Neurosci Bull
DOI: 10.1007/s12264-013-1456-2

December 1, 2014, 30(6): 967-984. http://www.neurosci.cn

967

‘Review:*

Scar-modulating treatments for central nervous system injury

Dingding Shen, Xiaodong Wang, Xiaosong Gu

Jiangsu Key Laboratory of Neuroregeneration, Nantong University, Nantong 226001, China

Corresponding author: Xiaosong Gu. E-mail: nervegu@ntu.edu.cn

© Shanghai Institutes for Biological Sciences, CAS and Springer-Verlag Berlin Heidelberg 2014

Traumatic injury to the adult mammalian central nervous system (CNS) leads to complex cellular responses.
Among them, the scar tissue formed is generally recognized as a major obstacle to CNS repair, both by the
production of inhibitory molecules and by the physical impedance of axon regrowth. Therefore, scar-modulating
treatments have become a leading therapeutic intervention for CNS injury. To date, a variety of biological and
pharmaceutical treatments, targeting scar modulation, have been tested in animal models of CNS injury, and
a few are likely to enter clinical trials. In this review, we summarize current knowledge of the scar-modulating
treatments according to their specific aims: (1) inhibition of glial and fibrotic scar formation, and (2) blockade of
the production of scar-associated inhibitory molecules. The removal of existing scar tissue is also discussed as
a treatment of choice. It is believed that only a combinatorial strategy is likely to help eliminate the detrimental

effects of scar tissue on CNS repair.
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Introduction

The treatment of central nervous system (CNS) injury is
always a major challenge worldwide. Traumatic injury to
the adult CNS (either brain or spinal cord) may cause life-
long disability, impact quality of life, and become a great
burden for the family and society. It has long been held that
the adult mammalian CNS has little ability to spontaneously
regenerate beyond the lesion site, and the formation of
scar tissue acts as one of the largest barriers to CNS
regeneration. The scar tissue forming at the lesion site after
CNS injury consists of predominantly two types, glial and
fibrotic'.

The molecular changes within glial and fibrotic scars
are closely linked to the process of CNS regeneration.
Following traumatic CNS injury, bleeding occurs and
the blood-brain barrier (BBB) is broken. The infiltration
of blood proteins triggers the inflammatory reaction.
Hematogenous cells (including leukocytes, macrophages,
and lymphocytes) invade the surrounding neural tissue and
secrete various cytokines and chemokines, which induce
inflammatory reactions in the injured CNS and result in

local neural degeneration and cystic cavity formation.
Under the action of inflammatory factors, astrocytes and
other glial cells are activated to form a glial scar around the
lesion site. Several days post-injury, fibroblasts intrude into
the lesion site from adjacent meninges and perivascular
spaces, proliferate, and secrete extracellular matrix
(ECM) molecules, such as type IV collagen, fibronectin,
and laminin, to form a fibrotic scar. Actually, a rapid post-
injury response of astrocytes to CNS injury mainly aims to
protect the integrity of the BBB. Subsequently, there is a
fibroblastic reaction around astrocytes, and astrocytes and
fibroblasts interact extensively in an organized manner to
form the glial scar around a CNS lesion, as demonstrated
in rat models of spinal cord injury (SCN*. A more detailed
description of the progression of glial and fibrotic scar
formation after CNS injury can be found in a previous
review™, in which a schematic is provided to depict the time
course of lesion scar formation in the mouse brain.
Although the scar functions to restore the BBB,
prevent neuronal degeneration, and limit the spread of

[4, 5]

cellular damage™ ”, it is generally recognized as a major
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obstacle for CNS repair both by the production of inhibitory
molecules and by the physical impedance of axon regrowth.
Accordingly, it is of utmost importance to develop scar-
modulating treatments for CNS injury. Nowadays, these
treatments are mainly aimed at inhibition of scar formation
and blockade of the production of scar-associated inhibitory
molecules. In addition, the removal of existing scar tissue
is a remedy of choice. This review covers both established
strategies and emerging therapeutic perspectives for the
scar-modulating treatment of CNS injury.

Inhibition of Glial Scar Formation

Reactive astrocytes are the major cellular component of
glial scars formed after CNS injury. A variety of therapeutic
strategies targeting reactive astrocytes have been
developed (Table 1).

Suppression of Astrocyte Activation

Following a CNS lesion, quiescent astrocytes are activated.
Hypertrophic reactive astrocytes undergo proliferation
into the major component of the glial scar, and meanwhile
secrete many chemicals to inhibit axon regeneration. To
control the excessive reactivity of astrocytes and thus
to suppress glial scarring, many strategies have been
developed. Early in 1997, it was reported that transfection
of cultured astrocytes with antisense glial fibrillary acidic
protein (GFAP) mRNA successfully block astroglial
morphological changes and inhibit astrocyte proliferation,
while neurons persist in the vicinity of the lesion site with
neurite outgrowth®®. After hemisection of the spinal cord,
GFAP- and vimentin-knockout mice present with reduced
astroglial reactivity associated with increased plastic
sprouting of supraspinal axons’. As another example,
introduction of GFAP and vimentin siRNAs suppresses the
over-proliferation of reactive astrocytes and improves acute

urinary dysfunction in an SCI rat model®

. More approaches
to suppressing the astrocyte activation are described below.
Calpain inhibitors The upregulation of calpain, a water-
soluble Ca®"-activated cysteine protease, has been
implicated in apoptosis and tissue degeneration in SCI
animals. Research shows that an increase in GFAP is
accompanied by upregulation of calpain after SCI\.
Administration of E-64-d, a calpain-specific inhibitor,
decreases reactive astrogliosis and significantly reduces
glial scar formation in SCI rats"”. Another study showed

that intrathecal administration of another calpain-specific
inhibitor, MDL28170, improves neurological function after
SCI, attenuates the ratio of pro-apoptotic Bax/anti-apoptotic
Bcl-2 mRNA expression in the lesion site, and reduces the
glial scar by quenching astrocyte activation!®.
Cyclin-dependent kinase inhibitors Cell proliferation is
accomplished through the cell cycle. Cyclins and cyclin-
dependent kinases (CDKs) play important roles in cell
cycle regulation. To minimize the contribution of astrocyte
over-proliferation to glial scar formation, inhibition of CDK
activity has proven to be efficient. So far, several CDK
inhibitors have successfully quenched the over-proliferation
of astrocytes, including p27 (kip1)™", flavopiridol™® ™,
olomoucine'™ ™ and CR8".

High-molecular-weight hyaluronan (HA) HA is a long-
chain polysaccharide widely distributed in the mammalian
body, and as the chief component of ECM, it participates
in the regulation of many cellular functions. Under normal
conditions, HA exists in the high-molecular-weight (MW)
form (~2.0x10° Da); after injury, it degrades to the low-MW
form""®. The two forms have significantly different biological
activities. A high-MW HA-containing gel inhibits astrocyte
7 while the low-MW HA elicits cell proliferation
and inflammatory responses!® ", and stimulates angio-

responses

genesis via an increased proliferation of endothelial
cells"*?". High-MW HA added to astrocyte culture reduces
the proliferation of astrocytes"®. Based on this finding,
implantation of pre-formed gels made from high-MW HA
into transected rat spinal cord attenuates the astrocytic
response and decreases glial scar formation®.
Interferon-B (IFN-B) SCI mice receiving IFN-B exhibit
a decrease in glial scar formation and functional impro-
vement®. IFN-B inhibits the proliferation of reactive
astrocytes mainly via activation of toll-like receptor (TLR)-4%%,
suggesting that stimulation of TLR-4 signaling might be an
effective strategy for treating CNS injury.

