JOURNAL OF NEUROTRAUMA 31:803-818 (May 1, 2014)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2013.3143

Astrocytic and Vascular Remodeling in the Injured Adult
Rat Spinal Cord after Chondroitinase ABC Treatment
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Abstract

Upregulation of extracellular chondroitin sulfate proteoglycans (CSPG) is a primary cause for the failure of axons to
regenerate after spinal cord injury (SCI), and the beneficial effect of their degradation by chondroitinase ABC (ChABC) is
widely documented. Little is known, however, about the effect of ChABC treatment on astrogliosis and revascularization,
two important factors influencing axon regrowth. This was investigated in the present study. Immediately after a spinal
cord hemisection at thoracic level 8-9, we injected ChABC intrathecally at the sacral level, repeated three times until 10
days post-injury. Our results show an effective cleavage of CSPG glycosaminoglycan chains and stimulation of axonal
remodeling within the injury site, accompanied by an extended period of astrocyte remodeling (up to 4 weeks). Inter-
estingly, ChABC treatment favored an orientation of astrocytic processes directed toward the injury, in close association
with axons at the lesion entry zone, suggesting a correlation between axon and astrocyte remodeling. Further, during the
first weeks post-injury, ChABC treatment affected the morphology of laminin-positive blood vessel basement membranes
and vessel-independent laminin deposits: hypertrophied blood vessels with detached or duplicated basement membrane
were more numerous than in lesioned untreated animals. In contrast, at later time points, laminin expression increased and
became more directly associated with newly formed blood vessels, the size of which tended to be closer to that found in
intact tissue. Our data reinforce the idea that ChABC injection in combination with other synergistic treatments is a

promising therapeutic strategy for SCI repair.
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Introduction

UNCTIONAL RECOVERY from spinal cord injury (SCI) is
largely impeded by the glial scar, formed by reactive astrocytes
that within hours after the lesion start to surround the injury site,
where they create a physical and molecular barrier for axonal re-
generation. Thus, high concentrations of axon growth-inhibitory
chondroitin sulfate proteoglycans (CSPG), mainly produced by
reactive astrocytes, are found in the scar tissue, which is at the same
time characterized by breakdown of the blood-brain barrier
(BBB).'™ CSPG, as well as heparan sulfate proteoglycans (HSPG),
are also found in the basement membrane (BM) of blood vessels.®”
Moreover, secondary injuries and chronic functional deficits after
SCI are associated with alterations of the microvasculature,® in-
cluding increased BBB permeability,” modified vascular mor-
phology,'®'? and BM duplication.'*'*
Further, the giant protein AHNAK (700 kDa), expressed in an
intact central nervous system (CNS) only by endothelial cells and
pericytes, and specifically associated with tight junctions (TJ) of

blood vessels belonging to the BBB,'” is strongly expressed within
the lesion site, both in blood vessels and in cells forming at later
stages post-injury the inner border of cystic cavities, in front of
the astrocytic scar.'? Interestingly, after SCI, CSPG expression
remains detectable at the interface of reactive astrocytes and
AHNAK-positive cells even at long term.'?

Degradation of CSPG through selective removal of glycosami-
noglycan (GAG) side chains by the bacterial enzyme chon-
droitinase ABC (ChABC) renders the scar tissue less inhibitory for
axon growth.*'®!7 In different SCI models, a positive effect of
ChABC treatment could be demonstrated,'®?* such as improve-
ment in forelimb performance in rats,**> and recovery of specific
locomotor skills in cats.>® Combining ChABC treatment with pe-
ripheral nerve autograft resulted in extensive axon regeneration
over rather long distances and greatly enhanced recovery of the
functions of the affected forelimb®’ or the diaphragm.?® More re-
cently, combinatory treatment with anti-Nogo-A delivery and re-
habilitation showed a functional recovery that was significantly
better than any of the individual treatments alone.’
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While the beneficial effect on axonal plasticity after SCI is widely
documented, little was known so far about how ChABC treatment
may affect glial scar structure and revascularization of the lesioned
tissue, two factors having a major impact on the regenerative ca-
pacity of traumatic adult spinal cord. These issues were the subject of
the present study. Thus, we demonstrate for the first time that
ChABC treatment reduces not only the chemical but also the phys-
ical barrier to axon remodeling, while at the same time increasing
astrocyte dynamics and remodeling and rendering the process of
revascularization of the lesion site more efficient at long term.

Methods

All experimental procedures on animals were in accordance
with European Community directives (86/609/EEC; authorization
number 91-78 to F. Nothias).

Spinal cord injury and drug delivery

Fifty adult female (200-250g) Wistar rats (Janvier, Berthevin,
France) were anesthetized with intraperitoneal injection (2.25 mL/
kg) of a solution containing xylazine (5 mg/kg; Rompun 2%, Bayer,
Puteaux, France) and ketamine (50 mg/kg; Imalgene 1000, Rhone
Merieux, France). After laminectomy of thoracic T8-9 vertebrae,
the right side of the spinal cord was entirely transected using
microscissors.'>*° Immediately after the injury, half of the le-
sioned animals received intrathecal injections at the sacral level of
protease-free ChABC (Seikagaku, Japan) or control enzyme peni-
cillinase (P-ase; Sigma-Aldrich), and then every third day for a total
of four injections (days 0, 3, 6, 9) using a 0.5 mL Hamilton syringe
(VWR, France). Each animal was injected 3 uL. of ChABC (0.15
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units per dose) in 27 uL. of artificial cerebrospinal fluid (CSF;
Harvard Apparatus) or 14 uL of P-ase (30 ug/mL) in 16 uL of CSF,
as described previously.'®°

We chose to use intrathecal injection of ChABC to avoid sec-
ondary injuries that would have been generated by reopening the
injured animals for consecutive injections. This mode of adminis-
tration had been widely used for drug delivery in experimental
models.>' The observed decrease in CSPG immunolabeling in-
tensity at the lesion site (Fig. 1), as well as the enhanced axonal
regeneration (Fig. 2,3,4,5B), proved that the efficacy of our ad-
ministration mode was comparable to previously used methods of
ChABC injection.

Immunohistochemistry

After survival times of 1, 2, 4, and 10 weeks post-injury, animals
were deeply anesthetized with an intraperitoneal injection of so-
dium pentobarbital (100 mg/kg) and transcardially perfused with
saline followed by 400mL of 4% paraformaldehyde (PFA) in
phosphate buffer. Spinal cords were removed and postfixed for 2h
in the same solution followed by cryoprotection in 30% sucrose at
4°C for 48h, embedded in Tissue Freezing Medium (Leica;
France), and cut into 30 um thick horizontal sections. Sections were
permeabilized with 0.3% Triton X-100 in phosphate buffered saline
(PBS, pH 7.4), and nonspecific binding sites were blocked with
10% normal goat serum (NGS) in PBS for 1 h.

