SCT, the fibrous scar was penetrated by
a bundle of glial processes entering the scar from the surround-
ing nervous tissue (Fig. 2A—C). Within the bundle, GFAP-,
vimentin-, and BLBP-immunoreactive glial processes were
observed. Vimentin-immunoreactive glial processes, which
were more numerous than GFAP-immunoreactive processes,
were observed entering the fibrous scar even outside the bundle
(Fig. 2B). Multiple labeling revealed that a majority of vimen-
tin-immunoreactive and GFAP-immunoreactive glial processes
were distinct, but some glial processes were immunoreactive
for both GFAP and vimentin (Fig. 2D). Immunoreactivity for
GFAP was observed in 15% of vimentin-immunoreactive glial
processes and immunoreactivity for vimentin was observed in
26% of GFAP-immunoreactive glial processes (Fig. 2J). BLBP-
immunoreactive glial processes were markedly fewer in num-
ber than vimentin- or GFAP-immunoreactive glial processes,
and some were also immunoreactive for vimentin or GFAP
(Fig. 2E, F). Within the bundle of glial processes entering the
fibrous scar, many BLBP-immunoreactive cell bodies were also
observed. Some of BLBP-immunoreactive cell bodies were
positive for DAPI. No vimentin- or GFAP-immunoreactive cell
bodies, on the other hand, were observed (Fig. 2G-I).

Vimentin/

ependymo-radial glial cell bodies (arrowheads) lining the ependymal
layer and in the radial processes extending from the ependymal layer.
(¢) Merged image of (a) and (b). Radial processes immunoreactive
for both vimentin and BLBP are indicated by an arrow. Dashed line:
midline. Scale bars: 20 pm
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Fig.2 Expression of glial markers at the injury site 7 days after
SCT. A fibrous scar formed at the lesion center within 7 days after
SCT. (a—c) Triple labeling of GFAP (red in (a)), vimentin (blue in
(b)), and BLBP (green in (c¢)). A bundle of GFAP-, vimentin-, and
BLBP-immunoreactive glial processes entered the fibrous scar from
the surrounding nervous tissue and penetrated the scar. The area cir-
cled by the dotted line indicates the remaining fibrous scar. Many
vimentin-immunoreactive glial processes (arrowheads in (b)) were
observed entering the fibrous scar outside the bundle. (d—f) Enlarged
images of the boxed regions in (a—c) are shown. Glial processes dou-
bly immunoreactive for GFAP and vimentin (arrows in (d)), vimentin
and BLBP (arrow in (e)), and GFAP and BLBP (arrows in (f)) were
observed. Glial processes immunoreactive for GFAP, but not vimen-
tin (chevron arrow in (d)), and those immunoreactive for vimentin,

Within 7 days after SCT, BLBP-immunoreactive cell
bodies were also observed in the surrounding nervous tis-
sue, as well as in the ependymo-radial glial cells lining the
ependymal layer. No vimentin- or GFAP-immunoreactive
cell bodies, including ependymo-radial glial cell bodies,
were observed, even after SCT. Vimentin-immunoreactive

but not GFAP (arrowheads in (d)) were also observed. (g, h) Double
labeling of GFAP (red in (g)), and BLBP (green in (b)). A bundle of
GFAP- and BLBP-immunoreactive glial processes entered the fibrous
scar from the surrounding nervous tissue and penetrated the scar. The
area circled by the dotted line indicates the remaining fibrous scar.
(i) An enlarged image of the boxed region in (h) is shown. BLBP-
immunoreactive cell bodies (asterisks) were also positive for DAPI.
Scissor marks in (a) and (g): hemisection site. Dashed line: mid-
line. Scale bars: 100 pm in (c) and (h) (applies also to (a), (b), and
(g)), 20 pm in (f) and (i) (applies also to (d) and (e)). (j) The ratio
of glial processes doubly immunoreactive for GFAP and vimentin to
total vimentin-immunoreactive glial processes and the ratio of glial
processes doubly immunoreactive for GFAP and vimentin to total
GFAP-immunoreactive glial processes at 7 days after SCT

glial processes were observed in the surrounding nerv-
ous tissue as well as in the radial processes originating
from the ependymal layer. GFAP-immunoreactive glial
processes were also observed in the surrounding nervous
tissue, but not in the radial processes originating from the
ependymal layer.
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Morphological relationship between glial
and axonal processes in the injury site

