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Spinal cord injury (SCI) causes reactive astrogliosis, the sequential phenotypic change of astrocytes in which
naive astrocytes (NAs) transform into reactive astrocytes (RAs) and subsequently become scar-forming astrocytes
(SAs), resulting in glial scar formation around the lesion site and thereby limiting axonal regeneration and
motor/sensory functional recovery. Inhibiting the transformation of RAs into SAs in the acute phase attenuates
the reactive astrogliosis and promotes regeneration. However, whether or not SAs once formed can revert to RAs
or SAs is unclear. We performed selective isolation of astrocytes from glial scars at different time points for a gene
expression analysis and found that the expression of Sox9, an important transcriptional factor for glial cell dif-
ferentiation, was significantly increased in chronic phase astrocytes (CAs) compared to SAs in the sub-acute
phase. Furthermore, CAs showed a significantly lower expression of chondroitin sulfate proteoglycan (CSPG)-
related genes than SAs. These results indicated that SAs changed their phenotypes according to the surrounding
environment of the injured spinal cord over time. Even though the integrin-N-cadherin pathway is critical for
glial scar formation, collagen-I-grown scar-forming astrocytes (Col-I-SAs) did not change their phenotype after
depleting the effect of integrin or N-cadherin. In addition, we found that Col-I-SAs transplanted into a naive
spinal cord formed glial scar again by maintaining a high expression of genes involved in the integrin-N-cadherin
pathway and a low expression of CSPG-related genes. Interestingly, the transplanted Col-I-SAs changed NAs into
SAs, and anti-B;-integrin antibody blocked the recruitment of SAs while reducing the volume of glial scar in the
chronic phase. Our findings indicate that while the characteristics of glial scars change over time after SCI, SAs
have a cell-autonomous function to form and maintain a glial scar, highlighting the basic mechanism underlying
the persistence of glial scars after central nervous system injury until the chronic phase, which may be a ther-
apeutic target.

1. Introduction

Spinal cord injury (SCI) disrupts communication within the nervous
system, leading to the loss of the motor/sensory function (Van Mid-
dendorp et al., 2011; Mcdonald and Sadowsky, 2002). While rehabili-
tation can enhance partial spontaneous functional recovery, no effective
treatment for chronic SCI patients has yet been developed (Hutson and
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Di Giovanni, 2019; Kobayakawa et al., 2019a; Shah et al., 2013). In the
chronic phase of SCI, the glial scar acts as a physical barrier to regen-
eration and produces chondroitin sulfate proteoglycans (CSPGs), which
function as a chemical barrier to regeneration (Tran et al., 2018;
McKeon et al., 1991).

Astrocytes, the main cellular components of the glial scar, undergo a
typical change of hypertrophy after SCI, showing process extension and
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increased glial fibrillary acidic protein (GFAP) expression and present-
ing a characteristic morphology known as reactive astrocytes (RAs)
(Hasel and Liddelow, 2021; Liddelow and Barres, 2017; Shinozaki et al.,
2017). These RAs then overlap each other and subsequently transform
into scar-forming astrocytes (SAs) that make a glial scar and inhibit the
regeneration of axons, leading to limited recovery after SCI (Okada
et al., 2006; Silver and Miller, 2004).

In contrast, in experiments that ablate reactive astrocytes or glial
border astrocytes using transgenic mice or conditional ablation of as-
trocytes after SCI, increased leukocyte infiltration, progressive demye-
lination, and increased neuronal cell death were observed (Voskuhl
et al., 2009; Sofroniew, 2005; Faulkner et al., 2004). In addition, ex-
periments using mice specifically conditioned for reactive astrocytes
showed no spontaneous axonal regeneration after severe SCI, either by
blocking glial scar formation or by attenuation of scar astrocytes, or by
the removal of astrocytes in the chronic phase (Anderson et al., 2016),
suggesting diverse roles of astrocytes in the SCI pathology from the acute
to the chronic phase.

We previously reported that the transformation of RAs into SAs could
be stopped by blocking the integrin-N-cadherin pathway and that RAs
could revert in retrograde to naive astrocytes (NAs) by changing the
extracellular environment (Hara et al., 2017). These findings suggest the
possibility of therapy with an anti-integrin antibody targeting RAs in the
acute/sub-acute phase. However, whether or not SAs in the chronic
phase can change their morphology and gene expression phenotype by
manipulating their extracellular environment is unclear.

In this study, we clarified the time course of changes in gene
expression profiles in astrocytes after SCI by performing a selective gene
expression analysis of NAs, RAs, SAs, and chronic-phase astrocytes (CAs)
with laser microdissection (LMD). By manipulating the extracellular
environment of scar-forming astrocytes in vitro, we investigated the
change in the expression of SA marker genes and the reversibility of the
morphological transformation characteristic of SAs. In particular, we
focused on the influence of the integrin-N-cadherin pathway on the
plasticity of SAs, as this pathway stops the transformation of RAs into
SAs (Hara et al., 2017). Furthermore, we conducted transplantation of
SAs into naive spinal cord and analyzed the morphological/biological
characteristics of transplanted astrocytes, indicating the dichotomic
character of SAs regarding homeostasis and plasticity.