Inhibitors of the TGF-B/Smad signaling pathway The
BBB is disrupted immediately by CNS injury, and the
leakage of the blood protein fibrinogen induces reactive
astrocytosis via an interaction between fibrinogen-
carried TGF-B and astrocytes, and concurrently promotes
deposits of chondroitin sulfate proteoglycans (CSPGs)
that block axonal reconnection. This process is believed
to be mediated by TGF-B/Smad signaling pathways®".
Therefore, some researchers have attempted to inhibit this
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Table 1. Strategies for inhibiting glial scar formation

Strategy and/or agent Example Injury model Effect
Suppression of astrocyte activation
Calpain inhibitor E-64-di¥ SCl rats Reduced astrogliosis
MDL281700 Spinal cord hemisection Quenched microglia and astrocyte activation
in rats
CDK inhibitor P27 (kip1)i! Scratch wound model and Inhibited astrocyte proliferation
cortical stab wound in mice
Flavopiridol and Brain traumatic injury Attenuated proliferation/ activation of
olomoucingl'21 in rats astrocyte and microglia
CRg Rat SCI contusion Reduced astrogliosis and chronic
inflammation
High-MW HA High-MW HAU®! SCl rats and primary Astrocytes in a state of quiescence
rat astrocyte culture
High-MW HA-containing A rat model of spinal dorsal Reduced glial scar formation
gell' hemisection injury
INF-B INF-B and cytosine SCl mice Reduced astrocyte proliferation
deaminasel®
TGF-B/smad Decorint3 SCl rats Decreased glial scar formation
inhibitor
Anti-TGF-1 Thoracic spinal cord Decreased the number of reactive astrocytes
antibody 2% contusion in rats
HGF-MSCs 27 Spinal cord hemisection Reduced astrocyte activation
in rats
Taxoli28! SCl rodents Diminished astrocyte activation
JAK2/STAT3 Triptolide® SCl rats Attenuated glial scaring and inflammation
inhibitor Nes-Stat3—/- or SCl mice Rapid migration of reactive astrocytes
Nes-Socs3—/-B1
EGF inhibitor PD168391 and SCl rats Functional and structural outcome

Endothelin receptor
antagonist

Elimination of excessive reactive
astrocytes

Induction of linear alignment

Regulation of NF-kB signaling

AG147854
BQ788:7

Bosentan and BQ788)

L-a-aminoadipatel*®

Transgenic expression
of HSV-TKE

GRP-derived astrocytest!!

Proinflammatory factors,
CXCL10 and CCL21*4

Transgenic inhibition of
NF-kBU!

Brain stab wound in rats

Cultured astrocytes in vitro

Normal rats

Forebrain stab injury in mice

SCl rats

SCl mice

SCl mice

Attenuated astrocyte activation

Prevented astrocyte proliferation

Disrupted astrocytic network

Inhibited reactive astrocytes

Linear alignment of host astrocytes

Reduced glial scar formation

Reduced astrogliosis and functional
improvement

signaling pathway in order to suppress glial scar formation.
Injection of decorin, a small, leucine-rich, TGF-B-binding

proteoglycan, into SCI rats reduces glial scar formation,
inhibits CSPG synthesis, and alleviates inflammation®®.
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Another similar study demonstrated that intrathecal
administration of an anti-TGF-B1 antibody into SCI rats
decreases the number of reactive astrocytes, inhibits glial
scar formation, and enhances locomotor recovery.

Hepatocyte growth factor (HGF), originally identified
only as a mitogen for hepatocytes, has now been
suggested to participate in nerve injury via regulation of
TGF-B. Transplantation of HGF-overexpressing mesen-
chymal stem cells (HGF-MSCs) into the hemisected spinal
cord of rats diminishes the level of TGF-B isoform, reduces
the extent of astrocytic activation, increases axonal growth
beyond the glial scar, and improves the recovery of forepaw
function®”.

A recent study demonstrated that treatment with
taxol diminishes astrocyte activation as well as glial scar
formation. Taxol also improves axonal regeneration and
functional recovery in animal models. The underlying
mechanism may be that taxol causes Smad2/3 to
localize persistently to microtubules and inhibits 70% of
its translocation to the nucleus, thus abolishing TGF-8
signaling®®®.

Blockade of the JAK2/STAT3 signaling pathway Signal
transducer and activator of transcription 3 (STAT3) is a
member of the JAK-STAT family that transduces signals
for many cytokines and growth factors. The JAK2/STAT3
pathway is one of the triggers for reactive astrogliosis.
STAT3 knockout mice exhibit attenuated upregulation of
GFAP and marked suppression of astrocyte hypertrophy®®.
Triptolide, one of the major active ingredients of a traditional
Chinese herb Tripterygium wilfordii Hook F, significantly
inhibits inflammation and astrogliosis in SCI rats by blocking
the JAK2/STAT3 pathway®. Okada et al. also analyzed
the impact of conditional ablation of suppressor of cytokine
signaling 3 (SOCS3, a target of STAT3 transcriptional
activation) on reactive astrocytes after SCI. They found that
knockout of SOCS3 in mice leads to the rapid migration of
reactive astrocytes to seclude inflammatory cells, enhances
the contraction of the lesion area, and thereby improves
functional recovery®".

Epidermal growth factor inhibitors Activation of
epidermal growth factor receptor (EGFR) triggers quiescent
astrocytes into reactive astrocytes®, and stimulates the
secretion of CSPGs, thus contributing to the formation of

533

glial scars™. Therefore, inhibition of EGFR may reduce the

extent of astrocyte activation and abate the glial scarring.

Erschbamer et al. showed that direct delivery of the potent
EGFR inhibitors PD168391 and AG1478 to the injured
area in SCI rats improves the functional and structural
outcomes®.

Endothelin receptor antagonists and JNK/c-Jun and
ERK/c-Jun signaling pathway inhibitors Endothelin
is a potent vasoconstrictor peptide that mainly acts
on blood vessels. The endothelin level is, however,
markedly upregulated after CNS injury, inducing
reactive astrogliosis®® **. Infusion of BQ788, a selective
endothelin-B receptor antagonist, into the cerebral ventricle
of rats with brain injury attenuates the activation and
proliferation of astrocytes®”. Recently, researchers provided
in vitro evidence that endothelin-1 induces the activation
and proliferation of astrocytes via the JNK/c-Jun signaling
pathway®®. The two endothelin receptor antagonists
Bosentan and BQ788 prevent astrocyte proliferation and
JNK phosphorylation, while c-jun siRNA prevents the
endothelin-1-induced proliferation of astrocytes, confirming
the involvement of the ERK-dependent pathway in the
regulation of reactive astrogliosis. They proposed that after
CNS injury, the increased level of endothelin activates
the JNK- and ERK-dependent pathways via binding to
endothelin receptors on astrocytes, and both pathways
activate c-Jun and trigger astrocyte proliferation®. These
findings indicate that molecular targeting of both the JNK/
c-Jun and ERK/c-Jun pathways could be an approach to
reducing reactive astrogliosis after brain injury®.
Elimination of Reactive Astrocytes

Besides inhibiting astrocyte activation, researchers have
been concerned about how to remove reactive astrocytes
to prevent scar formation. Early in 1996, Khurgel et al.
reported that a focal injection of L-a-amino adipate, an
astroglial toxin, directly into intact amygdala of adult rats
creates an astrocyte-free region for 2 days®. In another
study, given that the transgenic expression of Herpes
simplex virus thymidine kinase (HSV-TK) in reactive
astrocytes renders them sensitive to ganciclovir, Bush et al.
found that reactive astrocytes adjacent to a forebrain stab
injury are selectively ablated by ganciclovir treatment in
adult mice expressing HSV-TK from the Gfap promoter®”..
Induction of Linear Alignment of Astrocytes
Glial-restricted precursors (GRPs) are precursors of
oligodendrocytes and astrocytes, and GRP-derived
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astrocytes (GDAs) are a new glial type generated by GRPs
via MBP4. Transplantation of GDAs not only promotes
axon regeneration and protects locomotor function, but
also induces the linear alignment of host astrocytes. This
provides an ideal tract for axon regeneration and growth,
accompanied by reduced over-proliferation of astrocytes
and reduced scar formation™".

Regulation of Nuclear Factor kB in Astrocytes
Nuclear factor kB (NF-kB) plays a key role in inflammation
and secondary lesions after traumatic CNS injury™* *. In
SCI animal models, the expression of NF-kB-dependent
genes is upregulated. Selective inactivation of NF-kB in
astrocytes in contusive SCI mice reduces the expression
of pro-inflammatory factors, such as CXCL10 and CCL2,
suppresses GFAP expression and CSPG secretion,
and reduces scar formation*. Similarly, spared and
sprouting spinal tracts are increased, together with
improved functional recovery after SCI in GFAP-inhibitor
of kB dominant-negative mice, as transgenic inhibition of
astroglial NF-kB-dependent cascades reduces the reactive
astrogliosis“®. Collectively, these findings suggest that
treatments targeting NF-kB may have an indirect inhibitory
effect on glial scar formation.