Slides were incubated overnight at room temperature with the
following antibodies: monoclonal mouse anti-CSPG chondroitin
sulfate antibody (CS-56) (Sigma-Aldrich; 1:200), recognizing the
GAG portion of CSPG; rabbit anti-glial fibrillary acidic protein
(GFAP) (Dako; 1:2000); rabbit anti-laminin (Sigma-Aldrich;
1:100) to identify blood vessel basement membranes, rabbit anti-
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Efficient cleavage of chondroitin sulfate proteoglycans (CSPG) glycosaminoglycan side chains in a thoracic spinal cord

hemisection lesion by intrathecal injections of chondroitinase ABC (ChABC) at the sacral level. CSPG (CS-56) immunofluorescence on
spinal cord horizontal sections after 1 (A, B), and 2 weeks (w) (C,D) post-injury, in untreated (Lesion), and ChABC-treated
(Les+ChABC) animals. In contrast to the persistent, strong CSPG labeling observed in untreated animals (A,C), after ChABC treatment
(B,D) only traces of immunolabeling are left at the borders of the injury, particularly on blood vessels (arrowheads in D). Bar, 200 um.
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FIG. 2. Glial scar evolution and axon remodeling 1 week post-injury, with or without chondroitinase ABC (ChABC) treatment;
double immunofluorescence labeling for glial fibrillary acidic protein (GFAP) (A,B, E, F; green on merge image), and phosphorylated
microtubule associated protein 1B (MAP1B-P) (C, D, E, F; red on merge image) on spinal cord sections of untreated (Lesion) and
ChABC-treated (Les+ChABC) animals. E and F are higher magnification merge images of insets in A,C and B,D, respectively. GFAP
labeling is less intense after the treatment (compare A and B), and astrocytic extensions are longer and more often oriented toward the
injury site. Bar: A-D, 130 um; E-F, 15 um. Color image is available online at www.liebertpub.com/neu

AHNAK (clone 5; homemade; 1:5'2 to label blood-brain barrier-
forming vessels, and non-neuronal cells that invade the injury site ;
monoclonal mouse anti-phosphorylated isoform of MAPIB-P
(1:150); hybridoma generously provided by Dr L. Fischer®? to de-
tect axons undergoing remodeling®®**; monoclonal anti- rat en-
dothelial cell antigen (RECA-1) (Abcam; 1:25) to identify
endothelial cells; monoclonal SMI 71 (Covance; 1:100) to identify
rat blood-brain barrier-forming endothelial cells; monoclonal ZO-1
(Invitrogen; 1:1000) labeling tight junctions. Slides were subse-
quently washed with 5% NGS in PBS and incubated with appropriate
Alexa-coupled secondary antibodies (Invitrogen) in a light-protected
tray on a shaker for 2h at room temperature. Sections were slide-
mounted and coverslipped with Mowiol.

Analysis and photographic documentation (in particular for
composite reconstruction) were performed on an Apotome-equipped
Zeiss Axiovert 200 inverted microscope, and confocal images
were obtained using a Leica DMI 6000B laser scanning micro-
scope. Particular care was taken to always compare sections re-
presenting the same levels inside the injury for treated and untreated
animals.

SDS PAGE and Western blotting

Animals were deeply anesthetized with sodium pentobarbital
(100 mg/kg), and transcardially perfused with saline. Six small
spinal segments (the lesion site itself, 1 cm rostral, 1 cm caudal to
the lesion; the same three from the contralateral side) were col-
lected at 1, 2, and 4 weeks post-injury, frozen and stored at —80°C.
Spinal segments were homogenized in lysis buffer (62.5 mM Tris-
HCl, pH 6.8, 4M urea, 1% NP-40, 0.5% Triton X-100, 0.5 mM
orthovanadate, 1 mM PMSF, 1 mM benzamidine, 2 mM EDTA,
2mM EGTA, and 10% protease inhibitor cocktail; Sigma), and

samples were centrifuged for 5 min at 10,000g. Protein content was
measured using the standard Bradford Assay.

Sodium dodecyl sulfate polyacrylamide gel electr(}phoresis was
performed on a microscale as previously described.’ Acrylamide
concentration for resolution of AHNAK bands was 7.5%, and gels
were run until the front of migration had left the gel; for other pro-
teins (e.g., actin for reference) acrylamide concentration was 9%.
After transfer onto nitrocellulose, membranes were blocked in 5%
nonfat dry milk in PBS, incubated with primary antibodies for
AHNAK (antiserum against clone A5 fusion protein, 1:1000'%), and
beta-actin (C4, Santa Cruz, 1:500) in 1% nonfat dry milk and
0.05% Tween-80 in PBS, followed by appropriate secondary anti-
bodies coupled to alkaline phosphatase (Jackson ImmunoResearch,
Beckman-Coulter, Villepinte, France), and revelation with the NBT/
BCIP reagent.

Quantitative analyses

Measurement of GFAP/MAP1B-P positive areas. Using
confocal microscope images of sections representing the lesion
sites of nine treated and nine untreated animals, we determined the
relation between total primary injury area delimited by GFAP-
positive astrocytes (glial scar, dark grey circle in Fig. 5A), and the
relative areas contained therein that were covered by astrocytic
processes, or MAP1B-P-positive axons. Lesions from 1 to 4 weeks
post-injury (three animals/time post-injury/experimental condi-
tion) were evaluated on three sections/animal. Using Fiji soft-
walre,35 after defining minimum and maximum thresholds, local
pixel intensities corresponding to GFAP and MAP1B-P fluorescent
channels were segmented, and corresponding areas calculated.
Statistical correlations between labeling, treatment, and age were
quantified using the Student ¢ test (StatView software).
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FIG. 3. Glial scar evolution and axon remodeling 2 weeks post-
injury; double immunofluorescence labeling for glial fibrillary
acidic protein (GFAP) (A,B, E, F; green on merge image) and
phosphorylated microtubule associated protein 1B (MAPI1B-P)
(C, D, E-F; red on merge image) on spinal cord sections of un-
treated, and chondroitinase ABC (ChABC)-treated animals. E and
F are higher magnification merge images of insets in A,C and B,D,
respectively). Note that ChABC treatment renders the glial scar
less dense (compare A with B), and considerably increases the
total number of axons in the injury site, as well as the percentage
of axons properly oriented in the rostrocaudal direction (compare
C with D). Bar: A-F, 130 um; G,H, 25 um. Color image is avail-
able online at www.liebertpub.com/neu

Directionality analysis. Preferred orientation, or directional-
ity, of GFAP-positive astrocytic processes and MAP1B-P-positive
axons was measured using images from the primary injury site and
cavity borders (three sections/animal; three animals/age/experi-
mental condition) taken on an Apotome Axiovert 200 inverted
microscope equipped with an AxioCamera (Zeiss) and x20 ob-
jective. Directionality analysis was performed using Fiji software
with the directionality plugin (ImageJ, NIH), according to user
guidelines (see tutorial by J.-Y. Tinevez, http:/fiji.sc/wiki/
index.php/Directionality). Briefly, the orientation of all astrocytic
and axonal processes within each analyzed picture was expressed
as the angle formed against the horizontal axis of the image, defined
as 0 degrees and chosen as arbitrary reference (see Fig. 5C). For
each image, the total number of processes growing into a given
direction (angle) was then calculated and presented as a Gaussian
function in a histogram showing the distribution frequencies for the
different angles. Finally, separately for each image, preferred di-
rectionalities were compared between GFAP-positive astrocytic
processes and MAP1B-P-positive axons and the results (i.e., the
degree of coincidence between the orientations of axons and as-
trocyte processes) statistically analyzed for treated versus untreated
animals at different time points post-injury using a two-tailed un-
paired 7 test (StatView software). Representative confocal micro-
scope images are also shown (Fig 5C).
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Quantitative evaluation of Western blots. For quantitative
evaluation of AHNAK, Western blot membranes were scanned,
and image analysis was performed using Fiji software with a gel
analysis plugin (ImagelJ, NIH) according to user guidelines. Briefly,
a rectangle was drawn around the protein band with maximum
extent/intensity, and the same size rectangle was applied to all other
bands of interest (see tutorial by L.P. Miller http://lukemiller.org/
index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/).
Three independent experiments were quantified, and results were
statistically compared using ¢ test (GraphPadPrism software).