At the injury site, many glial processes entering the fibrous
scar from the surrounding nervous tissue were accompa-
nied by acetylated tubulin-immunoreactive axonal processes
(Fig. 3A-F). Quantitative analysis revealed that the number
of vimentin-immunoreactive processes at the injury center 3
and 7 days after SCT was significantly higher than the num-
bers of GFAP-immunoreactive glial processes and tubulin-
immunoreactive axonal processes (Fig. 3G). Multiple labeling

rostral

caudal

rostral

Survival time

Fig.3 Expression of glial and axonal markers at the injury site 3 and
7 days after SCT. (a—c) Triple labeling of GFAP (red in (a)), vimentin
(green in (b)), and acetylated tubulin (blue in (c)) at the injury site
3 days after SCT. Vimentin-immunoreactive glial processes and acet-
ylated tubulin-immunoreactive axons entered the fibrous scar at the
lesion center. Vimentin-immunoreactive radial processes (shown in
(b)) were observed in the midline. (d—f) Triple labeling of GFAP (red
in (d)), vimentin (green in (e)), and acetylated tubulin (blue in (f))
at the injury site 7 days after SCT. The fibrous scar was penetrated
by many glial processes immunoreactive for GFAP or vimentin and
axonal processes immunoreactive for acetylated tubulin, and signifi-
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also revealed that a majority of vimentin-immunoreactive and
GFAP-immunoreactive glial processes were distinct.

At 3 days after SCT, multiple labeling showed that many
acetylated tubulin-immunoreactive axonal processes enter-
ing the fibrous scar were morphologically associated with
glial processes. Some acetylated tubulin-immunoreactive
axonal processes associated with GFAP-immunoreactive
glial processes in the fibrous scar (Fig. 4A—C). Many acety-
lated tubulin-immunoreactive axonal processes associated
with vimentin-immunoreactive glial processes (Fig. 4D-J).
Acetylated tubulin-immunoreactive axonal processes

*P<0.05

cantly reduced in area. The area circled by the dotted line indicates
the remaining fibrous scar. Dashed line: midline. Scissor mark: hemi-
section site. Scale bars: 100 pm. (g) The numbers of acetylated tubu-
lin-immunoreactive axonal processes, GFAP-immunoreactive glial
processes, and vimentin-immunoreactive glial processes crossing
a transverse line through the center of the fibrous scar 3 and 7 days
after SCT. The number of vimentin-immunoreactive glial processes
that reached the lesion center was significantly higher than the num-
ber of GFAP-immunoreactive glial processes. Values are means + SD.
Significant differences are indicated by * (P <0.05)
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associated with both vimentin-immunoreactive glial pro-
cesses and GFAP-immunoreactive glial processes were
frequently observed (Fig. 4)). Quantitative analysis showed
that 1.7+0.3% of acetylated tubulin-immunoreactive axonal
processes associated with GFAP-immunoreactive glial pro-
cesses, and 57.3 +4.4% of all acetylated tubulin-immunore-
active axonal processes associated with vimentin-immuno-
reactive glial processes. On the other hand, 18.3 £0.9% of
acetylated tubulin-immunoreactive axonal processes associ-
ated with both vimentin- and GFAP-immunoreactive glial
processes, and 22.3 +4.1% of acetylated tubulin-immuno-
reactive axonal processes associated with neither vimentin-
nor GFAP-immunoreactive glial processes (Fig. 4K).

Expression of MMPs in glial processes
within the tubular structures

In the fibrous scar at 7 days after SCT, MMP-14 was fre-
quently detected in vimentin-immunoreactive glial pro-
cesses. MMP-9, however, was not expressed in vimentin-
immunoreactive glial processes (Fig. 5). MMP-14 was
occasionally expressed in GFAP-immunoreactive processes.
MMP-9 was observed in the fibrous scar, but not expressed
in GFAP-immunoreactive processes.

Discussion

Spontaneous recovery after SCT in goldfish is unique in
that regenerating axons pass through the fibrous scar that
forms at the injury site (Bernstein 1964; Bernstein and Bern-
stein 1967; Takeda et al. 2015). This regeneration process
contrasts with that in zebrafish, urodeles, and a freshwater
turtle, in which no scar forms and regenerating axons grow
on glial bridges created by elongated glial cells (Chernoff
et al. 2003; Goldshmit et al. 2012; Rehermann et al. 2009;
Zukor et al. 2011). Previous studies in goldfish demonstrated
that the tubular structures protruding from the surrounding
nervous tissue into the fibrous scar provide a passageway
for regenerating axons and glial processes, but it is unclear
whether glial elements guide the outgrowth of regenerating
axons through the tubular structures (Takeda et al. 2015).
The present study revealed that many vimentin-positive
glial processes entered the fibrous scar along with acety-
lated tubulin-positive axonal processes within 3 days after
SCT. Although GFAP-positive processes also entered the
tubular structures, they were fewer in number. Many of
the vimentin-positive glial processes were not positive for
GFAP, suggesting that they were largely distinct, although
some were doubly positive. Vimentin-positive glial pro-
cesses frequently associated with acetylated tubulin-pos-
itive axonal processes in the fibrous scar. The percentage
of acetylated tubulin-positive axonal processes associated

with vimentin-positive glial processes was significantly
higher than the percentage of axonal processes associated
with GFAP-positive glial processes. Regenerating axons
entering the fibrous scar through the tubular structures,
therefore, are much more frequently associated with vimen-
tin- than with GFAP-positive glial processes. The present
results also suggest that some regenerating axons are asso-
ciated with glial processes doubly positive for vimentin and
GFAP, but more regenerating axons are associated with
both vimentin- and GFAP-positive glial processes.