Inhibition of Fibrotic Scar Formation

Several days after CNS injury, fibroblasts originating

146.471 invade and

from meningeal and perivascular cells
proliferate at the lesion site to secrete ECM components,
such as type IV collagen, fibronectin, and laminin. The
contact between fibroblasts and astrocytes enables ECM
to form a continuous basal membrane between the two
types of cells, and the membrane ultimately creates the
fibrotic scar. In different types of CNS injury, most SCI
cases are characterized as contusions that leave the
meninges intact. The latest research indicates that the
fibrotic scar formed after contusive or penetrating SCI is
predominantly composed of collagen1a1 cells that migrate
to the injury site from a perivascular source via a dynamic
temporospatial process™*’.

Local injection of a,a’-dipyridyl, both an iron chelator
and an inhibitor of collagen triple helix synthesis, significantly
reduces collagen formation, and thus suppresses the
formation of fibrotic scars!*®*”. The expression of TGF-B1 and
its receptors (types | and Il) increases during the migration

of fibroblasts to the injury site, and the increased TGF-31
directly activates meningeal fibroblasts®. Accordingly,
fibrotic scar formation is promoted by exogenous TGF-$1
and prevented by anti-TGF-B1 antibody in injured rat brain®" *2,
and more recently, researchers have found that blocking
TGF-B function with cyclic adenosine monophosphate in
combination with a collagen synthesis inhibitor transiently
reduces fibrotic scar formation and promotes axonal
regeneration in the injured spinal cord®.

Prolyl 4-hydroxylase (P4H), a key enzyme for catalyzing
protocollagen proline hydroxylation in fibroblasts and
other type IV collagen-producing cells, plays a critical role
in the synthesis of type IV collagen®. Local injection of
P4H inhibitors to the injury site suppresses fibrous scar
formation after CNS injury®. On the other hand, since
the functioning of P4H requires its co-factors such as Fe*
ion, ascorbate, and a-ketoglutarate, inhibition of these
cofactors also suppresses the function of P4H. a,a’-dipyridyl
is one of the most common cofactor inhibitors reported so
far. A recent study® demonstrated that combined use of
2,2’-bipyridine-5, 5’-dicarboxylic acid, a potent iron chelator,
and cyclic adenosine monophosphate®, an inhibitor
of fibroblast proliferation and collagen biosynthesis,
significantly reduces fibrotic scar formation in SCI rats.

In some less-frequent cases of CNS injury involving
disruption of the meninges, repair of the meninges has
been suggested to reduce the number of fibroblasts that
invade the injury site and suppress the scar formation.
For instance, dural repair was used to reduce connective
tissue scar invasion and cystic cavity formation after acute
spinal cord laceration in adult rats®’. Besides, in a study
by Li et al., topical glucocorticoids applied immediately
after cerebral cortical stab wounds in adult rats modulate
the lesion interface and attenuate the scarring process,
suggesting that the inhibition of injury-induced inflammation
might also suppress fibrotic scar formation®.

In addition, cell proliferation is associated with
the formation of either glial or fibrotic scars. Therefore,
inhibition of the over-proliferation of either reactive
astrocytes or fibroblasts after CNS injury may significantly
reduce the scarring. Previous research reported that an
optimal dose of X-irradiation eliminates connective tissue
scars as well as glial scars in a rat model of SCI®**”. More
physical interventions targeting scar formation after SCI
have been described in a previous review®".
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Cell transplantation is a widely-used strategy to
treat CNS injury. Transplantation of different cell types,
including neural stem cells, bone marrow stromal cells,
and Schwann cells, has shown potential to promote axon
regeneration because they can either differentiate into
neural cells or secrete various neurotrophic factors. Recent
studies have demonstrated that after CNS injury, cell
transplantation inhibits fibrotic scar formation at the lesion
cite. For example, combined transplantation of olfactory-
ensheathing cells and olfactory nerve fibroblasts or single
transplantation of meningeal fibroblasts into the lesion
site of SCI rats is able to suppress fibrotic scar formation,
the former performing better on axonal regeneration. The
mechanism by which cell transplantation inhibits fibrotic
scar formation remains to be elucidated. However, it seems
likely that cell transplantation into the lesion site disturbs
the linkage of fibroblasts and reactive astrocytes, thus
preventing the formation of fibrotic scars®®.

Blockade of the Production of Scar-Associated

Inhibitory Molecules

The inhibitory molecules that go along with scar formation
present chemical barriers to successful axon regeneration!® .
These molecules have been a matter of concern in elimi-
nating the scar-induced chemical suppression of axon
regeneration. They are mainly derived from glial and fibrotic
scars, and myelin debris (Fig. 1). Diverse interventions are
required to tackle different inhibitory molecules (Table 2).
CSPGs

Among the various inhibitory molecules, CSPGs from the glial
scar® ®¥ are considered the major component® 7" The
CSPG family includes neurocan, brevican, phosphacan,
aggrecan (produced by astrocytes), NG2, and versican
(produced by oligodendrocyte precursors or meningeal
cells)®. The protein core and one or more sulfated
glycosaminoglycan (GAG) side-chains constitute an intact
CSPG". Chondroitinase ABC (ChABC), an enzyme
that degrades GAG side-chains, when delivered to the
site of axotomy in rat brain injury models promotes axon
regeneration. These results confirm that CSPGs have
inhibitory effects on axon regeneration via their GAG side-
chains™. Since the mechanism of action of ChABC does
not clash or overlap with many other treatment strategies,
several studies have examined the feasibility of combining

it with other treatments for SCI repair, such as myelin-
inhibitory molecule blockers, cell implantation, growth
factors, and ion channel expression”. The polymerization
of GAG chains onto CSPG core proteins occurs through
the action of an enzyme complex consisting of chondroitin
synthase” and chondroitin polymerizing factor (ChPF)".
So RNA interference can be used to decrease the mRNA
expression of ChPF and so reduce the inhibitory effect of
CSPG on axon regeneration!”.

Besides the GAG side-chains, CSPG core proteins
also inhibit axon regeneration”® ™. Accordingly, it is of
great importance to degrade these proteins. Both plasmin
and plasminogen lead to the degradation of various kinds
of CSPGs with protein cores as the target of action® 22,
However, the degradation of core proteins is limited due to
the existence of GAG chains. Therefore, the GAG must be
removed in order to efficiently degrade the core proteins.

Tissue plasminogen activator (tPA) is markedly
upregulated after SCI in C57BL/6 mice®™. tPA is a serine
protease that mediates the proteolytic conversion of
plasminogen to plasmin. After administration of ChABC
to tPA knockout mice and intact C57BL/6 mice, the latter
exhibit pronounced downregulation of CSPGs and axon
regeneration compared to the former. This result can be
ascribed to the fact that ChABC cleaves GAG, exposing
the core proteins, and thereby allows their degradation by
plasmin. Furthermore, tPA may tightly bind to the exposed
core protein of CSPGs, thus facilitating the production of
plasmin®!. Consequently, compared to single treatment,
co-treatment with both ChABC and tPA/plasmin is more
suitable for SCI treatment.

The biosynthesis of CSPGs requires the participation
of many enzymes, including xylosyltransferase-1 (Xt-1)
and chondroitin 4-O-sulfotransferase-1 (C4st-1). Xt-1 is a
critical enzyme that catalyzes glycosylation of the CSPG
protein backbone, whereas Xt-1 inhibition suppresses
CSPG synthesis. Application of a DNA enzyme against
Xt-1 to the injured spinal cord significantly promotes neurite
outgrowth®. Similarly, injection of 4-methylumbelliferyl-B-
D-xylopyranoside to the injured mouse spinal cord reduces
CSPG synthesis and improves remyelination®.