2. Materials and methods
2.1. Animals

We used 8- to 10-week-old C57BL/6 J mice (Japan SLC, Hamamatsu,
Japan) and postnatal day 1-3 (P1-3) C57BL/6 J mice (Japan SLC,
Hamamatsu, Japan) and CAG-EGFP mice (Japan SLC, Hamamatsu,
Japan) in this study. All mice were housed in a temperature- and
humidity-controlled environment on a 12-h light/dark cycle, with food
and water available ad libitum.

All surgical procedures and experimental manipulations were
approved by the Committee of Ethics on Animal Experimentation of the
Faculty of Medicine, Kyushu University (A30-194-1). The experiments
were conducted in accordance with the National Institutes of Health
guidelines for the care and use of animals.

2.2. SCI induction

The mice were anesthetized with pentobarbital (75 mg/kg intra-
peritoneally) and subjected to a contusion injury (70 kdyn) at the 9th
thoracic level using an Infinite Horizons Impactor (Precision Systems
Instrumentation, Lexington, KY), as previously described (Yoshizaki
et al., 2019). After the injury, the overlying muscles were sutured, and
the skin was closed with wound clips. During recovery from anesthesia,
the animals were placed in a temperature-controlled chamber until
thermoregulation was re-established.

Experimental Neurology 359 (2023) 114264

2.3. Primary astrocyte cultures and transplantation of astrocytes to the
spinal cord

Purified primary astrocyte cultures were prepared from P1-3 C57BL/
6 J mice or CAG-EGFP mice. As described in a previously reported
article, we retrieved the brain cortices by grabbing the posterior end of
the brain with fine forceps, performing a midline incision between the
hemispheres, inserting a second set of forceps into the created groove,
and peeling away the plate-like structure of the cortex from the brain
without striatum (Schildge et al., 2013). We incubated the tissue in EBSS
(Nacalai Tesque, Kyoto, Japan), 4 mg/ml DNase I (Sigma, Saint Louis,
MO), and 20 U/ml papain (Worthington, Columbus, OH) at 37 °C for 40
min. We washed the tissue with a Trypsin inhibitor stock solution
(Nacalai Tesque, Kyoto, Japan) and then gently triturated the tissue and
added the single-cell suspension to a poly-p-lysine-coated T-75 Flask
(Sigma, Saint Louis, MO) in an astrocyte culture medium (DMEM
[Nacalai Tesque, Kyoto, Japan] containing 10% fetal bovine serum
[FBS; Life Technologies, Carlsbad, CA], 0.2 mM GlutaMAX [Life Tech-
nologies, Carlsbad, CA], and 1% penicillin-streptomycin [Nacalai Tes-
que, Kyoto, Japan]). We replaced all volumes with fresh medium every
three to four days to maintain the cultures. After 7 days in a humidified
CO4 incubator at 37 °C, we shook the T75 flask at 180 rpm for 30 min on
an orbital shaker to remove microglia. We discarded the supernatant
and added fresh astrocyte culture medium, then continued shaking the
flask at 240 rpm for 6 h to remove oligodendrocyte precursor cells
(OPCs), as described previously (McCarthy and de Vellis, 1980). The
obtained astrocytes were used as serum-cultured primary astrocytes
(PAs) as previously described (Hara et al., 2017). To activate PAs to IL-6-
treated reactive astrocytes (IL-6-RAs), the astrocytes were stimulated
with 50 ng/ml IL-6 (R&D Systems, Minneapolis, MN) and 200 ng/ml
soluble IL-6 receptor (R&D Systems, Minneapolis, MN), as previously
described (Hara et al., 2017). For the preparation of type I collagen-
coated dishes, the dishes were incubated at 37 °C for 2 h with mouse
type I collagen (50 pg/ml; Bio-Rad AbD Serotec, Hercules, CA), as
described previously (Takahashi et al., 2015). To transform IL-6-RAs
into Col-I-SAs, IL-6-RAs were detached from a dish and re-seeded on
type I collagen-coated dishes, where they were incubated for 48 h (Hara
et al.,, 2017). After washing Col-I-SAs three times with PBS, trypsin/
EDTA (Nacalai Tesque, Kyoto, Japan) was added and the cells were
stripped from the culture dish. We added the Col-I-SAs to the same
volume of astrocyte medium as trypsin/EDTA, centrifuged at 1000 rpm
3 min at room temperature, and reseed them into Poly-D-Lysin-coated
dishes, and immunohistological analysis and analysis of mRNA extrac-
tion were performed at 48 h after reseeded.

For transplantation of SAs, we used trypsin to detach Col-I-SAs from
the dish after washing them three times with D-PBS(—); upon neutral-
izing the action of trypsin with medium containing FBS, we centrifuged
the Col-I-SAs and discarded the supernatant. The resulting Col-I-SAs
were resuspended in HBSS(—). The mice were anesthetized with
pentobarbital (75 mg/kg intraperitoneally), and then a glass tip was
inserted into naive spinal cord, and Col-I-SAs (1 x 10%) were injected at
0.5 pl/min using a stereotaxic injector (KDS 310; Muromachi Kikai,
Tokyo, Japan). After the transplantation, the overlying muscles were
sutured, and the skin was closed with wound clips. During recovery from
anesthesia, the animals were placed in a temperature-controlled cham-
ber until thermoregulation was re-established.