Morphometric analysis of laminin-positive tubular struc-
tures. Confocal immunofluorescence images were captured using
an inverted Leica DMI 6000B laser scanning microscope (zoom
x40). At least three animals per condition were analyzed, and three
images from every injury site were collected. Laminin-positive tu-
bular structures that were also positive for RECA-1 and had a luminal
diameter of more than 5 um were counted and classified in a diameter
distribution chart, divided into four subgroups (5-8 um; 8—15 um;
15-30 um, and 30-90 um). After statistical evaluation (two-tailed
unpaired 7 test, StatView software), results were finally compared
with the morphometric blood vessel analysis of Ormandzhieva.*®

Results

Intrathecal ChABC injections induce CSPG
degradation at the lesion site

Consistent with earlier studies on SCI reporting increased CSPG
production at the injury site, 374! Fig. 1A shows important CSPG
immunoreactivity (IR) boarding the lesion center at 1 week post-
injury, becoming maximal at 2 weeks post-injury (Fig. 1C), before
decreasing to almost undetectable levels by 4 weeks post-injury
(not shown; note that CSPG labeling is almost undetectable in
control tissue). CSPG labeling was found on reactive astrocytes,
blood vessels,*>** and thin strands resembling extracellular matrix
(ECM) deposits. ChABC treatment greatly diminished CSPG IR at
all time points analyzed. Occasionally, some traces of CSPG were
still found in the lesion site (Fig. 1B,D), essentially on blood vessels
(Fig. 1D, arrowheads). These results show that repeated intrathecal
injections at the sacral level of ChABC efficiently cleave CSPG
GAG side chains at the thoracic injury site, in spite of the great
distance (about 9 cm) between lesion and injection sites.

ChABC treatment modifies astrocyte rearrangement
and scar formation, associated to axon remodeling
through the lesion site

In addition to its well documented effect on axonal remodeling,
we show here that ChABC treatment had a remarkable effect on
astrogliosis and, hence, glial scar evolution that was examined
using GFAP labeling. In addition, our double immunolabeling
analysis at various times post-injury provided evidence that astro-
cyte processes and axons colocalized more frequently, exhibiting
similar orientations at the entry zone of the lesion site, suggesting
that their remodeling may be correlated.

Astrocyte remodeling and scar formation. At 1 week post-
injury in untreated and P-ase-treated animals, astrocytes underwent
extensive astrogliosis, with their processes becoming hypertrophic,
and GFAP IR around the injury site strongly increasing. Numerous
astrocytic extensions were oriented toward the injury site (Fig. 2A),
similar to what was recently shown in a mouse spinal cord injury
model.** Other GFAP-positive astrocytes started to create a dense
web of interdigitated processes walling off the cavity, first signs of
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FIG. 4. Glial scar evolution and axon remodeling at 4 weeks post-injury; double immunofluorescence labeling for glial fibrillary
acidic protein (GFAP) (A,B, E, F; green in merge image) and phosphorylated microtubule associated protein 1B (MAP1B-P) (C, D,
E, F; red in merge image) on spinal cord sections of untreated (A,C,E), and chondroitinase ABC (ChABC)-treated animals (B,D,F). E
and F are higher magnification merge images of insets in A,C, and B,D, respectively. Note that after treatment with ChABC, the GFAP-
positive scar is not completely developed even at long term. Numerous axons are found in the injury site, oriented in the same direction
as the astrocytic extensions (arrowhead, F), a phenomenon also observed in untreated animals, albeit much less frequently (arrowheads
in E). Bars: A-D, 240 um; E,F, 65 um. Color image is available online at www.liebertpub.com/neu
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FIG. 5. Quantification of number and orientation of astrocytic processes and phosphorylated microtubule associated protein 1B
(MAPIB-P) positive axons in untreated (red bars), and chondroitinase ABC (ChABC)-treated (black bars) animals. (A) Schematic
representation of a horizontal section of the spinal cord. The dark grey area depicts the primary injury site delimited by the outer border of
the glial scar, where densities of astrocytic processes (green) and axons (red) were measured. (B) Quantification of the area of the injury
site occupied by glial fibrillary acidic protein (GFAP)- (dotted bars), and MAP1B-P-positive fibers (hatched bars) between 1 and 4 weeks
post-injury. (C) Example of a three-dimensional reconstruction based on confocal images of the injury site from a ChABC-treated animal
at 2 weeks post-injury, showing codistribution of MAP1B-P positive fibers (red) with GFAP-positive (green) processes. The directionality
of GFAP-positive and MAP1B-P-positive structures is measured against the horizontal axis defined arbitrarily as angle O degrees, and
differences between the angles of orientation of GFAP- and MAP1B-P positive structures are represented in (D). Note that alignment of
fibers with astrocytic processes is always better in ChABC treated animals, although the difference is minimal at 2 weeks post-injury. GM,
grey matter; WM, white matter. *p <0.05; **p<0,01. Bar is 45 um. Color image is available online at www .liebertpub.com/neu
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the glial scar. Under ChABC treatment, GFAP IR was less intense
than in untreated animals (Fig. 2B).

At 2 weeks post-injury, the glial scar was well established in
untreated animals,* exhibiting a dense GFAP IR processes net-
work even around smaller cavities of secondary injury (Fig. 3A),
whereas in ChABC-treated animals (Fig. 3B), the network formed
around the cavity was less compact, and most astrocyte processes
remained oriented toward the lesion epicenter. At 4 weeks post-
injury, a compact glial scar was observed all around the cavity in
untreated (Fig. 4A), or P-ase-treated animals (Supplementary Fig.
S1; see online supplementary material at ftp.liebertpub.com), but
was found only at some restricted locations in ChABC-treated
animals (Fig. 4B). Under ChABC treatment, astrocyte remodeling
indeed continues at long term. Thus, at later stages (10 weeks post-
injury, latest time point analyzed) at the border of the injury site,
numerous individual astrocytes could be seen that show almost no
sign of reactivity (Supplementary Fig. S2; see online supplemen-
tary material at ftp.liebertpub.com).