Bioinformatics has been used to identify putative
binding sites for the transcription factor SOX9 in the
promoter regions of the Xt-1, Xt-2, and C4st-1 genes in
humans, rats, and mice. Researchers have suggested that



Dingding Shen, et al. Scar-modulating treatments for CNS injury

973

Reactive astrocyte

Regenerating axon

Fibroblast

&

- T« Oligodendrocyte

| Fibrotic
scar

Ghal scar

Downstream signaling

.\' el
\\\\ ; SemaphorinaA
CSPGs "
l 4 P
o ]
o X,
l Unknown E s
\ / o % receptor z
<
F=
.
w

——

,-.“-:-_-..._
-

-
L

[ch ) (AkTPke |

NgR complex --___ -

|

Inhibition of CNS axon regeneration

Fig. 1. Schematic of the molecular inhibitors of CNS axon regeneration, which mainly include glial scar-based CSPGs and their
downstream signaling pathways (RhoA, PKC, AKT/PKB, and GSK 38); myelin-derived proteins (such as NogoA, MAG, and OMgp)
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shown is the appearance of a variety of cells (reactive astrocytes, fibroblasts, oligodendrocytes, and neurons; oligodendrocyte

precursors and microglia/macrophages are omitted) around the lesion site after CNS injury. This figure was drawn by referring to

previous review articles®**".

SOX9 regulates the expression of Xt-1, Xt-2, and C4st-1,
and in vitro experiments have confirmed this hypothesis®.
CSPG deposition and collagenous scarring are reduced
in the SCI lesion of SOX9 conditional knockout mice,
suggesting that inhibition of SOX9 activity may become a
novel therapeutic strategy for SCI®".

Fibrinogen is a soluble blood protein. After CNS
injury, it leaks from the disrupted blood-brain barrier or
damaged blood vessels, and enters the lesion site. Since
fibrinogen works as a carrier of latent TGF-f to induce the
phosphorylation of Smad2, it promotes the activation of
astrocytes and deposition of CSPGs via the TGF-B/Smad

signaling pathway. Genetic knockout or pharmacologic

inhibition of fibrinogen reduces TGF- activation, Smad2
phosphorylation, glial cell activation, and neurocan
deposition after cortical injury in mice. Given these results,
fibrinogen-targeting therapies might be beneficial for the
repair of CNS injury®?".

Although it has been long known that CSPGs inhibit
axon regeneration, the underlying mechanism remains
poorly understood. Recent research has revealed that
CSPGs may inhibit axon regeneration through four
receptors, including PTPo, leukocyte common antigen-
related (LAR) phosphatase, Nogo receptor 1 (NgR1), and
Ng R3188-0]

PTPao, a transmembrane protein tyrosine phosphatase,
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Table 2. Strategy examples for blocking scar-associated inhibitory molecules

Inhibitory molecules Strategy Example Model

CSPGs Inhibition of the GAG

side chains of CSPGs

Transfection with siRNA against ChPFI7 Astrocyte culture

Combined use of chondroitinase ABC with cell SCI models
implantation, growth factors, myelin-inhibitory

molecule blockers, or ion channel expression™

Myelin-derived proteins

Slit proteins

Semaphorin3A, Plexins,
and Neuropilins

EphA4 and Ephrin-B3

Tenascin-R

Degradation of CSPG core
proteins

Clearance of CSPG core
proteins

Disruption of GAG-chain
initiating enzyme

Inhibition of fibrinogen

Blockade of CSPGs binding
to receptors

Stimulation of downstream
pathways of CSPGs

Inhibition of Nogo-A

Targeting receptors of
Nogo-A and other myelin-
derived proteins

Inhibition of related signaling

Inhibition of slit-glypican
interactions

Inhibition of semaphoring/
plexin signaling

Inhibition of EphA4 and
Ephrin-B3

Inhibition of tenascin-R

Use of decorin to promote plasminogen/
plasmin expressioni2s 2

ChABC and tPA/plasmin system!®!

DNA enzyme against Xt-14

4-methylumbelliferyl-B-D-xylopyranoside!®

Conditional knockout of SOX917

Genetic or pharmacologic depletion of
fibrinogeni??

Knockout of PTPg 81

Knockout or blockade with peptides of LAR®

Knockout of NgR1 and NgR3 %

Activation of Akt by amphotericin B!

Inhibition of RhoA by 170 estradiol,
ibuprofen or indometacin!'%-102

Blockade of PKC activity by G66976!
Use of GSK-3 inhibitor, lithium!#

Use of anti-Nogo-A antibody IN-1107

Use of antibodies against rat Nogo-A
(7B12 and 11C7)1"e¢

Use of NgR antagonist NEP 1-401"2

Blocking Rho function by C3 transferase
from Clostridium botulinum!'24

Use of heparan sulphate proteoglycan
glypican-1013

Use of anti-Semaphorin 3AI1

PlexinA2 deletionl#4

Blockade of Neuropilin 2041
Use of EphA4 antagonist!™!

Use of antibody against tenascin-R!"s4

SCl rats and cultured adult spinal cord
microglia

SCI mice

Astrocyte culture and SCI mice
SCI mice

SCI mice

Cortical SWI mice

Neuronal culture and SCI mice

Neuronal culture and SCI mice

Neuronal culture and mice with
retro-orbital optic nerve crush injury

Cerebellar neuron culture

SCl rats

SCl rats
SCl rats

SCI monkeys
SCl rats

Rats with lateral funiculus injury

SCI mice

Glypican binding to Slit model

Optic nerve axotomy-injured retinal
ganglion cells

PlexinA2 —/- cultures; PlexinA2 —/- mice
subjected to unilateral pyramidotomy

Interfaces of astrocyte/meningeall cell

Astrocyte and neuronal culture; SCI mice

SCl rats

ChPF, chondroitin polymerizing factor; ChABC, chondroitinase ABC; CSPGs, chondroitin sulfate proteoglycans; GAG, glycosaminoglycan; LAR,
leukocyte common antigen-related phosphatase; NgR, Nogo receptor; SWI, stab wound injury; tPA, tissue plasminogen activator; Xt-1,

xylosyltransferase-1.
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is functionally involved in the inhibitory effects of CSPGs
on neurons via an interaction between the conserved,
positively-charged region on the surface of the first
immunoglobulin-like domain of PTPc and the GAG chain
of CSPG™. In culture, PTPo-null neurons show reduced
inhibition by CSPG®, while in PTPao-null mice, dramatic
regeneration of corticospinal tract axons has been reported
after dorsal spinal injury®"’.

LAR is a widely expressed protein in various neurons in
the brain and spinal cord. DRG neurons derived from adult
LAR-null mice exhibit increased neurite length when cultured
on CSPG substrates, while blockade of LAR by extracellular
LAR peptide (ELP) and intracellular LAR peptide (ILP)
overcomes the neurite growth restriction by CSPGs in
neuronal cultures®. To further confirm the efficacy of ELP
and ILP, it was found in SCI mice treated with ELP that the
density of 5-5-hydroxytryptamine fibers in the spinal cord 5-7
mm caudal to the lesion epicenter is significantly increased,
and axon regeneration is also enhanced®™.

NgR1 is the common receptor of Nogo66, oligoden-
drocyte myelin glycoprotein (OMgp), and myelin-associated
glycoprotein (MAG), whereas NgR2 is the receptor of
MAG. In contrast, the related molecule, NgR3, is poorly
characterized and no functional ligands have yet been
identified. A recent report indicated that NgR1 and NgR3
bind with high affinity to the glycosaminoglycan chain of
CSPGs and serve as CSPG receptors. The combined loss
of NgR1 and NgR3 enhances axon regeneration®.

Although PTPao, LAR phosphatase, NgR1, and NgR3
all contribute to the restriction of axon regeneration, deep
insights are required into the actions of these receptors. It
is believed that there will be in depth studies on this topic in
future.

Then, how do CSPGs inhibit axon regeneration after
binding their receptors on neurons? So far, four downstream
pathways have been proposed: the Akt/PKB, RhoA, PKC,
and glycogen synthase 3B (GSK 3B) pathways!*®%.

Akt is the key factor in the mTOR pathway®”, and mTOR
regulates protein translation, for example, cytoskeleton
formation during axon regeneration. CSPGs inhibit Akt
activity and restrict axon regeneration indirectly. Amphotericin
B, identified from a natural product screen, activates Akt and
suppresses GSK 3 activity. The compound counters the
CSPGs-induced inhibition of axonal growth possibly via a
mechanism involving the activation of Akt®®.

RhoA, a small GTPase, leads to cytoskeleton collapse
and inhibits axon regeneration though ROCK activation®®.
Production of CSPGs after CNS injury activates RhoA, and
so inhibition of RhoA with 17B-estradiol™ or some non-
steroidal anti-inflammatory drugs"®" "% such as ibuprofen
and indomethacin, can be used for treating CNS injury.