2.4. Administration of antibody against integrin [

As previously described (Hara et al., 2017), mice transplanted EGFP-
positive Col-I-SAs with an injection of 1 pg of monoclonal antibody
against integrin p; (anti-f; Ab; BD Pharmingen, San Diego, CA, 555003)
at the area where the EGFP-positive SAs were transplanted using a ste-
reotaxic injector (KDS 310, Muromachi Kikai, Tokyo, Japan) every 2
d from 2 to 12 days post transplantation. Control mice were given an
equivalent amount of isotype control antibody (control Ab; BD
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Pharmingen, San Diego, CA, 553958). Mice with SCI received an in-
jection of the equivalent amount of anti-p; Ab at the epicenter using a
stereotaxic injector every 2 d from 14 to 26 days-post injury. Control
mice were given an equivalent amount of isotype control antibody. For
in vitro blocking of collagen—integrin signaling, anti-B; Ab or control Ab
was added at 1 pg/ml, and immunohistological analysis and analysis of
mRNA extraction were performed at 24 h after antibody administration.

2.5. Administration of N-cadherin neutralizing antibody

We added 10 pg of neutralizing monoclonal antibody against N-
cadherin (N-cadherin nAb; Sigma-Aldrich, Saint Louis, MO, C3865) or
equivalent amount of isotype control IgG (control IgG; BioXCell,
Lebanon, NH, BE0083) in vitro culture of SAs, and immunohistological
analysis was performed 24 h after antibody administration.

2.6. LMD

As previously described (Kobayakawa et al., 2019a, 2019b), fresh
naive, injured spinal cords, and naive spinal cords which transplanted
CAG-EGFP SAs were immediately frozen in dry ice/hexane and stored in
a deep freezer at —80 °C. The tissues were sectioned into 16-pm slices
using a cryostat (Leica Microsystems, Wetzlar, Germany) at —20 °C and
mounted on polyethylene naphthalate (PEN) membrane slides (Leica
Microsystems, Wetzlar, Germany). The sections were then fixed in ice-
cold acetone for 3 min and subsequently stained with primary anti-
bodies in PBS(—) at room temperature for 5 min followed by washing in
PBS(—) for 1 min. The sections then were stained with secondary anti-
bodies in PBS(—) at room temperature for 5 min.

We use the primary antibody Rabbit Anti-GFAP Antibody (1:50;
rabbit; Z0334, Dako, Santa Clara, CA) and secondary antibody Goat anti-
rabbit Alexa Fluor 488 Antibody (1:250; Jackson ImmunoResearch,
West Grove, PA).

GFAP-positive astrocytes or EGFP-positive SAs were dissected with
an LMD 6500 system (Leica Microsystems, Wetzlar, Germany) and were
transferred by gravity into a microcentrifuge tube cap placed directly
beneath the section. The tube cap was filled with 75 pl of buffer RLT
(Qiagen, Venlo, The Netherlands). For each sample, 1000 cells were
dissected from one series of sagittal sections and subjected to RNA
extraction. Total RNA was isolated using the RNeasy Mirco kit (Qiagen,
Venlo, The Netherlands). An excellent RNA quality as well as no
contamination with other cell types was confirmed with a Bioanalyzer
and PCR analyses of the collected samples of astrocytes (Fig. S1), as
previously described (Hara et al., 2017).

2.7. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA of astrocytes selectively recovered using LMD was
extracted using the RNeasy Mirco kit (Qiagen, Venlo, the Netherlands).
For c¢cDNA synthesis, a reverse transcription reaction was performed
using SuperScript VILO cDNA Synthesis Kit (Invitrogen, Waltham, MA,

Table 1
Primers used for RT-PCR.
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USA). The cDNA was mixed with KOD One (TOYOBO, Osaka, Japan).
PCR was performed using a T100 thermal cycler (Bio-Rad, Hercules, CA,
USA), and the products were detected by electrophoresis.

2.8. Quantitative reverse transcription polymerase chain reaction
(Quantitative PCR)

Total RNA was isolated from the astrocytes obtained from spinal cord
tissue using the RNeasy Mini kit (Qiagen, Venlo, The Netherlands). For
cDNA synthesis, a reverse transcription reaction was performed using
SuperScript VILO c¢DNA Synthesis Kit (Invitrogen, Waltham, MA).
Quantitative real-time PCR was performed using primers specific to the
genes of interest (Table 1) and KOD SYBR qPCR Mix (TOYOBO, Osaka,
Japan). The data were normalized to the expression of glyceraldehyde-
3-phosphate dehydrogenase. Real-time PCR was conducted using a CFX
Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA).

2.9. Histopathological examinations

After animals were anesthetized and transcardially fixed with 4%
paraformaldehyde (PFA; Millipore, Burlington, MA), the spinal cord was
removed, dehydrated, and embedded in an optimal cutting temperature
compound (Sakura Finetek Japan, Tokyo, Japan). The sections were
mounted on MAS-coated slide glasses (Matsunami Glass, Kishiwada,
Japan). On the other hand, the astrocytes cultured in vitro were washed
three times with PBS, and fixed for 15 min in 4% PFA/PBS at room
temperature. After washing three times with PBS, these sections and
cells were used for the following immunofluorescent staining. Then the
sections were stained with the following antibodies in blocking solution
at 4 °C overnight: GFAP (1:500; rabbit; Dako, Santa Clara, CA; Z0334),
GFAP (1:500; rat; Life Technologies, Carlsbad, CA; 130,300), N-cadherin
(1:1000; mouse; BD Transduction Laboratories, San Diego, CA;
610,921), GAP43 (1:500; rabbit; Novus Biologicals, Centennial, CO;
NB300-143).