Axon remodeling after ChABC treatment. To visualize
axons, we used an antibody against the phosphorylated form of
MAPI1B-P, which labels axons undergoing different forms of plas-
ticity in the adult: regeneration in PNS*® and sprouting in the CNS
after a periperal nerve lesion.'”** Phosphorylated MAP1B-P is also
upregulated in axons undergoing sprouting after SCI.*

In untreated or P-ase-treated animals, MAPI1B-P-positive
fibers at the injury site were disorganized at all time points ana-
lyzed (Figs. 2C,E; 3C,E; 4E). During the first 2 weeks post-
injury, MAP1B-P-positive fibers were observed within the lesion
(Fig. 2C,E; 3C,E), their number being maximal at 2 weeks, before
decreasing with time (Fig. 5B), corroborating our previous study
using MAP1B-P as a marker revealing the time course of axonal
plasticity after SCL*° In ChABC-treated animals, the number of
MAPI1B-P-positive fibers and their extension from the borders to-
ward the center of the injury site were significantly higher than in
untreated and P-ase-treated animals, and the peak of fiber density
was reached earlier, at 1-2 weeks (Fig. 5B).

An increased MAP1B-P IR was previously described by Galtrey
and associates,'’ reflecting an enhancement of axon plasticity in
ChABC-treated spinal cord after peripheral nerve injury. Although
MAP1B-P-positive fiber numbers slightly decreased between 2 and
4 weeks post-injury, the fiber density within the lesion epicenter
was significantly higher in ChABC-treated than in untreated ani-
mals at all time points analyzed (Figs. 2D,F for 1 week; 3D,F for 2
weeks; 4D,F for 4 weeks), as summarized in Fig 5B.

Indeed, under ChABC treatment, many axons around the cavity,
or within the injury epicenter, displayed an appropriate orientation
(i.e., parallel to the rostrocaudal axis; see high magnification in
Figs. 3 and 4). This was only rarely observed in untreated animals
where the majority of axons stalled at the border of the cavity, and
the few axons seen in the injury site were generally associated with
astrocyte processes, whose orientation was mostly aberrant (i.e.,
rather perpendicular to the original direction of the fibers; Fig. 3E).

Correlation between astrocyte processes and axon re-
modeling. As mentioned above, at all time points post-injury
analyzed, we noted that axons oriented toward the lesion site were
associated with astrocyte processes, a phenomenon particularly
frequent in ChABC-treated animals (Fig. 5). Therefore, we mea-
sured the relative areas occupied by GFAP and MAP1B-P labeling
within the primary injury site (Fig. 5B; for a schematic represen-
tation see the grey area in Fig. SA). We also evaluated the gross
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orientation (directionality) of both GFAP and MAP1B-P positive
processes at the border of the injury site (Fig. SD; 5C is a repre-
sentative confocal microscope image, and three-dimensional
videos showing the close association between fibers and GFAP-
positive processes are shown in Supplementary data S3; see online
supplementary material at ftp.liebertpub.com).

For both treated and untreated animals, the area of the injury site
occupied by astrocytic processes was always smaller than the area
occupied by axons (Fig. 5B). In untreated animals, GFAP-positive
structures occupied 5.3+ 3.7% of the total primary injury area at 1
week post-injury, increasing to 7.5 £4.5% at 2 weeks, then staying
almost unchanged until 4 weeks post-injury (7.9+3%). Under
ChABC treatment, the area occupied by astrocytic processes was
larger (8.7£2.6%, and 9+4.3%, respectively, at 1 and 2 weeks
post-injury), and significantly increased to 15.1+6.4% (p <0.05) at
4 weeks, indicative of a prolonged period of astrocyte remodeling.

The differences between ChABC-treated and untreated animals
concerning the area covered by MAPIB-P positive axons were
even much more pronounced, for all three time points analyzed.
Thus, at 1 week post-injury, MAP1B-P-positive labeling was found
in 34.9+12.7% of the primary injury area, to be compared with
6.4+ 0.9% for untreated animals ( p <0.05). The extent of MAP1B-
P-labeled areas then slightly decreased with time, to 33+6.9% at 2
weeks (vs. 18.91+4.0%, p<0.05), and 22.4 £ 11.5% at 4 weeks (vs.
10.5+£1.6%, p <0.05), but still remained twice as high as in un-
treated animals (Fig. 5B).

A closer look at the zone of entry of axons and astrocytic pro-
cesses into the injury site revealed a clear association of GFAP
labeling with MAP1B-P labeling for both untreated and ChABC-
treated animals (compare, for example, at 4 weeks: Fig. 4E and F).
The quantitative directionality analysis (Fig. 5D) shows that the
orientation of GFAP-positive processes entering the injury site was
very similar to that of MAP1B-P-positive fibers.

This phenomenon was more pronounced in ChABC-treated than
in untreated animals (Fig. 5D). Thus, the deviation (angle) between
the gross trajectories of GFAP-positive astrocytic processes and
MAPI1B-P-positive axons at the primary injury margin was 7+2.6
degrees for untreated animals at 1 week post-injury, compared with
only 2+2 degrees after ChABC treatment (p <0.05). At 2 weeks,
the difference between untreated and treated animals was less
pronounced (2.7 3.2 degrees and 2.3+ 0.6 degrees, respectively),
but was again significant at 4 weeks (4.1 £ 3 degrees for untreated,
vs. 1.1+0.4 degrees for ChABC-treated animals; p <0.05).

Overall, in untreated animals, a good alignment between gross
trajectories of fibers and astrocytic processes was observed only at
2 weeks post-injury, while in ChABC-treated animals, the corre-
lation between the two trajectories was always greater, even at later
time points post-injury (see Discussion).

These findings show that treatment of SCI with ChABC modifies
astrogliosis, while at the same time extending the period of astro-
cyte remodeling (up to 4 weeks). Further, astrocyte processes that
are oriented toward the lesion are associated with remodeling axons
at the zone of entry into the damaged tissue. This correlation is
enhanced after ChABC treatment.

Influence of ChABC treatment on neoangiogenesis
and organization of laminin-positive blood vessel BM

Traumatic SCI inevitably leads to BBB breakdown and vascular
network damage, which are followed by neoangiogenesis (for re-
view, see Oudega*’). To determine if vascular remodeling after SCI
is modified by ChABC treatment, we first examined both pre-existing
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and newly forming microvasculature through labeling for laminin (to
reveal the BM) and RECA-1, a pan-endothelial cell marker.

In intact (control) animals, as well as in undamaged tissue distant
from the primary injury site, all laminin-positive structures tightly
colocalized with RECA-1 labeling within the same blood vessels,
revealing a normal microvasculature and an intact BM (Fig. 6A-C)
After SCI, in both untreated and ChABC-treated animals, RECA-1
IR diminished at the injury epicenter during the first week (not
shown), then partially reappeared during the second week post-SCI
(Fig. 6E,F,H.I), revealing multiple pathological aspects of the in-
trinsic neoangiogenesis, consistent with previous reports,' 4480
During these two weeks, ChABC treatment did not appear to modify
the density or the labeling of RECA-1 positive blood vessels (Fig. 6).

In lesioned untreated animals, the number of RECA-1 positive
vessels was lower than laminin IR would have suggested: in fact,
laminin labeled tubes did not always contain endothelial cells (Fig.