Both CSPGs and myelin-associated proteins activate
PKC. Blocking PKC activity by pharmacological or genetic
manipulation attenuates the ability of CSPGs and myelin to
activate Rho and promotes neurite regeneration'®.

GSK-38 is highly expressed in neurons, and CSPGs
suppress axon regrowth possibly through activation of
GSK-3B. In consequence, treatment with GSK-3 inhibitors
including a clinical dose of lithium to rats with thoracic
spinal cord transection or contusion injury decreases
corticospinal and serotonergic axon sprouting in the caudal
spinal cord and promotes locomotor functional recovery™®.
Myelin-Derived Proteins
Myelin-derived proteins consist mainly of Nogo-A, MAG,
and OMgp"®.

Nogo-A was discovered in myelin as a potent inhibitor
of neurite growth!®. A monoclonal antibody against Nogo-A
(IN-1) was produced soon after its discovery. Implantation
of IN-1-producing hybridoma cells into SCI rats enhances
axon regeneration, improves functional recovery, and
increases the plasticity of intact CNS fibers""®®. Therefore,
the application of Nogo-A inhibitors has therapeutic effects
in CNS injury, which suggests a possibility of clinical
trials!"® ' IN-1, an IgM-type antibody to Nogo-A, has
long been a research focus, but recently two IgG-type
monoclonal antibodies to Nogo-A (7B12 and 11C7) have
gained much attention. These two antibodies have been
delivered separately into the cerebrospinal fluid of SCI rats,
and they dramatically enhance axon sprouting and improve
recovery of motor function!'%.

Although in vitro and in vivo models have pointed
out the importance of Nogo-A in limiting regeneration
and recovery after CNS injury, data from Nogo-knockout
mutants, generated by three groups independently!""",
are less simple to interpret!"'?. Subsequent studies have
demonstrated that age, strain, and type of lesion also
modulate the Nogo-null phenotype, and thus the roles
of Nogo in CNS axon repair may be more intricate than

previously envisioned!"'*"",

MAG is known to inhibit neurite outgrowth in vitro"',
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and MAG-knockout mice have been used to assess its
in vivo function in axonal regeneration, but the results
from different labs are contradictory. One group reported
that after SCI, more axons extend long neurites across
the lesion site in MAG-null mice!"”, while another group
reported no difference in axonal regeneration between
MAG-null and wild-type mice after SCI or optic nerve
injury™®. This discrepancy may be due to the difference
in genetic background between the two independently-
generated MAG-null mouse lines, and/or variations in the
methods of regeneration assessment. Therefore, although
MAG is an inhibitory molecule that actively suppresses
axonal regeneration in vitro and in vivo, its deletion is not
necessarily associated with robust regeneration after CNS
injury™.

The studies using OMgp-knockout mice indicate that
these mice exhibit elevated collateral sprouting from the
CNS node of Ranvier™, and that OMgp-null mice show
greater functional and anatomical regeneration after SCI,
both suggesting that OMgp plays a role in restricting axonal
sprouting.

Since Nogo-A, MAG, and OMgp share the neuronal
membrane-bound NgR complex, which includes NgR1,
NgR2, NgR co-receptors (p75NTR, Troy, and Lingo-1),
ganglioside GT1b, and PirB"?, researchers turned their
attention toward NgRs. Various approaches to targeting
NgRs, including the NgR antagonist NEP1-40""*", genetic
deletion of NgR'™, transfection with siNgR199"%*, and DNA
vaccine against NgR"*, have been reported. However,
some researchers failed to demonstrate the maintenance
of neuroregeneration in NgR-knockout mice after SCI'",
suggesting that neuronal receptors for Nogo-A, MAG,
and OMgp are not limited to NgRs. Blockade of leukocyte
immunoglobulin-like receptor subfamily B member 2
(LILRB2) was noted to improve neurite outgrowth™, and
this might be another neuronal receptor for Nogo-A, MAG,
and OMgp, so it will attract more attention in future.

Besides NgR and LILRB2, other co-receptors for
Nogo-A, such as p75NTR, LINGO-1, and Troy, have also
been studied. After SCI, p75NTR-deficient mice do not
show enhanced axon regeneration due to the limited
expression of p75NTR in a very small subset of ascending
sensory axons®. Unlike p75NTR, LINGO-1 and Troy are
broadly expressed in neurons. Neurons in Troy-deficient
mice are less sensitive to the reduction of neurite outgrowth

by myelin inhibitors™®”, while administration of the LINGO-1
antagonist LINGO-1-Fc dramatically enhances axonal
sprouting in SCI rats"*,

In addition, inhibition of signaling pathway is effective
for blocking the activity of myelin-derived proteins. Both
CSPGs and myelin-derived proteins (Nogo-A, MAG, and
OMgp) inhibit neurite outgrowth through the Rho/Rho
kinase pathway, and Clostridium botulinum C3 transferase
has been used to inhibit Rho, and achieve good outcomes

29 Now this therapy has been
[130]

of CNS regeneration
launched in clinical trials
Slit Proteins

Slit, a group of proteins that are chemically repulsive
to growing axons, was first identified in Drosophila
melanogaster mutants"*". During neural development,
slit proteins, expressed by midline glial cells, bind Robo
receptors on growth cones and function as repellents of
axon outgrowth" ¥ So far, three types of slit proteins
have been identified in vertebrates: slit1, slit2, and slit3.

One study showed that all slit family members are
expressed at the lesion, and slit2 mRNA is most intensely
expressed in the cells surrounding the necrotic tissue. This
study also indicated that slit and glypican-1 mRNAs are co-
expressed in the reactive astrocytes of the injured adult
brain"*". Glypican-1, a high-affinity ligand of slit2 protein,
binds to the C-terminal fragment of slit proteins mainly via
heparan sulfate chains. The tight interaction between slit2
and glypican-1 in reactive astrocytes promotes the binding
of slit2 to Robo-1, and suppresses axonal outgrowth.

Slit expression has also been identified in an animal
model of SCI, in which slit1 and slit3 were expressed at
the lesion site at 8 days after injury, suggesting that they
are expressed in activated microglial cells (macrophagic
cells) or meningeal fibroblastic cells""*. These cells are
involved in scar formation. Based on these findings,
the ability of slit to inhibit axon regeneration has gained
considerable attention. For example, PI-88 (a chemically
sulfonated yeast-derived phosphomannan), D120 (a
sulfated hydrophilic dextran), and a low-MW heparin
have been identified as potent inhibitors of glypican—slit
interactions"*. So far, however, there is little experimental
evidence on the improving effects of these three agents on
axon regeneration.

Semaphorin3A, Plexins, and Neuropilins
Semaphorins are a class of proteins that function to guide
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the axon growth cone during neural development!®".
Following CNS injury, fibroblasts migrating to the lesion
site show robust expression of meningeal cell-derived
Semaphorin 3A, and cause the collapse of growth
cones!"™®™% Application of antibodies against Semaphorin
3A protects retinal ganglion cells from optic nerve
axotomy-induced cell death™", suggesting the therapeutic
significance of Semaphorin inhibitors. However, there is still
controversy over whether inhibition of Semaphorin 3A is an
effective treatment for CNS injury.

Plexins are a large family of cell surface receptors.
The ability of Semaphorin to cause growth-cone collapse
is mainly attributed to an interaction of Semaphorin
with Plexins, its neuronal receptors"*?. The binding of
Semaphorin to Plexins requires Neuropilins as a co-
receptor™,

The role of Semaphorin/Plexin signaling in axonal
growth after adult CNS injury has been studied with
different results. For example, after unilateral pyramidal
transection in the medulla, PlexinA2-null mice exhibited
the sprouting of unlesioned corticospinal fibers across
the midline to innervate the contralateral gray matter of
the spinal cord, accompanied by improved behavioral
recovery"*!. However, another finding suggested limitations
of targeting Semaphorin-mediated inhibition for promoting
spinal axon regeneration, thus raising an issue of whether
Semaphorin 3A modulates injury-induced axonal growth
in a less severe injury model and whether receptors other
than Plexins may mediate the inhibition of Semaphorin in
the adult CNS!'*,

Semaphorin receptors consist of the Neuropilin/Plexin
complex. In principle, disruption of this receptor complex
may enable injured axons to overcome Semaphorin
3A-mediated inhibition. It has been reported that blockade
of Neuropilin2 promotes axon growth across the astrocyte—
meningeal fibroblast border"®.