The primary antibodies were visualized with the secondary anti-
bodies conjugated to Alexa 488, 568, 647 (1:1000; Jackson ImmunoR-
esearch, West Grove, PA). The nucleus was visualized with Hoechst
33258 (1:1000; Invitrogen, Waltham, MA). All images were captured
using a BZ-X700 digital microscope system (Keyence, Osaka, Japan) or
BX51 (Olympus, Tokyo, Japan) epifluorescence microscope equipped
with a DP71 Camera (Olympus, Tokyo, Japan).

To calculate the percentage of cells with overlapping astrocyte legs,
the percentage of GFAP- and Hoechst-positive cells with overlapping
astrocyte legs in one field of view observed under a microscope was
calculated.

2.10. Quantitative analyses for immunohistolog
For the quantification of the GFAP positive area, we obtained sagittal

sections at 100 pm intervals from the injured spinal cord in each mouse.
The GFAP positive area which was 500 pm from the rostral and the

Gene symbol Accession number 5’-Forward primer-3’ 5’-Reverse primer-3’

Cd11b NM_001082960.1 AAGCAGCTGAATGGGAGGAC TAGATGCGATGGTGTCGAGC

Cdh2 NM_007664.4 TACGCAGCTGGTTGCAGATAAAGG TCTGCACTCCTCCATAGTCTATGC
Csgalnact1 NM_001252623.1 CTTGAGACAGTCTTGTCACAGAGC CAGTCCTTAGATCAGATCTCCAGG
Cx3crl NM_009987.4 CTTCCCATCTGCTCAGGACCTC CCAGACCGAACGTGAAGACGA
Gapdh NM_008084.3 GACTTCAACAGCAACTCCCACTCT GGTTTCTTACTCCTTGGAGGCCAT
Mbp NM_001025251.2 TCTTTAAGCTGGGAGGAAGAGAC GCTCCACGGGATTAAGAGAGG
Neun NM_001039167.1 CCGTTCTGCAAACAGAGAGC GTCCCAGCAATGGGCTGT

Pdgfra NM_001083316.2 ATCGGCCAGCCTCCTACAAG GGTCCCGGTGGACACAATTTTT
Pcan NM_001081306.1 TAATGGTGCAGCTTTGCCTGATGG GCAGCAGAATGAGTTACTGTCAGG
Slit2 NM_001291227.1 CGTCTCTAGAAGCTTCTAGCTTCG TGTAGGGGGAGCTTTAGTACAAGC
Sox9 NM_011448.4 GAAGGTAACGATTGCTGGGATTCC CGTCCTCCATGTTAACTCTGAAGG
Xyltl NM_175645.3 CAGTGAAGATTCTCCATCACTGGG TCTGGAAACTCTGCTCCATGTAGG




T. Tamaru et al.

caudal of the epicenter was measured using the ImageJ software pro-
gram (National Institutes of Health, Bethesda, MD). For the quantifica-
tion of the astrocytes with process overlap, we randomly selected 20
cells in each sample and measured the astrocyte cell diameter or pro-
portion of cells with overlapping neighboring astrocytic processes using
the ImageJ software program (US National Institutes of Health). For the

A B
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quantification of the astrocytes next to the transplanted SAs, we ob-
tained sagittal sections at 32 pm intervals from the transplanted spinal
cord. EGFP~/GFAP"/N-cadherin™ cells contacting with EGFP™/GFAP™/
N-cadherin® SAs were counted using the BZII-Analyzer measurement
software program (Keyence, Osaka, Japan). For the quantification of the
SAs after administration of anti-; Ab or control Ab, we obtained sagittal

Fig. 1. The glial scar formed at 2 wpi had different
characteristics from that at 12 wpi. (A) Representa-
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sections at 100 pm intervals from the injured spinal cord in each mouse.
GFAP"/N-cadheirn® SAs which were 500 pm rostral or caudal from the
epicenter were counted using the BZII-Analyzer measurement software
program (Keyence, Osaka, Japan). The GAP43-positive area was
measured at 2 mm rostral from the center of injury using the BZII-
Analyzer measurement software program (Keyence, Osaka, Japan).

2.11. Statistical analyses

Statistical evaluations were performed with Wilcoxon’s rank-sum
test. An ANOVA with the Tukey-Kramer post-hoc test was used for
multiple comparisons between groups. In all statistical analyses, sig-
nificance was defined as p < 0.05. In graphs, data are presented as the
mean + SEM. All statistical analyses were performed using the Graph
Pad Prism software program, version 9.1.2 (GraphPad Software Inc., San
Diego, CA).