Control
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6F,L), in accordance with previous results.'"*? Indeed, at all time
points analyzed, laminin IR was strongly increased at the injury site
and in adjacent tissue, revealing the extent of the lesion (Fig.
6D,F,J,L). In ChABC-treated animals, laminin IR was comparable
to that seen in untreated animals only during the first 2 weeks (Fig.
6G, I). At later time points (4 weeks), the tissular distribution of
laminin showed a good correlation with RECA-1 positive blood
vessels (Fig. 6M-O; compare with the situation in untreated ani-
mals, Fig. 6J-L). Further, we noticed that MAP1B-P—positive axons
were often closely apposed to laminin-positive tubules (Supple-
mentary data S4; see online supplementary material at ftp.lie-
bertpub.com), suggesting a role of blood vessels in axonal growth,
as previously shown by live imaging in adult rat.>'

Laminin antibodies also labeled hypertrophied blood vessels,
mainly within the scar surrounding the injury site (Fig. 7A), as we
had reported previously.'> For some of them, a separation of their

FIG. 6. Evolution of immunolabeling for laminin (LN; left column, red in merge panels), and rat endothelial cell antigen (RECA-1)
(middle column, green in merge panels) on spinal cord sections from lesioned untreated (Lesion) and chondroitinase ABC (ChABC)-
treated (Les+ChABC) animals, compared with intact (control) animals (A,B, merge image in C). (D-I) 2 weeks, (J-0) 4 weeks post-
injury; (D-F, J-L) untreated, (G-I, M—O) ChABC-treated animals. Note that within the injury site, RECA-1-positive blood vessels are
less frequent than laminin-immunoreactivity would have suggested. At 4 weeks after ChABC treatment, LN shows important colo-
calization with RECA-1. F,ILL,O are higher magnification merge images of insets within the same row. Bars: A—C,F,ILL,O, 30 um;
D.E,G,H,J,K.M,N, 200 um. Color image is available online at www.liebertpub.com/neu
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FIG. 7. Analysis of laminin-positive vascular basement membranes (BM). Compared with spinal cord injury (SCI) without treatment (A),
after chondroitinase ABC (ChABC) treatment, splitting of laminin-positive BM is frequently seen on medium-sized (B) and hypertrophhied
(C, confocal image) blood vessels. (D-F): After SCI in untreated animals, laminin is not only found in vascular BM, but high amounts of
laminin-positive extracellular matrix deposits are seen at the injury site that persist throughout the period analyzed, shown here for 1 (D), 2 (E),
and 4 (F) weeks post-injury. After ChABC treatment, these deposits are decreased (G-I). (J) Quantification of mean diameters of laminin-
positive tubular structures shows a significant shift toward larger diameters in ChABC-treated compared with untreated animals at 1 and 2
weeks post-injury, while this tendency is inversed at 10 weeks post-injury. Error bars indicate standrd error of the mean. (K) Quantification of
the size distributions of laminin-positive tubular structures, classified into four groups: 5-8 um (small size), 8-15 um (medium size), 15-30 um
(big size), and 30-90 um (huge size) diameter. During the first 2 weeks post-injury, tubular structures of very large diameter are more frequent
in ChABC-treated (ABC) than in untreated specimens (L), but at 10 weeks, the number of small vessels is higher for ChABC-treated than for
untreated animals. Bars: A,B: 80 um; C: 15 um, D-F:80 um. Color image is available online at www.liebertpub.com/neu

BM into an inner endothelial and an outer perivascular BM layer
was observed.'* Laminin labeling intensity and the number of
hypertrophied blood vessels decreased with time and distance from
the injury site.

In ChABC-treated animals, the changes in blood vessel mor-
phology were rather striking (Figs. 6, 7). First, laminin-positive hy-
pertrophied blood vessels with abnormal morphology, often tortuous
and of irregular diameter, were more numerous than in lesioned
untreated animals (Fig. 7B). In addition, within the lesion site, a large
number of blood vessels showed detached or duplicated BM (Fig.
7C). Second, at the injury site, laminin also labeled numerous small

tubular streamers negative for RECA-1, resembling ECM deposits,
as described previously.'' These latter were observed in untreated
animals at all time points (Fig. 6D,F,J,.L; 7D-F), and their density
remained unchanged. Under ChABC treatment, the density of these
streamers was comparatively lower at all time points analyzed (Fig.
6G,I.M,0, 7G-I). Thus, these observations indicate that by cleaving
CSPG GAG chains, ChABC obviously modifies not only blood
vessel BM, but also blood vessel-independent laminin deposits.

To better investigate the differences in structural remodeling of
vessels between ChABC-treated and untreated animals, we evalu-
ated potential differences in luminal diameter by performing a
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Cantrol

FIG. 8. (A-C) AHNAK (AS5) double immunostaining with SMI-71 in intact control animals, showing that all mature SMI-71 positive
blood vessels are labeled with AHNAK antibody. (D-I) Co-immunostaining of AHNAK with rat endothelial cell antigen (RECA)-1
positive vessels is also found within the lesion site of chondroitinase ABC (ChABC)-treated animals 4 weeks post-injury (D-F,
overview over the lesion site; G-I, higher magnification of an individual vessel). (J) RECA-1 labeling of the injury site, in ChABC-
treated animals, 4 weeks post-injury. (K) Higher magnification of inset, with triple labeling for RECA-1, AHNAK, and 4’,6-diamidino-
2-phenylindole (DAPI, blue, nuclei) showing that numerous RECA-1-positive individual endothelial cells in the injury are also
expressing AHNAK. Bar: A-C: 25 um; D-F: 150 um; G-I: 16 um; J: 65 um; K: 11 um. Color image is available online at www
Jliebertpub.com/neu
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morphometric analysis of laminin-positive tubular structures. For
this, only structures that were also positive for RECA-1 were taken
into account (for example, see supplementary Fig. S5). At 1 and 2
weeks post-injury, mean diameters of laminin-positive tubular
structures were larger in ChABC-treated (ABC) than in untreated
animals (L) (Fig. 7J; 1 week: 8.71 um£0.166 in ChABC animals vs.
8.09 um+0.147in L, p<0.001; 2 weeks: 7.08 um +0.086 in ChABC
vs. 6.29 um+0.60 in L, p<0.0001), and in addition, tubular diam-
eters showed a greater variability. At later time points, the situation
was progressively inverted. Thus, at 4 weeks, mean diameters were
almost identical for treated and untreated animals (Fig. 7J;
6.23 um*0.063 in ChABC-treated vs. 6.12 um+0.059 in L), and at
10 weeks post-injury, the mean diameter of laminin-positive tubular
structures in ChABC-treated animals became significantly smaller
than in untreated animals (Fig. 7J; 5.49 um+0.081 in ChABC-
treated vs. 5.93 um+0.118 in L; p <0.005).