EphA4 and Ephrin-B3

Erythropoietin-producing hepatocellular (Eph) receptors
and their ephrin ligands are important mediators of cell—
cell communication, regulating cell attachment, shape, and
mobility™”. EphA4 is critically involved in the formation of
the astroglial scar®® "*® " After CNS injury, EphA4 not only
participates in astrocyte gliosis and glial scar formation, but
also contributes to the suppression of axon regeneration*®.
Therefore, injection of an EphA4 antagonist into SCI

mice leads to substantial recovery from injury and axon
regeneration'"®”. EphA4-deficient mice also exhibit less
gliosis and significant axonal regeneration in SCI mice™.
Myelin-derived Ephrin-B3"*" has also been reported to
serve as an inhibitor of axon growth!™®, but there are few
reports on the treatment of CNS injury targeted at Ephrin,
possibly because knockout of Ephrin-B3 is the only feasible
approach for its inhibition.
Tenascin-R
The expression of tenascin-R, an ECM constituent within
the glial scar'’®, is dramatically upregulated after CNS
injury, and tenascin-R upregulation is also likely to inhibit
axon growth®. Immunization with an antibody against
tenascin-R promotes axonal regeneration and functional
recovery in SCI rats!"®.
Removal of Existing Scar Tissue
The above strategies have proven effective for the
prevention of scar formation and for the restriction of scar-
associated inhibitory molecules in CNS injury. To date,
however, research has not fully focused on the removal of
existing scar tissue that often occurs in cases of chronic
CNS injury. The chronic lesion possesses irregularly
shaped scar tissue that line the entire perimeter of the
cavity. As a result, it is difficult to ablate this tissue by
surgery or laser radiation. Interestingly, after injecting rose
Bengal, a biological stain, into the cavity at the injury site in
rat spinal cord, researchers found that the glial scar tissue

is at least partially ablated by illumination*®.

Concluding Remarks

The scar plays a double-faceted role in CNS injury and
repair depending on the phase of recovery. In the acute and
subacute phases, the scar and its components may have
beneficial effects by sealing the lesion site, remodeling
the tissue, mediating the ‘SOS’ response, restoring
homeostasis, providing trophic support, preserving spared
tissue, and regulating immune activity. As time passes,
however, the scar gradually has detrimental effects, serving
as a physical and molecular barrier to axonal regrowth

U571 |n this review, we were

during the chronic phase
concerned only with the destructive features of the scar,
especially focusing on therapeutic interventions targeted
at the modulation of (1) scar formation, (2) scar-associated

inhibitory molecules, and (3) existing scar tissue. Over
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the past decades, tremendous efforts have been made
to identify the complex interactions during scar formation
(mainly during reactive astrogliosis), to elucidate the
molecular and cellular basis of scar inhibition, and to further
develop therapeutic strategies directed at scar modulation
after CNS injury.

The strategies outlined in this review have demon-
strated considerable success in animal studies. Their
drawbacks in clinical trials, however, suggest that biological
and pharmaceutical treatments based on a single
mechanism are not efficient enough to allow satisfactory
recovery of patients with CNS injury. The great challenge
is how to deliberately manipulate the molecular and
cellular interactions that lead to scar formation and how
to accurately control the signaling pathways engaged by
the scar-associated inhibitory molecules. Clearly, this is
a challenging task because either the manipulation or
the control varies as a function of injury severity, injury
site, intervention timing, and other factors. It is most
probable that an efficacious treatment of CNS injury is a
combinatorial strategy that encourages axon growth under
a favorable environment provided by neural cells and ECM
molecules without the detrimental effects of the scar.

ACKNOWLEDGEMENTS

We thank Professor Jie Liu for assistance with manuscript writing,
and Mr. Junjie Zhu for help in retrieving references. This review
was supported by grants from the National Basic Research
Development Program (973 Program) of China (2014CB542202),
National High-Technology Research Program (863 Program) of
China (2012AA020502), the National Natural Science Foundation
of China (81130080), and a Project Funded by the Priority
Academic Program Development of Jiangsu Higher Education
Institutions, Jiangsu Province, China.

Received date: 2013-12-27; Accepted date: 2014-04-09

REFERENCES

[11  Fitch MT, Silver J. CNS injury, glial scars, and inflammation:
Inhibitory extracellular matrices and regeneration failure. Exp
Neurol 2008, 209: 294-301.

[2] Bundesen LQ, Scheel TA, Bregman BS, Kromer LF.
Ephrin-B2 and EphB2 regulation of astrocyte-meningeal
fibroblast interactions in response to spinal cord lesions in
adult rats. J Neurosci 2003, 23: 7789-7800.

(3]

[4]

5]

(6]

[7]

(8]

9]

[10]

(1

[12]

(13]

[14]

(18]

Kawano H, Kimura-Kuroda J, Komuta Y, Yoshioka N, Li HP,
Kawamura K, et al. Role of the lesion scar in the response to
damage and repair of the central nervous system. Cell Tissue
Res 2012, 349: 169-180.

Faulkner JR, Herrmann JE, Woo MJ, Tansey KE, Doan
NB, Sofroniew MV. Reactive astrocytes protect tissue and
preserve function after spinal cord injury. J Neurosci 2004,
24:2143-2155.

Sofroniew MV. Molecular dissection of reactive astrogliosis
and glial scar formation. Trends Neurosci 2009, 32: 638—647.
Lefrancois T, Fages C, Peschanski M, Tardy M. Neuritic
outgrowth associated with astroglial phenotypic changes
induced by antisense glial fibrillary acidic protein (GFAP)
mRNA in injured neuron-astrocyte cocultures. J Neurosci
1997, 17: 4121-4128.

Menet V, Prieto M, Privat A, Gimenez y Ribotta M. Axonal
plasticity and functional recovery after spinal cord injury in
mice deficient in both glial fibrillary acidic protein and vimentin
genes. Proc Natl Acad Sci U S A 2003, 100: 8999-9004.
Toyooka T, Nawashiro H, Shinomiya N, Shima K. Down-
regulation of glial fibrillary acidic protein and vimentin by RNA
interference improves acute urinary dysfunction associated
with spinal cord injury in rats. J Neurotrauma 2011, 28: 607—
618.

Ray SK, Matzelle DD, Wilford GG, Hogan EL, Banik NL.
Inhibition of calpain-mediated apoptosis by E-64 d-reduced
immediate early gene (IEG) expression and reactive
astrogliosis in the lesion and penumbra following spinal cord
injury in rats. Brain Res 2001, 916: 115-126.

Hung KS, Hwang SL, Liang CL, Chen YJ, Lee TH, Liu JK,
et al. Calpain inhibitor inhibits p35-p25-Cdk5 activation,
decreases tau hyperphosphorylation, and improves
neurological function after spinal cord hemisection in rats. J
Neuropathol Exp Neurol 2005, 64: 15-26.

Koguchi K, Nakatsuji Y, Nakayama K, Sakoda S. Modulation
of astrocyte proliferation by cyclin-dependent kinase inhibitor
p27(Kip1). Glia 2002, 37: 93—-104.

Cernak |, Stoica B, Byrnes KR, Di Giovanni S, Faden Al.
Role of the cell cycle in the pathobiology of central nervous
system trauma. Cell Cycle 2005, 4: 1286—1293.

Wu J, Stoica BA, Dinizo M, Pajoohesh-Ganji A, Piao C,
Faden Al. Delayed cell cycle pathway modulation facilitates
recovery after spinal cord injury. Cell Cycle 2012, 11: 1782—
1795.

Tian DS, Yu ZY, Xie MJ, Bu BT, Witte OW, Wang W.
Suppression of astroglial scar formation and enhanced
axonal regeneration associated with functional recovery
in a spinal cord injury rat model by the cell cycle inhibitor
olomoucine. J Neurosci Res 2006, 84: 1053-1063.

Wu J, Pajoohesh-Ganji A, Stoica BA, Dinizo M,



Dingding Shen, et al.

Scar-modulating treatments for CNS injury

979

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[26]

[27]

Guanciale K, Faden Al. Delayed expression of cell cycle
proteins contributes to astroglial scar formation and
chronic inflammation after rat spinal cord contusion. J
Neuroinflammation 2012, 9: 169.

Struve J, Maher PC, Li YQ, Kinney S, Fehlings MG, Kuntz Ct,
et al. Disruption of the hyaluronan-based extracellular matrix
in spinal cord promotes astrocyte proliferation. Glia 2005, 52:
16-24.