3. Results

3.1. The astrocytes in the glial scar changed their gene expression profile
over time

After SCI, astrocytes surrounding the lesion area become reactive.
They underwent morphological changes, such as hypertrophy, process
extension, and the increased expression of GFAP, showing the typical
morphology of RAs at 1 week post-injury (wpi) (Fig. 1A). At 2 wpi, as-
trocytes around the epicenter overlapped their processes and trans-
formed into SAs, forming the glial scar (Fig. 1A). The GFAP-positive area
expanded over time (Fig. 1B). To quantify the morphological differences
among astrocytes at different time points after SCI, we counted the as-
trocytes with overlapping processes between neighboring astrocytes
around the epicenter and found that process overlap significantly
increased over time (Fig. 1C and Fig. S1C). These results indicated that
the glial scar persisted until the chronic phase (12 wpi) with increased
process overlap of astrocytes.

We previously reported that SAs showed a significantly higher
expression of Cdh2 (encoding N-cadherin), Sox9, and CSPG-related
genes (Xyltl, Csgalanactl, Pcan, and Slit2) than NAs and RAs (Hara
et al., 2017). However, whether or not the gene expression properties of
astrocytes at 12 wpi (in CAs), are the same as those of SAs at 2 wpi re-
mains unclear. To clarify this issue, we isolated astrocytes from the naive
spinal cord and lesion area of the injured spinal cord at 1, 2, and 12 wpi
using LMD (Fig. 1D) and investigated the expression of characteristic
genes of SAs, such as Cdh2, Sox9, Xyltl, Slit2, Csgalanactl, and Pcan.
Interestingly, while the Sox9 expression in CAs was significantly
elevated compared to that in SAs, we detected a significantly reduced
expression of Cdh2, Csgalanact1, and Pcan in CAs compared with that in
SAs (Fig. 1E). Contrary to expectations that the scars would retain the
same properties, these results indicated that astrocytes in the glial scar
changed their phenotypes according to the surrounding environment of
the injured spinal cord over time, suggesting the importance of under-
standing the plasticity of astrocytes in the glial scar.

3.2. SAs did not revert to RAs/NAs based on changes in the environment
in vitro

It has long been considered that the sequential phenotypic changes in
astrocytes after SCI are unidirectional and irreversible. However, we
recently demonstrated that RAs were regulated by the surrounding
environment and could be reverted to NAs (Hara et al., 2017). In the
usual course of SCI, RAs eventually become SAs, which mainly compose
the glial scar. Since the glial scar prevents axonal regeneration by pro-
ducing axonal growth inhibitors, redirecting SA morphology towards
RAs or NAs may have the potential to promote functional recovery.
Therefore, to confirm whether or not SAs could be reverted to RAs or
NAs by changing the surrounding environment, we first prepared IL-6-
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treated reactive astrocytes (IL-6-RAs) from the serum-cultured primary
astrocytes (PAs) harvested from neonatal mice from P1 to P3 by adding
IL-6 and soluble IL-6 receptor (Fig. 2A).

These IL-6-RAs exhibited the same phenotypes as in vivo RAs,
including hypertrophy, process extension, and increased GFAP expres-
sion (Fig. 2B). We then cultured these IL-6-RAs on type I collagen-coated
dishes to obtain collagen-I-grown scar-forming astrocytes (Col-I-SAs),
which exhibited the same phenotypes as in vivo SAs (Fig. 2A) as previ-
ously described (Hara et al., 2017). These Col-I-SAs showed a signifi-
cantly higher expression of SA marker genes than PAs (Fig. 2C) and had
a flattened morphology clearly different from IL-6-RAs and PAs
(Fig. 2B). Since type I collagen induces the transformation of RAs into
SAs, we speculated that eliminating the effect of type I collagen led to
the morphological changes in SAs.

To verify this hypothesis, we reseeded Col-I-SAs cultured with type I
collagen-coated dish into Poly-D-Lysin-coated dishes (Fig. 2D). After
reseeding, the Col-I-SAs maintained their flattened morphology and N-
cadherin expression (Fig. 2E). To compare the expression of SA marker
genes of Col-I-SAs on type I collagen-coated dishes to those on Poly-D-
Lysin-coated dishes, we performed quantitative PCR for Cdh2, Sox9,
Xyltl, Csgalanactl, Pcan, and Slit2 and found that the SA maker gene
expression was similar between SAs on type I collagen-coated and Poly-
D-Lysin-coated dishes (Fig. 2F). These results suggested that once type I
collagen had induced the transformation of IL-6-RAs into Col-I-SAs, the
elimination of the type I collagen-induced signal transduction failed to
revert Col-I-SAs to IL-6-RAs/PAs.

3.3. Pharmaceutic inhibition of the integrin-N-cadherin pathway did not
revert SAs to RAs/NAs in vitro

We previously reported that integrins, major cell receptors for
extracellular matrix protein, directly mediated the RA-type I collagen
interaction and induce the transformation of RAs into SAs. In addition,
blocking the integrin-mediated RA-type I collagen interaction by anti-f;
integrin Ab treatment inhibited the transformation of RAs into SAs in the
type I collagen-coated dish (Hara et al., 2017). Therefore, we hypothe-
sized that SAs could be reverted to RAs or NAs by administering anti-p;
integrin antibodies to in vitro. However, the morphology of Col-I-SAs and
the expression of N-cadherin, a hallmark of SA, remained unchanged
after anti-p; integrin antibody treatment (Fig. 3A). We further examined
the effect of the f; integrin antibody treatment on the expression of SA
marker genes, but p; integrin antibody had no significant effect on the
expression of SA marker genes (Fig. 3B).