These modifications in microvessel size are clearly illustrated by
the graph in Fig. 7K, representing a comparison of microvessel size
distribution frequencies between ChABC-treated and untreated
animals. To this end, laminin-positive blood vessel-like structures
were divided into four groups (5-8 um, small size; 8-15 um, me-
dium size; 15-30 pum, big; 30-90 um, huge), similar to the distri-
bution chart proposed by Ormandzhieva.*® In untreated animals,
the percentage of small vessel-like structures increased from 48%
at 1 week to 73% at 2 weeks, to remain stable at approximately 70%
until 10 weeks post-injury, while values for medium-sized struc-
tures decreased from 39% at 1 week to 22-24% at later time points.
Big-sized tubular structures initially constituted 13% of the popu-
lation and then decreased to 4-9% between 2 and 10 weeks post-
injury. In ChABC-treated lesioned tissue, the percentage of small
laminin-positive vessels (45%) was initially similar to that of un-
treated animals, then gradually increased from 62% at 2 weeks to
90% at 10 weeks post-injury. The numbers of medium- and big-
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sized laminin-positive tubular structures dropped sharply from 35%
and 19% respectively at 1 week to only 9% (vs. 23% without
treatment), and 1%, respectively (vs. 9% for untreated animals) at
10 weeks.

To summarize, these findings show that ChABC treatment af-
fects laminin distribution, resulting in a disruption of blood vessel
basement membrane during the first weeks post-injury. In con-
trast, increased laminin staining at later time points is more di-
rectly correlated with newly formed blood vessels than in
untreated animals, and the size distribution of these vessels tends
to be closer to that found in intact tissue.'®'" Accordingly, at 4
weeks post-injury, we observed numerous individual RECA-1
positive cells in the lesion site in ChABC-treated animals that
were also positive for AHNAK immunolabeling (Fig. 8G,K), a
phenomenon rather absent in untreated animals. These observa-
tions suggest that neoangionesis is prolonged, or more vigorous,
in ChABC-reated animals.

Next, we compared the presence of newly formed mature vas-
culature between untreated and treated animals through im-
munolabeling for SMI-71 (Fig. 9), a marker for mature blood
vessels."! During the first 2 weeks post-injury, the injury epicenter
remained almost devoid of mature SMI-71 positive blood vessels,
both in treated and untreated animals. Occasionally, from 2 weeks
on, a few SMI-71 positive vessels could be detected in the lesion
epicenter, and within the surrounding scar. At 4 weeks post-injury,
SMI-71 positive vessels are again present within, and around the
primary lesion site, without any obvious difference between the two
experimental conditions (Fig. 9).

We further analyzed the spatiotemporal distribution pattern of
the TJ-associated protein ZO-1, together with that of AHNAK,
shown to colocalize with ZO-1 in ECs with BBB properties in intact
CNS.'*3 In both intact and injured spinal cord, AHNAK-IR is
found within blood vessels that are also positive for either SMI 71

»

FIG. 9. SMI-71 immunolabeling on spinal cord sections at 2 weeks (A,B), and 4 weeks (C,D) post-injury; (A,C) untreated, (B,D)
chondroitinase ABC (ChABC)-treated animals. Two weeks after the lesion, almost no mature blood vessels are observed within the
injury site, both in untreated and treated animals. At 4 weeks, some mature blood vessels reappear in the injury site in both untreated and

treated animals. Bars: 95 um.
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(intact tissue, Fig. 8A—C,) or RECA-1 (injured tissue in Fig. 8G-I)
immunolabeling. Interendothelial tight junctions contribute to
normal vascular function and to the tightly regulated barrier
properties of CNS vasculature®?; see references in **. In association
with BBB breakdown after a traumatic lesion, blood vessel TJ are
compromised, as reflected by altered distribution and decreasing
levels of its constituents, such as ZO-1.%?

Accordingly, in lesioned untreated animals, we observed a rather
diffuse ZO-1 labeling during first weeks that, in addition, was also
present on some thin structures around the lesion (Fig. 10A,C). In
the injury epicenter, only weak ZO-1 labeling was found, which
was associated with AHNAK-positive microcavity-forming cells,
while being associated with blood vessels at the lesion border (Fig.
10 C,E). At 4 weeks (Fig. 10 G,I) and 10 weeks (not shown), ZO-1
labeling became more pronounced in the injury epicenter, associ-
ated with blood vessels, and at appositions between microcavities.
Outside the injury, ZO-1 labeling would precisely delineate blood
vessels (not shown).

After ChABC treatment, ZO-1 labeling at 2 weeks post-injury
appeared more diffuse, with patches at the border of the lesion, rarely
seen in untreated animals (Fig. 10B,D). At the lesion epicenter,
particularly around microcavities, ZO-1 was almost undetectable
(Fig. 10D). At 4 weeks, as in untreated animals, ZO-1 labeling be-
came more intense at the borders of the injury (Fig. 10H). The thin,
microcavity-associated ZO-1 positive structures typically seen at the
injury center of untreated animals, however, were less obvious in
ChABC-treated animals, and appeared more diffuse (Fig. 10H).

Finally, AHNAK is a useful marker to reveal both the extent of
the injury and the state of the vasculature modified in consequence
to the SCI. We had previously shown that AHNAK is expressed by
GFAP-negative cells such as fibroblasts and epithelial cells in-
vading the lesion epicenter, forming a barrier in front of the as-
trocytic scar. AHNAK staining delineates microcavities filled with
ED1-positive macrophages and marks ECs implicated in neoan-
giogenesis (for details, see Von Boxberg and associates'?). Lesion-
induced de novo AHNAK expression was seen in both untreated
and ChABC-treated animals. Expression levels increased at later
times post-injury, when the majority of AHNAK positive cells were
associated with microcavities (Fig. 10E).

The fact that AHNAK is codistributed with laminin both at the
BBB and in the spinal cord lesion site'” in addition to our dem-
onstration that AHNAK is implicated in laminin adhesion of
Schwann cells™ prompted us to suggest an indirect interaction
between AHNAK and the BM constituent laminin. Interestingly,
although initially we did not detect any obvious differences be-
tween the immunostaining intensity of both AHNAK and laminin
in the lesion epicenter of ChABC-treated and untreated animals,
Western blotting revealed that levels of both proteins were slightly
although not significantly lower during the first 2 weeks in ChABC-
treated, compared with untreated animals, a tendency that was re-
versed at 4 weeks post-injury (Fig. 11).

Discussion

ChABC treatment modifies the astrocytic
reaction after SCI

Astrocytes are complex, highly differentiated glial cells assuring
numerous essential functions within the entire CNS. To all forms of
insults to the CNS, including subtle perturbations, astrocytes re-
spond by a process commonly referred to as reactive astrogliosis,
involving changes in gene expression and morphology that vary
with the nature and severity of the insult. A growing number of
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FIG. 10. Tissular distribution of ZO-1 at the lesion site, shown
at low (A,B) and at high magnification (C,D and G,H) of spinal
cord sections taken at (A-D), 2 weeks; (G,H), 4 weeks post-
injury. E,F, and LJ show the same sections as in C,D, and G,H,
respectively, double immunostained for AHNAK. Left panels
represent lesioned untreated (Lesion); right panels, chondroitinase
ABC (ChABC)-treated (Les+ChABC) animals. At 2 weeks (A-
D), ZO-1 labeling is present at the border of the lesion (arrows in
C-F), colocalizing with AHNAK, but within the injury site, it is
very weak in untreated animals and hardly detectable in ChABC-
treated animals. In addition, under ChABC treatment, ZO-1 la-
beling at the border of the injury (arrows) appears more diffuse
(D). At 4 weeks (G-J), ZO-1 exhibits a distribution pattern quite
similar to that of AHNAK, with microcavities (stars) and blood
vessels (arrowheads; G,I), but labeling is overall weaker and more
diffuse in the lesion epicenter after ChABC treatment (H,J). C and
D are higher magnifications of A and B, respectively. Bars: A,B:
160 pm; C-J: 95 um.