Khaing ZZ, Milman BD, Vanscoy JE, Seidlits SK, Grill RJ,
Schmidt CE. High molecular weight hyaluronic acid limits
astrocyte activation and scar formation after spinal cord
injury. J Neural Eng 2013, 8: 046033.

Campo GM, Avenoso A, Campo S, D'Ascola A, Nastasi G,
Calatroni A. Molecular size hyaluronan differently modulates
toll-like receptor-4 in LPS-induced inflammation in mouse
chondrocytes. Biochimie 2010, 92: 204-215.

Deed R, Rooney P, Kumar P, Norton JD, Smith J, Freemont
AJ, et al. Early-response gene signalling is induced by
angiogenic oligosaccharides of hyaluronan in endothelial
cells. Inhibition by non-angiogenic, high-molecular-weight
hyaluronan. Int J Cancer 1997, 71: 251-256.

Kumar S, Ponting J, Rooney P, Kumar P, Pye D, Wang M.
Hyaluronan and angiogenesis: Molecular mechanisms and
clinical applications. Angiogenesis 1994, 263: 219-231.
West DC, Hampson IN, Arnold F, Kumar S. Angiogenesis
induced by degradation products of hyaluronic acid. Science
1985, 228: 1324-1326.

Khaing ZZ, Milman BD, Vanscoy JE, Seidlits SK, Grill RJ,
Schmidt CE. High molecular weight hyaluronic acid limits
astrocyte activation and scar formation after spinal cord
injury. J Neural Eng 2011, 8: 046033.

Nishimura Y, Natsume A, Ito M, Hara M, Motomura K,
Fukuyama R, et al. Interferon-beta delivery via human neural
stem cell abates glial scar formation in spinal cord injury. Cell
Transplant 2013, 22: 2187-2201.

Schachtrup C, Ryu JK, Helmrick MJ, Vagena E, Galanakis
DK, Degen JL, et al. Fibrinogen triggers astrocyte scar
formation by promoting the availability of active TGF-beta
after vascular damage. J Neurosci 2010, 30: 5843-5854.
Davies JE, Tang X, Denning JW, Archibald SJ, Davies SJ.
Decorin suppresses neurocan, brevican, phosphacan and
NG2 expression and promotes axon growth across adult rat
spinal cord injuries. Eur J Neurosci 2004, 19: 1226-1242.
Kohta M, Kohmura E, Yamashita T. Inhibition of TGF-
beta1 promotes functional recovery after spinal cord injury.
Neurosci Res 2009, 65: 393—-401.

Jeong SR, Kwon MJ, Lee HG, Joe EH, Lee JH, Kim SS, et al.
Hepatocyte growth factor reduces astrocytic scar formation
and promotes axonal growth beyond glial scars after spinal
cord injury. Exp Neurol 2012, 233: 312-322.

(28]

[29]

[30]

[31]

[32]

(33]

(34]

[35]

(36]

[37]

[38]

[39]

(40]

[41]

Hellal F, Hurtado A, Ruschel J, Flynn KC, Laskowski CJ,
Umlauf M, et al. Microtubule stabilization reduces scarring
and causes axon regeneration after spinal cord injury.
Science 2011, 331: 928-931.

Herrmann JE, Imura T, Song B, Qi J, Ao Y, Nguyen TK, et al.
STAT3 is a critical regulator of astrogliosis and scar formation
after spinal cord injury. J Neurosci 2008, 28: 7231-7243.

Su Z, Yuan Y, Cao L, Zhu Y, Gao L, Qiu Y, et al. Triptolide
promotes spinal cord repair by inhibiting astrogliosis and
inflammation. Glia 2010, 58: 901-915.

Okada S, Nakamura M, Katoh H, Miyao T, Shimazaki T, Ishii
K, et al. Conditional ablation of Stat3 or Socs3 discloses a
dual role for reactive astrocytes after spinal cord injury. Nat
Med 2006, 12: 829-834.

Liu B, Chen H, Johns TG, Neufeld AH. Epidermal growth
factor receptor activation: an upstream signal for transition
of quiescent astrocytes into reactive astrocytes after neural
injury. J Neurosci 2006, 26: 7532—-7540.

Smith GM, Strunz C. Growth factor and cytokine regulation
of chondroitin sulfate proteoglycans by astrocytes. Glia 2005,
52:209-218.

Erschbamer M, Pernold K, Olson L. Inhibiting epidermal
growth factor receptor improves structural, locomotor,
sensory, and bladder recovery from experimental spinal cord
injury. J Neurosci 2007, 27: 6428-6435.

Peters CM, Rogers SD, Pomonis JD, Egnaczyk GF, Keyser
CP, Schmidt JA, et al. Endothelin receptor expression in
the normal and injured spinal cord: potential involvement in
injury-induced ischemia and gliosis. Exp Neurol 2003, 180:
1-13.

Egnaczyk GF, Pomonis JD, Schmidt JA, Rogers SD, Peters
C, Ghilardi JR, et al. Proteomic analysis of the reactive
phenotype of astrocytes following endothelin-1 exposure.
Proteomics 2003, 3: 689-698.

Koyama Y, Takemura M, Fuijiki K, Ishikawa N, Shigenaga Y,
Baba A. BQ788, an endothelin ET(B) receptor antagonist,
attenuates stab wound injury-induced reactive astrocytes in
rat brain. Glia 1999, 26: 268-271.

Gadea A, Schinelli S, Gallo V. Endothelin-1 regulates
astrocyte proliferation and reactive gliosis via a JNK/c-Jun
signaling pathway. J Neurosci 2008, 28: 2394-2408.

Khurgel M, Koo AC, Ivy GO. Selective ablation of astrocytes
by intracerebral injections of alpha-aminoadipate. Glia 1996,
16: 351-358.

Bush TG, Puvanachandra N, Horner CH, Polito A, Ostenfeld
T, Svendsen CN, et al. Leukocyte infiltration, neuronal
degeneration, and neurite outgrowth after ablation of scar-
forming, reactive astrocytes in adult transgenic mice. Neuron
1999, 23: 297-308.

Davies JE, Huang C, Proschel C, Noble M, Mayer-Proschel



980

Neurosci Bull December 1, 2014, 30(6): 967984

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

M, Davies SJ. Astrocytes derived from glial-restricted
precursors promote spinal cord repair. J Biol 2006, 5: 7.

Tao L, Chen X, Qin Z, Bian S. Could NF-kappaB and
caspase-3 be markers for estimation of post-interval of
human traumatic brain injury? Forensic Sci Int 2006, 162:
174-177.

Yang L, Tao LY, Chen XP. Roles of NF-kappaB in central
nervous system damage and repair. Neurosci Bull 2007, 23:
307-313.

Brambilla R, Bracchi-Ricard V, Hu WH, Frydel B, Bramwell A,
Karmally S, et al. Inhibition of astroglial nuclear factor kappaB
reduces inflammation and improves functional recovery after
spinal cord injury. J Exp Med 2005, 202: 145—-156.

Brambilla R, Hurtado A, Persaud T, Esham K, Pearse DD,
Oudega M, et al. Transgenic inhibition of astroglial NF-kB
leads to increased axonal sparing and sprouting following
spinal cord injury. J Neurochem 2009, 110: 765-778.

Goritz C, Dias DO, Tomilin N, Barbacid M, Shupliakov O,
Frisén J. A pericyte origin of spinal cord scar tissue. Science
2011, 333: 238-242.

Soderblom C, Luo X, Blumenthal E, Bray E, Lyapichev K,
Ramos J, et al. Perivascular fibroblasts form the fibrotic
scar after contusive spinal cord injury. J Neurosci 2013, 33:
13882-13887.

Stichel CC, Hermanns S, Luhmann HJ, Lausberg F,
Niermann H, D'Urso D, et al. Inhibition of collagen IV
deposition promotes regeneration of injured CNS axons. Eur
J Neurosci 1999, 11: 632-646.

lkeda H, Wu GY, Wu CH. Evidence that an iron chelator
regulates collagen synthesis by decreasing the stability of
procollagen mRNA. Hepatology 1992, 15: 282-287.

Komuta Y, Teng X, Yanagisawa H, Sango K, Kawamura K,
Kawano H. Expression of transforming growth factor-beta
receptors in meningeal fibroblasts of the injured mouse brain.
Cell Mol Neurobiol 2010, 30: 101-111.