SAs are the main component of glial scars, and N-cadherin-mediated
adhesion of SAs play a major role in glial scar formation (Nathan and Li,
2017). In this study, we confirmed that N-cadherin expression was
significantly increased in Col-I-SAs compared with IL-6-RAs or PAs
(Fig. 2C). Since astrocyte-specific knockout of N-cadherin results in
impairment of astrogliosis (Kanemaru et al., 2013), we administered N-
cadherin-neutralizing antibody to Col-I-SAs to verify whether or not the
characteristics of SAs were affected by the antibody. Even after N-cad-
herin-neutralizing antibody treatment, the morphology of SA remained
unchanged compared to the control antibody-treated group, and N-
cadherin expression was also observed. (Fig. 3C). The expression of SA
marker genes in Col-I-SAs with N-cadherin-neutralizing antibody treat-
ment showed no significant difference from the expression in those with
control IgG treatment (Fig. 3D).

Based on these results, we concluded that the morphological char-
acteristics and gene expression profiles of Col-I-SAs were highly robust
to pharmaceutical treatments, focusing on type I collagen, integrin, and
N-cadherin.

3.4. SAs induce surrounding naive astrocytes to become SAs

Even though Col-I-SAs did not change into IL-6-RAs/PAs by inhib-
iting the integrin-N-cadherin pathway, we suspected that there might be
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Fig. 2. Eliminating type 1 collagen signaling
did not revert SAs to RAs or NAs in vitro. (A)
The protocol for obtaining IL-6-RAs and Col-
I-SAs from PAs. PAs treated with IL-6 and
sIL-6R changed to IL-6-RAs. IL-6-RAs resee-
ded in Poly-D-Lysin-coated dishes retained
the characteristic morphological features of
RAs, while those reseeded in Type I
collagen-coated dishes changed into Col-I-
SAs. (B) Representative images of immuno-
fluorescent staining of PAs, IL-6-RAs, and
Col-I-SAs with GFAP (green), N-cadherin
(red), and Hoechst (blue) in vitro. (C)
Quantification of the mRNA expression of
SA-related genes in PAs, IL-6-RAs, and Col-I-
SAs (n = 6 wells per group). Gene expression
was normalized to that of PAs. (D) Col-I-SAs
provided as shown in (A) were reseeded
from Type I collagen-coated dishes to Poly-
D-Lysin-coated dishes. (E) Representative
images of immunofluorescent staining of
Col-I-SAs and reseeded Col-I-SAs with GFAP
(green), N-cadherin (Red), and Hoechst
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the web version of this article.)

0-

Col-I-SA reseed

Type1 collagen Poly-D-Lysin B _
coated dish coated dish 85
£<
2 §
Lz
O
F [l Col-I-SA O Col-I-SA reseed
Cdh2 Sox9 Xylt1 Csgalnact1 Pcan Slit2
T15 L 15 L 15 . 164 _MS_ 15, _ns_ {5, _NS_
S
% 1.0 1.0 1.0 1.0 1.0 1.0
>
)
<ZE 0.5 0.5 0.5 0.5 0.5 0.5
(4
ool B L1 oollg 0.0415 0.0 -0 0+"+—o00l 1

other factors that affect SA plasticity. We previously reported that RAs
had plasticity, depending on the surrounding environment, by demon-
strating that RAs transformed into NAs when they were transplanted
into naive spinal cord (Hara et al., 2017). Therefore, we transplanted
Col-I-SAs generated from CAG-EGFP mice into naive spinal cords of
wild-type (WT) mice to verify whether or not a different surrounding
environment would affect the characteristics of SAs (Fig. 4A). Interest-
ingly, the transplanted SAs adhered to each other and formed a glial scar

with abundant N-cadherin expression in the environment of the unin-
jured spinal cord, suggesting that SAs have a cell-autonomous function
to form a glial scar (Fig. 4B).

Next, using LMD, we selectively isolated EGFP-positive SAs and
performed a quantitative gene expression analysis (Fig. 4C). There was
no significant difference in the gene expression of Cdh2, Sox9, and Slit2
between transplanted SAs at 2 or 4 weeks (14 or 28 d) after trans-
plantation into the uninjured spinal cord and those at the day of
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Fig. 3. Pharmaceutic inhibition of the f; integrin-N-cadherin pathway did not revert SAs to RAs or NAs in vitro. (A) Representative images of immunofluorescent
staining of Col-I-SAs with anti-f;-integrin antibody or control antibody. GFAP (green), N-cadherin (red), and Hoechst (blue). Scale bar, 50 pm. (B) Quantification of
the mRNA expression for SA-related genes in Col-I-SAs with anti-B;-integrin antibody or control antibody. (n = 6 wells per group). Gene expression was normalized to
Col-I-SAs with control IgG. (C) Representative images of immunofluorescent staining of Col-I-SAs with anti-N-cadherin antibody or control antibody with GFAP
(green), N-cadherin (red), and Hoechst (blue). Scale bar, 50 pm. (D) Quantification of the mRNA expression for SA-related genes in Col-I-SAs with anti-N-cadherin
antibody or control antibody. (n = 6 wells per group). Gene expression was normalized to Col-I-SAs with control antibody. Wilcoxon rank-sum test: *P < 0.05. n.s.,
not significant. Data represent the mean =+ s.e.m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

transplantation (0 d) (Fig. 4D and Fig. S2A—B). This result suggests the
robustness of the integrin/N-cadherin pathway of SAs, which might be
the mechanism underlying how SAs maintain their morphology over
time. In contrast, the expression of CSPG-related genes, such as Xyit1,
Csgalanactl, and Pcan, in transplanted SAs was significantly decreased at
14 d (Fig. 4D and Fig. S2B), showing the possibility of environment-
dependent plasticity in SAs.