reports provide evidence that astrogliosis may exert both beneficial
and detrimental effects. In particular, reducing scar formation after
a lesion by a knockdown of certain genes expressed by reactive
astrocytes or by eliminating proliferating astrocytes appears not
suitable as a therapeutic approach. In fact, these studies reveal that
the presence of astrocytes at the lesion site is essential for neural
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FIG. 11. Western blot analysis of AHNAK and laminin expression at the injury site in untreated (L), and chondroitinase ABC

(ChABC)-treated (ABC) animals. (A) AHNAK expression increases after spinal cord injury (SCI) compared with intact control (C)
animals at 1 week and remains elevated at 2 and 4 weeks post-injury. Laminin expression strongly increases after SCI and stays elevated
until 4 weeks post-injury, similar to AHNAK. As shown in graph (B), after ChABC treatment, AHNAK expression is slightly decreased
at 1 week post-injury, attains similar levels at 2 weeks, and is slightly increased at 4 weeks post-injury compared with untreated animals.
(C) ChABC treatment has a slight but not significant effect on laminin expression levels during the first 2 weeks, which become
significantly stronger (p <0.05) at 4 weeks post-injury. Actin is used as loading control and reference for calculating relative amounts of

AHNAK and laminin immunoreactivity. Color image is available online at www.liebertpub.com/neu

protection, and regulation of inflammation (for review, see™~ and
references therein).

The process of glial scar formation after SCI starts by a hyper-
trophy of astrocytes, which then proliferate, migrate, differentiate,
and create a dense fibrous network that constitutes a physical and
chemical barrier to axon outgrowth. The border of a mature scar
(i.e., about 2 weeks post-injury) was recently shown to be com-
posed essentially of newly proliferated astrocytes with elongated
cell processes.** The chemical barrier property of the scar is mainly
attributed to increased expression and release of CSPG. Degrada-
tion of CSPG by ChABC treatment does indeed result in improved
SCI repair, which can be even further enhanced by combinatorial
strategies that synergistically promote axonal regeneration and
functional recovery.

So far, few studies have addressed the impact of ChABC
treatment on astrocyte morphology, and none reported any rele-
vant influence on scar formation,””® excepting the work of Chau
and colleagues,® who combined ChABC treatment with Schwann
cell grafts, which resulted in a decrease of GFAP labeling and
stimulation of astrocytic processes entering the graft tissue. Our
present study clearly demonstrates that treating the injured spinal
cord with ChABC alone was sufficient to achieve the modification
of the astrocytic reaction described by Chau and colleagues.>
Independent of the effect on the morphology of reactive astrocytes
described here, Karimi-Abdolrezace and coworkers®® recently
demonstrated that ChABC treatment, although generally in-
creasing cell proliferation, also reduces differentiation of neural
precursor cells into astrocytes, in favor of the oligodendroycte
lineage.

The degree of the astrocytic reaction depends on the severity of
the insult and can be classified as mild to moderate, up to severe
astrogliosis with scar formation (for review, see>). After SCI, this
graded response can be observed ranging from a mild reaction in
segments distal to the injury toward scar formation at the primary
lesion site.

Our present study shows that on ChABC treatment, GFAP im-
munolabeling is decreased and, even more importantly, the number
of astrocytes exhibiting thin and long processes oriented toward the
lesion site is enhanced. Without treatment, this phenotype could be
observed only during the first week post-injury (processes are
aligned, and mostly oriented toward the lesion center during the
first 5 days post-lesion, before the scar is fully formed**). We in-
terpret this effect as a reduction of astrogliosis from severe to
moderate, rather than a delay in the astrocytic reaction during the
10-day period of ChABC treatment.

This is supported by our observation that even at rather late time
points post-injury (10 weeks), the astrocytic network around the
lesion is not as dense as the one seen after SCI without ChABC
treatment. After CSPG degradation, individual astrocytes sur-
rounding the injury site can be distinguished, while GFAP-positive
processes in untreated SCI appear highly interdigitized. Moreover, as
revealed by our quantitative analysis of astrocyte processes oriented
toward the lesion, the dynamics of astrocyte remodeling is prolonged
up to 4 weeks post-injury, while in untreated animals, completion
and stabilization of the glial scar occur earlier, at around 2 weeks, and
are accompanied by a major decrease in CSPG expression.

Reactive astrocytes also express various other extracellular matrix
components, such as laminin®"-%? and fibronectin,** and form a new
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glia limitans, associated with a basal lamina demarcating the dam-
aged tissue.** Our observations suggest that GAG cleavage on CSPG
modifies the ECM organization, allowing for the extension of motile
astrocytic processes towards the lesion epicenter.

Association of axon remodeling with astrocytic
processes preferentially oriented toward the lesion site
after ChABC treatment: who is helping whom?

Our results clearly demonstrate that the repeated intrathecal in-
jections of ChABC at the sacral level are effective in cleaving CSPG
GAG side chains at the thoracic lesion site, where they lead to rather
extensive axonal remodeling during the first 2 weeks. Thereafter,
although remaining significantly higher than in untreated animals,
the number of axons within the injury site decreases, suggesting
retraction or degeneration of fibers with time after scar formation (for
review, see Silver and Miller*). Interestingly, we observed that at the
border of the injury site, axons and astrocytic processes were rather
closely associated, suggestive of a more or less direct interaction; in
other words, it appeared as if astrocytic processes would facilitate
axonal entry into the injury site.

It has indeed been proposed before that up to a certain level of
reactivity, astrocytes are not inhibitory for growing axons®>~¢®
and might participate in guiding sprouting or regenerating axons
in adult CNS, as is the case during development (for review, see
Powell and associates®). Several mechanisms have been put
forward that may account for the stimulation of axon growth in
response to ChABC treatment such as an effect on axons them-
selves (attenuation of receptor-mediated growth inhibition, or of
growth inhibitory downstream signaling in response to CSPG),
liberation of matrix bound factors permissive for axonal regen-
eration, or modification of interactions between CSPG and other
matrix molecules, like laminin (for review, see Bradbury and
Carter70).

Although the idea of astrocytes guiding axon remodeling ap-
pears the most plausible and is supported by several reports, the
experimental model used in the present study does not allow us to
exclude that, on the contrary, growing axons might play a role in
guiding astrocyte processes. In favor of this latter interpretation, we
may cite our observation that axonal plasticity within the lesion was
most intense during the 2 first weeks, while astrocyte remodeling
continued thereafter and even appeared more important at 4 weeks
post-injury in ChABC- treated animals. The correlation between
the orientations of axons and astrocyte processes was also most
obvious at this time point. Further, this interpretation is corrobo-
rated by data demonstrating that during the first days post-injury
NG2-positive, metalloprotease (MMP)-secreting cells, rather than
astrocytes, invade the lesion site, where they provide a stabiliz-
ing substrate for injured axons, thus protecting them against
macrophage-mediated die-back.”’