Based on the GFAP-immunoreactivity, regenerating axons
in goldfish after SCT were previously considered to grow
through the injury site without guidance from glial elements
because GFAP-positive glial processes often grow behind
axons (Nona and Stafford 1995). This view was supported
not only in goldfish but also in eel and zebrafish, where glial
bridges are created instead of scar tissue at the injury site
(Dervan and Roberts 2003; Tsata and Wehner 2021). Fine
glial processes extending from stem processes, however, are
devoid of intermediate filaments such as GFAP and vimentin
and contain only actin as a cytoskeletal element. Visualiza-
tion of the tips of glial processes would require the examina-
tion of cell type—specific markers expressed in the cytoplasm
of astrocyte processes, such as ezrin (Lavialle et al. 2011).
Alternatively, glutamate synthase and aquaporin-4, which are
expressed in zebrafish astrocytes (Grupp et al. 2010), may
be useful markers. Further studies are needed to determine
whether vimentin-positive glial elements have a role in guid-
ing the outgrowth of regenerating axons.

The present results provide evidence for the origin of
the vimentin-positive glial processes in the fibrous scar. In
intact spinal cord, the cell bodies of ependymo-radial glial
cells lining the ependymal layer express BLBP but not GFAP
or vimentin, and the radial processes protruding from the
ependymal layer express vimentin and BLBP, but not GFAP,
suggesting that goldfish ependymo-radial glial cells normally
express BLBP in their cell bodies, and vimentin or BLBP in
their processes. BLBP-positive cell bodies were scattered in
the fibrous scar and surrounding nervous tissue after SCT,
suggesting that ependymo-radial glial cells migrate to the
injury site and surround the nervous tissue following SCT.
Thus, the vimentin-positive glial processes entering the
fibrous scar might derive from BLBP-positive cell bodies that
migrated into the fibrous scar or surrounding nervous tissue.

In zebrafish, GFAP is expressed in both the cell bodies and
radial processes of ependymo-radial glial cells (Goldshmit
et al. 2012). In contrast, in goldfish, GFAP-immunoreactivity
was not observed in the cell bodies and radial processes of
ependymo-radial glial cells, either in intact spinal cord or
injury site. GFAP-positive processes observed in the intact
spinal cord and in the fibrous scar and surrounding nervous
tissue following SCT might derive from astroglia-like cells in
the parenchyma but not ependymo-radial glial cells.
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Fig.4 The morphological relationship between acetylated tubulin-
immunoreactive axonal processes and associated glial processes
entering the fibrous scar 3 days after SCT. (a—c) Double labeling of
GFAP (green in (a)), and acetylated tubulin (blue in (b)). A merged
image of the enlarged area boxed in (a) and (b) is shown in (c). A
GFAP-immunoreactive glial process was closely associated with an
acetylated tubulin-immunoreactive axonal process (arrow). (d-f)
Double labeling of vimentin (green in (d)), and acetylated tubulin
(blue in (e)). A merged image of the enlarged area boxed in (d) and
(e) is shown in (f). A vimentin-immunoreactive glial process was
closely associated with an acetylated tubulin-immunoreactive axonal
process (arrow). (g—j) Triple labeling of vimentin (green in (g)), acet-
ylated tubulin (blue in (h)), and GFAP (red in (i)). A merged image
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~

Survival time

of enlarged area boxed in (g-i) is shown in (j). Vimentin-immuno-
reactive glial processes and GFAP-immunoreactive glial processes
were closely associated with an acetylated tubulin-immunoreactive
axonal process (arrow). The area circled by the dotted line indicates
the fibrous scar. Dashed line: midline. Scale bars: 50 pm in (b), (e),
and (i) (apply also to (a), (d), (g), and (h)), and 20 pm in (c), (f), and
(j)- (k) Percentages of acetylated tubulin-immunoreactive axonal
processes associated with vimentin-immunoreactive glial processes,
those associated with GFAP-immunoreactive glial processes, those
associated with both vimentin- and GFAP-immunoreactive glial pro-
cesses, and those associated with neither vimentin- nor GFAP-immu-
noreactive glial processes, are shown. Values are means + SD. Signifi-
cant differences are indicated by * (P <0.05)
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Fig.5 Expression of MMPs in vimentin-immunoreactive glial pro-
cesses in the fibrous scar. (a—¢) Double labeling of vimentin (green
in (a)), and MMP-9 (blue in (b)). A merged image of the enlarged
area boxed in (a) and (b) is shown in (c¢). No vimentin-immunore-
active processes co-expressed MMP. Processes immunoreactive for
MMP-9, but not vimentin are indicated by arrowheads. (d—f) Dou-