While we were observing SAs transplanted in naive spinal cords, we
noticed an interesting fact that EGFP-negative host astrocytes grew in
size and expressed N-cadherin at 14 days after transplantation (Fig. 4B,
arrowheads), suggesting that the transplanted SAs might change the
host naive astrocytes to SAs.

Next, we selectively isolated host astrocytes adjacent to the trans-
planted SAs using LMD and performed a gene expression analysis
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Fig. 4. SAs transplanted into naive spinal
cord changed host NAs to SAs. (A) EGFP-
positive Col-I-SAs were provided from
CAG-EGFP neonatal mice using the method
shown in Fig. 2A. EGFP-positive Col-I-SAs
were transplanted into naive spinal cord of
WT mice. (B) Representative images of
immunofluorescent staining of transplanted
cells with GFAP (green), N-cadherin (red),
and Hoechst (blue) at 4, 7, and 14 days of
transplantation. Scale bar, 100 pm. (C) A
schematic representation of the selective
isolation of EGFP-positive transplanted as-
trocytes using LMD for a cell-type specific
gene expression analysis. (D) Quantification
of the mRNA expression for SA-related genes
in SAs on the day of transplantation (0 d)
and at 14 days post-transplantation (14 d)
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(Fig. 4E). Surprisingly, host astrocytes at 14 or 28 days after trans-
plantation (14 or 28 d) showed a significantly elevated expression of
genes that characterize SAs, such as Cdh2, Sox9, Acan and Pcan,
compared to those on the day of transplantation (0 d) (Fig. 4F and
Fig. S2C). These results indicated that SAs have robustness to maintain
themselves as SAs, even in uninjured spinal cords, and that SAs can
change adjacent astrocytes to SAs, which may be a mechanism under-
lying how the glial scar persists until the chronic phase.

3.5. p; integrin antibody treatment in the chronic phase inhibits
recruitment of SAs

To examine whether or not recruitment of SAs from astrocytes

Sox9 Acan Pcan
* 4 * 5 *
1 3 1 4. 1
34
24
24
1' 1_
0 0-

around transplanted SAs occurred via the p; integrin-N-cadherin axis,
we administered anti-p; integrin antibody after transplantation of SAs in
vivo (Fig. 5A). While astrocytes around transplanted SAs without anti-f;
integrin antibody transformed to N-cadherin-positive SAs, blocking p;
integrin inhibited the recruitment of SAs from EGFP-negative host as-
trocytes (Fig. 5B and C). These results suggest that SAs in the chronic
phase after SCI also recruit SAs via the p; integrin-N-cadherin axis.
Therefore, we next injected anti-p; integrin antibody into spinal cord
from 14 to 28 days after SCI (Fig. 5D) and found significantly decreased
numbers of GFAP/N-cadherin-positive SAs (Fig. 5E and F). Moreover,
we next examined whether reduction of SAs with p; integrin antibodies
affect axonal regeneration. Immunohistochemical analysis of GAP43
expression in the spinal cord revealed significantly increased
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H). These results suggest that blocking p; integrin-dependent recruit-
ment of SAs in the chronic phase may reduce the volume of the glial scar
and promote axonal regeneration, which may be a possible route for
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Fig. 5. Anti-; integrin antibody blocked recruitment of SAs.
(A) The experimental protocol of anti-p; integrin antibody
after transplantation of SAs into naive spinal cord. (B)
Representative images of immunofluorescent staining of
transplanted cells with EGAP (green), GFAP (blue), N-cad-
herin (red) at 14 days after transplantation. Scale bar, 100 pm.
(C) Quantification of GFP-negative/GFAP-positive/N-
cadherin-positive CAs derived from host astrocytes with/
without anti-p; integrin antibody at 14 days after trans-
plantation (n = 6 mice per group). (D) The experimental
protocol of injection of anti-f; integrin antibody into spinal
cord after SCI. (E) Representative images of immunofluores-
cent staining of spinal cord with/without anti-f; integrin
antibody after SCI. The asterisks indicate the epicenters of the
injured spinal cord. Scale bar, 500 pm. (F) Quantification of
GFAP-positive/N-cadherin-positive CAs at 28 dpi (n = 6 mice
per group). (G) Representative images of immunofluorescent
staining of spinal cord with/without anti-; integrin antibody
after SCI. The asterisks indicate the epicenters of the injured
spinal cord. Scale bar, 100 pm. Inset: High-magnification
image. Scale bars, 50 pm. The images shown are representa-
tive of six mice per time point per group. (H) Quantification of
GAP43-positive area (n = 6 mice per group). Wilcoxon rank-
sum test: *P < 0.05. Data represent the mean + s.e.m. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

treating SCI patients in the chronic phase.
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4. Discussion