ChABC treatment modifies revascularization and blood
vessel basement membrane morphology

The second major finding of the present study concerns the
modification by ChABC treatment of the distribution and, tempo-
rarily, the expression of laminin after SCI. Compared with lesioned
untreated animals, we observed that blood vessel basement mem-
branes more frequently exhibited a disrupted morphology during
the first weeks post-injury, accompanied by slightly, although not
significantly decreased laminin immunolabeling and protein levels.
In contrast, at later time points (from 4 weeks post-injury on),
laminin protein levels were significantly increased, and its tissular
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distribution was principally associated with newly formed blood
vessels, in contrast to the numerous streamers (laminin-rich matrix
deposits) characteristic for untreated animals. Further, at 10 weeks
post-injury, the size of newly formed vessels was more homoge-
neous and tended to be closer to that found in intact tissue.

Under ChABC treatment, morphological changes of blood
vessels at the injury site and in adjacent tissue differ from those
seen in lesioned untreated animals. In particular, vessels initially
exhibit hypervariable diameters. The rather high number of hy-
pertrophied vessels is likely to reflect the detachment of their BM, a
phenomenon that we frequently observed in treated, but rarely in
injured untreated animals. A similar detachment of blood vessel
BM has been described as characteristic for tumor blood Vessels,72
diabetic retinopathy,”® and Alzheimer disease.”* Only very re-
cently, Takigawa and associates'* reported that after SCI, blood
vessel walls can exhibit a separation of their BM in an inner en-
dothelial, and an outer parenchymal part, although not all blood
vessels are concerned.

In vivo analyses had shown that besides its major constituents
collagen IV and laminin, blood vessel BM also contains HSPG and
CSPG.%7 Because CSPG is able to directly bind to laminin, at least
in vitra,75778 cleavage of CSPG in laminin-rich blood vessel BM
might well affect the structure of these membranes and increase
their detachment and separation. This effect of CSPG degradation
appears to also concern blood vessel-independent laminin deposits,
because we noted less streamer deposits in treated animals, asso-
ciated with a slight decrease in laminin protein levels during the
first weeks after SCI.

After a traumatic injury of the spinal cord, which is highly
vascularized, the lesion epicenter is filled with hemorrhage and
edema from the primary insult causing local damage of blood
vessels, thereby compromising the blood-spinal cord barrier
(BSCB). The resulting ischemia and inflammation then contribute
to secondary anatomical damage and neurological deficits. This
initial mechanical insult provokes a dramatic death of endothelial
cells within the first 24 hours,*® and vessel density continues to
decrease, with only very few, if any, vessels observable at the injury
epicenter at 1 week post-injury***®° (present data). Then, local
angiogenesis starts within the injured spinal cord tissue, which is a
normal response to trauma'"#>*83% (present data). Although there
is significant angiogenic growth during early phases post-injury,
the newly formed vessels (revealed here by RECA-1 immuno-
labeling) may not be fully functional. Compared with intact tissue,
the density of mature vessels remains low; only part of the newly
grown vessels become stable and functionally integrated blood
vessels,* as shown here by SMI-71 immunolabeling.

ChABC treatment does not seem to modify the initial phase of
vasculature remodeling after SCI. At 4 weeks post-injury, however,
we noted that the number of individual RECA-1-positive endo-
thelial cells was higher in the injury site of ChABC-treated than of
untreated animals, indicative of a prolonged period of neoangio-
genesis and blood vessel maturation. In fact, recruitment of endo-
thelial cells after ChABC treatment may be facilitated by the
physical and molecular remodeling of the scar, as well as the re-
duction in cavity volume”® (our own observation, not shown).

Initiation of angiogenesis and revascularization at the injury
epicenter correlates with increased BSCB permeability, lasting up
to 21 days in mouse and 28 days in rat (for review, see Ng and
associates™ and referencess therein). This period is characterized
by the lack of functional tight junctions between endothelial cells,
the main structures assuring the barrier properties.®' Even if the
major components of TJ are occludin and claudin proteins,
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cytoplasmic accessory proteins such as zonula occludens-1 (cf.
our ZO-1 immunolabeling) are important for TJ anchoring in the
membrane and as support structure for signal transduction pro-
teins.®? Loss of ZO-1, or its dissociation from the junctional
complex, was shown to be associated with increased barrier per-
meability.**83783

We noted that during the first week post-injury, probably related
to the pronounced BM detachment, ZO-1 distribution in the lesion
epicenter appeared more strongly affected after ChABC treatment.
Note that at this time post-injury, we also observed a slight decrease
not only in laminin, but also in AHNAK protein, which colocalizes
with ZO-1 at TJs.' Thereafter, however, ZO-1 labeling appeared
comparable to untreated animals, associated with newly formed
vessels.

To evaluate BSCB permeability, we analyzed the extravasation
of IgG at all time points post-injury and found that ChABC treat-
ment does not affect BSCB restoration after SCI (data not shown);
in fact, IgG extravasation was slightly, albeit not significantly,
decreased in ChABC-tretaed animals, probably reflecting the de-
creased cavity size.”

Finally, the present study further reveals the spatiotemporal
changes in immunolabeling for AHNAK protein, the levels of
which are highly increased after SCI, corroborating our previous
study.'? Upregulation of AHNAK after SCI is associated not only
with endothelial cells undergoing revascularization, but also with
non-endothelial cells in the lesion epicenter that form micro-
cavities, harboring mainly IB4- and EDI-positive inflammatory
cells in their lumen.'> These microcavity-forming cells are likely to
be of epithelial origin, and the observed codistribution of AHNAK
and ZO-1 at sites of intercellular contact suggests their interaction
via TJ. After ChABC treatment, we found that in microcavities,
immunolabeling for ZO-1, although progressively returning to its
normal aspect on newly formed blood vessels, remained more
diffuse than in untreated animals, reflecting an additional modifi-
cation of cellular remodeling in the lesion.

Conclusion

Our study corroborates and extends previous studies reporting a
beneficial effect of ChABC treatment on neuroprotection and ax-
onal plasticity after SCI (for review, see Bradbury and Carter’®).
Thus, we demonstrate for the first time that ChABC treatment re-
duces not only the chemical, but also the physical barrier to axon
remodeling, while at the same time increasing astrocyte dynamics
and remodeling, in a way allowing for a close association between
growing axons and astrocytic processes. Moreover, the process of
revascularization of the lesion site appears more efficient at long
term, because ChABC treatment ultimately favors formation of
neovessels exhibiting a BM closely resembling that of vessels in
intact tissue.

Despite these beneficial effects, ChABC treatment alone is not
sufficient for a complete repair. A combination with other thera-
peutic strategies, however, is indeed very promising, as shown by
recent studies that have associated ChABC treatment with im-
plantation of biological scaffolds, conditioning lesions, peripheral
nerve graft, supplementation with growth factors, transplantation of
stem cells, and last but not least, rehabilitation,>>60-86-88
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