Vimentin is an intermediate filament protein expressed
primarily in mesenchymal cells but also in ependymo-radial
glial cells and their radial processes in some adult teleosts,
such as the gray mullet Chelon labrosus and the brown ghost
knifefish A. leptorhynchus (Arochena et al. 2004; Zupanc
et al. 2012). In the gray mullet, both vimentin and GFAP
are expressed in the adult spinal ependymo-radial glial cells,
but vimentin expression appears before GFAP expression
during development (Arochena et al. 2004). In zebrafish, on
the other hand, ependymo-radial glial cells express GFAP
but not vimentin in intact spinal cord, but vimentin is tran-
siently upregulated and GFAP is transiently downregulated
at 3-5 days after SCT. The vimentin-positive ependymo-
radial glial cells in zebrafish at this stage are bipolar and
are involved in forming glial bridges. Regenerating axons
pass through the injury site along the glial bridges when the
ependymo-radial glial cells in the glial bridges re-express
GFAP and vimentin expression is suppressed (Goldshmit
et al. 2012). In zebrafish, therefore, vimentin-positive
ependymo-radial glial cells might play an important role in
inducing axonal regeneration, although their appearance is
transient. The process of axonal regeneration after SCT in
goldfish and zebrafish differs greatly depending on the pres-
ence or absence of scar tissue, but in both species, vimen-
tin-positive ependymo-radial glial cells and their processes
might contribute to axonal regeneration after SCT.

ble labeling of vimentin (green in (d)) and MMP-14 (blue in (e)). A
merged image of the enlarged area boxed in (d) and (e) is shown in
(f). Vimentin-immunoreactive processes co-expressing MMP-14 are
indicated by arrows. Dotted line: border between the nervous tissue
and the fibrous scar. Dashed line: midline. Scale bars: 20 pm

Axonal regeneration across the injury site also occurs after
SCT in some urodele species, such as axolotl and newt, and
in reptiles, such as freshwater turtle. In these animals, no scar
tissue forms at the injury site, but rather the ependymo-radial
glial cells create glial bridges or ependymal tubes that per-
mit reconnection of the spinal cord (Chernoff et al. 2003;
Rehermann et al. 2009; Zukor et al. 2011). In axolotl, the spi-
nal cord gap is filled by the migrating de-differentiated epend-
ymo-radial glial cells that re-epithelialize to form ependymal
tubes and provide a scaffold for the long-axis growth of regen-
erating axons (Chernoff et al. 2003; O’Hara et al. 1992). In
newt, the regenerating axons growing across the injury site
are closely associated with GFAP-positive processes that
might originate from the ependymo-radial glial cells or astro-
cytes (Zukor et al. 2011). In freshwater turtle, regenerating
axons crossing the injury site travel on a scaffold comprising
GFAP- and BLBP-positive radial glial cells and their processes
running parallel to the regenerating axons (Rehermann et al.
2009). Together, these findings suggest that ependymo-radial
glial cells are involved in axonal regeneration, but their pre-
cise roles in axonal regeneration are unclear. In axolotl, the
ependymo-radial glial cells transiently express vimentin as
they de-differentiate and migrate to the gap region (Chernoff
et al. 2003). Further studies are needed to examine whether and
how vimentin-positive ependymo-radial glial cells and their
processes promote axonal regeneration in urodele and reptiles.
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In the present study, MMP-14 was expressed in many
vimentin-positive glial processes in the fibrous scar. We
also observed MMP-14 expression in some GFAP-positive
glial processes in the fibrous scar, consistent with findings
reported by Takeda et al. (2021), who demonstrated MMP-
14 expression in 6.3% of GFAP-positive glial processes at
2 weeks after SCT. MMP-9 and MMP-14 are also expressed
in regenerating axons in the fibrous scar, suggesting that
they degrade various extracellular matrix proteins such as
collagens and chondroitin sulfate proteoglycans (Takeda
et al. 2021). MMP-14 is an enzyme that resides in the
plasma membrane and degrades substances contacting
the plasma membrane (Hirsch et al. 1995). MMP-14 in
vimentin-positive glial processes, along with MMPs in
regenerating axons, might play a major role in the protrusion
of nervous elements deeper into the fibrous scar by
degrading extracellular matrix proteins to create a beneficial
environment for axonal regeneration.
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