In this study, we found that SAs maintain their morphological fea-
tures until the chronic phase with a decreased expression of CSPG-
related genes compared to the sub-acute phase. Once RAs transformed
into SAs, changing the surrounding environment or blocking the
integrin-N-cadherin pathway did not significantly alter the morphology
or gene expression of SA markers. SAs transplanted into naive spinal
cord formed an astroglial scar with abundant N-cadherin expression and
changed the surrounding astrocytes into SAs. Anti-f; integrin antibody
was able to inhibit the recruitment of SAs and reduce the volume of the
glial scar and promote axonal regeneration in the chronic phase of SCL

The interaction between the p; integrin receptors of RAs and type 1
collagen, which is abundant in the damage center, increases the
expression of N-cadherin, resulting in SAs. SAs expressed N-cadherin
and adhere to each other and form scars (Hara et al., 2017). In the
present study, SAs and the glial scar persisted in injured spinal cord until
12 wpi (Fig. 1), suggesting that SAs that emerged in the sub-acute phase
survived until the chronic phase and/or that some SAs died due to
apoptosis but other SAs were newly recruited from astrocytes in the
injured spinal cord. Indeed, we found that SAs could change other as-
trocytes surrounding them into SAs with abundant N-cadherin expres-
sion (Fig. 5). N-cadherin-mediated cell-cell contact inhibits apoptosis in
granulosa cells (Peluso et al., 1996). N-cadherin-induced signaling in
SAs might also inhibit apoptosis and contribute to the maintenance of
the glial scar until the chronic phase. If we can break the N-cadherin
bonds formed among SAs, we may be able to manipulate the glial scar by
inducing apoptosis of SAs. Trypsin can reversibly degrade N-cadherin
bonds (Takeichi, 1977), but when Col-I-SAs were treated with trypsin,
they adhered to each other again, with N-cadherins remaining on the
surface (Fig. 2D). We treated Col-I-SAs with trypsin and transplanted
them into the normal spinal cord, after which SAs did not adopt the
phenotype of RAs or NAs, and the expression of N-cadherin did not
change. Col-I-SAs that were transplanted into the normal spinal cord
formed N-cadherin bonds with neighboring SAs and re-formed the glial
scar (Fig. 4B). These results suggest that SAs form glial scars through
cell-autonomous regulation. EDTA chelates Ca?* and inhibits N-cad-
herin adhesion, but this inhibition is reversible. If we can develop a drug
that inhibits N-cadherin bonds irreversibly, it may be possible to obtain
plasticity of glial scars after degrading glial scars using trypsin.

After SCI, NAs change to RAs, which then gradually transform into
SAs via the type 1 collagen-p; integrin-N-cadherin axis (Hara et al.,
2017). RAs are derived from NAs with stimulation of IL-6 or TNF-a. As
astrocytes can secrete IL-6 themselves, IL-6 secreted from transplanted
SAs can induce phenotypic changes in host NAs to become host RAs (Van
Wagoner et al., 1999). Astrocyte can produce collagens in vitro, but this
expression in vivo is suppressed in NAs and RAs (Heck et al., 2003).
These data, together with our previous findings from cell specific gene
expression analyses using RNA-Seq indicating a relatively low expres-
sion of Collal and CollaZ2 (type 1 collagen), suggest that NAs and RAs in
vivo might not be able to secrete sufficient type 1 collagen to change RAs
to SAs (Hara et al., 2017). Nevertheless, host astrocytes were changed
into SAs by transplanted SAs, suggesting that SAs acquire the ability to
produce type 1 collagen in vivo during the process of phenotypically
changing from RAs to SAs.

In the present study, we characterized the molecular biology of the
glial scar in the chronic phase of injury. At 12 weeks after SCI, the
expression of marker genes of SAs, such as Sox9, Cdh2, Slit2, and Xylit1,
was maintained at high levels. In contrast, CAs showed a decreased
expression of CSPG-related genes compared to SAs (Fig. 1D). Although
the expression of CSPGs during acute glial scar formation may
contribute to the reduction in the extent of damage, prolonged exposure
to CSPGs has a detrimental effect on functional recovery by inhibiting
axonal sprouting and remyelination during the chronic phase of SCI
(Alizadeh et al., 2019; Pendleton et al., 2013). Therefore, the decreased
expression of CSPGs shown in this study indicates that the spinal cord at
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12 wpi may be a good environment for axonal regeneration. Indeed,
neural stem/precursor cells (NSPCs) transplanted into spinal cord at 4 to
6 wpi did not show axonal growth, but those transplanted at 12 wpi
showed an increased expression of Tubb3, a marker of axons, suggesting
a more suitable environment for axonal growth with the relatively low
expression of CSPGs at 12 wpi (Kumamaru et al., 2013).

In conclusion, we demonstrated that scar-forming astrocytes change
their phenotype over time depending on the environment surrounding
the injured spinal cord. CAs had a higher expression of Sox9 and lower
expression of CSPG-related genes than SAs. Blocking p; integrin did not
change the phenotype of SAs but did inhibit recruitment of SAs from
surrounding astrocytes in the chronic phase of SCI, leading to a reduc-
tion in the volume of the glial scar, and promoting axonal regeneration,
which may be a possible treatment approach for chronic SCI patients.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.expneurol.2022.114264.
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