Logan A, Berry M, Gonzalez AM, Frautschy SA, Sporn MB,
Baird A. Effects of transforming growth factor beta 1 on scar
production in the injured central nervous system of the rat.
Eur J Neurosci 1994, 6: 355-363.

Logan A, Baird A, Berry M. Decorin attenuates gliotic scar
formation in the rat cerebral hemisphere. Exp Neurol 1999,
159: 504-510.

Klapka N, Hermanns S, Straten G, Masanneck C, Duis S,
Hamers FP, et al. Suppression of fibrous scarring in spinal
cord injury of rat promotes long-distance regeneration of
corticospinal tract axons, rescue of primary motoneurons in
somatosensory cortex and significant functional recovery. Eur
J Neurosci 2005, 22: 3047-3058.

Myllyharju J. Prolyl 4-hydroxylases, the key enzymes of
collagen biosynthesis. Matrix Biol 2003, 22: 15-24.

[59]

[56]

[57]

(58]

[59]

(60]

[61]

[62]

(63]

(64]

(65]

[66]

[67]

(68]

(69]

Hermanns S, Reiprich P, Muller HW. A reliable method to
reduce collagen scar formation in the lesioned rat spinal
cord. J Neurosci Methods 2001, 110: 141-146.

Duncan MR, Frazier KS, Abramson S, Williams S, Klapper
H, Huang X, et al. Connective tissue growth factor mediates
transforming growth factor beta-induced collagen synthesis:
down-regulation by cAMP. FASEB J 1999, 13: 1774-1786.
lannotti C, Zhang YP, Shields LB, Han Y, Burke DA, Xu XM,
et al. Dural repair reduces connective tissue scar invasion
and cystic cavity formation after acute spinal cord laceration
injury in adult rats. J Neurotrauma 2006, 23: 853—-865.

Li MS, David S. Topical glucocorticoids modulate the lesion
interface after cerebral cortical stab wounds in adult rats. Glia
1996, 18: 306-318.

Zhang SX, Geddes JW, Owens JL, Holmberg EG.
X-irradiation reduces lesion scarring at the contusion site of
adult rat spinal cord. Histol Histopathol 2005, 20: 519-530.
Zeman RJ, Feng Y, Peng H, Visintainer PF, Moorthy CR,
Couldwell WT, et al. X-irradiation of the contusion site
improves locomotor and histological outcomes in spinal cord-
injured rats. Exp Neurol 2001, 172: 228-234.

Yuan YM, He C. The glial scar in spinal cord injury and repair.
Neurosci Bull 2013, 29: 421-435.

Teng X, Nagata I, Li HP, Kimura-Kuroda J, Sango
K, Kawamura K, et al. Regeneration of nigrostriatal
dopaminergic axons after transplantation of olfactory
ensheathing cells and fibroblasts prevents fibrotic scar
formation at the lesion site. J Neurosci Res 2008, 86: 3140—
3150.

Hoke A, Silver J. Proteoglycans and other repulsive
molecules in glial boundaries during development and
regeneration of the nervous system. Prog Brain Res 1996,
108: 149-163.

Asher RA, Morgenstern DA, Moon LD, Fawcett JW.
Chondroitin sulphate proteoglycans: inhibitory components of
the glial scar. Prog Brain Res 2001, 132: 611-619.

Yiu G, He Z. Glial inhibition of CNS axon regeneration. Nat
Rev Neurosci 2006, 7: 617-627.

Okano H, Kaneko S, Okada S, Iwanami A, Nakamura M,
Toyama Y. Regeneration-based therapies for spinal cord
injuries. Neurochem Int 2007, 51: 68—73.

Niclou SP, Ehlert EME, Verhaagen J. Chemorepellent axon
guidance molecules in spinal cord injury. J Neurotrauma
2006, 23: 409-421.

Fawcett JW, Schwab ME, Montani L, Brazda N, Muller HW.
Defeating inhibition of regeneration by scar and myelin
components. Handb Clin Neurol 2012, 109 (3rd series): 503—
522.

Carulli D, Laabs T, Geller HM, Fawcett JW. Chondroitin
sulfate proteoglycans in neural development and



Dingding Shen, et al.

Scar-modulating treatments for CNS injury

981

[70]

[71]

[72]

[73]

[74]

[79]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

regeneration. Curr Opin Neurobiol 2005, 15: 116-120.
Morgenstern DA, Asher RA, Fawcett JW. Chondroitin
sulphate proteoglycans in the CNS injury response. Prog
Brain Res 2002, 137: 313-332.

Silver J, Miller JH. Regeneration beyond the glial scar. Nat
Rev Neurosci 2004, 5: 146-156.

Donnelly EM, Madigan NN, Rooney GE, Knight A, Chen B,
Ball B, et al. Lentiviral vector delivery of short hairpin RNA
to NG2 and neurotrophin-3 promotes locomotor recovery in
injured rat spinal cord. Cytotherapy 2012, 14: 1235-1244.
Moon LD, Asher RA, Rhodes KE, Fawcett JW. Regeneration
of CNS axons back to their target following treatment of adult
rat brain with chondroitinase ABC. Nat Neurosci 2001, 4:
465-466.

Zhao RR, Fawcett JW. Combination treatment with
chondroitinase ABC in spinal cord injury--breaking the barrier.
Neurosci Bull 2013, 29: 477-483.

Kitagawa H, Uyama T, Sugahara K. Molecular cloning and
expression of a human chondroitin synthase. J Biol Chem
2001, 276: 38721-38726.

Kitagawa H, Izumikawa T, Uyama T, Sugahara K. Molecular
cloning of a chondroitin polymerizing factor that cooperates
with chondroitin synthase for chondroitin polymerization. J
Biol Chem 2003, 278: 23666—23671.

Laabs TL, Wang H, Katagiri Y, McCann T, Fawcett JW, Geller
HM. Inhibiting glycosaminoglycan chain polymerization
decreases the inhibitory activity of astrocyte-derived
chondroitin sulfate proteoglycans. J Neurosci 2007, 27:
14494-14501.

Oohira A, Matsui F, Katoh-Semba R. Inhibitory effects of
brain chondroitin sulfate proteoglycans on neurite outgrowth
from PC12D cells. J Neurosci 1991, 11: 822-827.

Dou CL, Levine JM. Inhibition of neurite growth by the NG2
chondroitin sulfate proteoglycan. J Neurosci 1994, 14: 7616—
7628.

Davies JE, Tang X, Bournat JC, Davies SJ. Decorin promotes
plasminogen/plasmin expression within acute spinal cord
injuries and by adult microglia in vitro. J Neurotrauma 2006,
23: 397-408.

Wu YP, Siao CJ, Lu W, Sung TC, Frohman MA, Milev P, et al.
The tissue plasminogen activator (tPA)/plasmin extracellular
proteolytic system regulates seizure-induced hippocampal
mossy fiber outgrowth through a proteoglycan substrate. J
Cell Biol 2000, 148: 1295-1304.

Nolin WB, Emmetsberger J, Bukhari N, Zhang Y, Levine JM,
Tsirka SE. tPA-mediated generation of plasmin is catalyzed
by the proteoglycan NG2. Glia 2008, 56: 177—-189.

Bukhari N, Torres L, Robinson JK, Tsirka SE. Axonal regrowth
after spinal cord injury via chondroitinase and the tissue
plasminogen activator (tPA)/plasmin system. J Neurosci

(84]

(85]

(86]

(87]

(88]

(89]

[90]

1]

[92]

(93]

[94]

[99]

[96]

2011, 31: 14931-14943.

Grimpe B, Silver J. A novel DNA enzyme reduces
glycosaminoglycan chains in the glial scar and allows
microtransplanted dorsal root ganglia axons to regenerate
beyond lesions in the spinal cord. J Neurosci 2004, 24:
1393-1397.

Lau LW, Keough MB, Haylock-Jacobs S, Cua R, Doring
A, Sloka S, et al. Chondroitin sulfate proteoglycans in
demyelinated lesions impair remyelination. Ann Neurol 2012,
72:419-432.

Gris P, Tighe A, Levin D, Sharma R, Brown A. Transcriptional
regulation of scar gene expression in primary astrocytes. Glia
2007, 55: 1145-1155.

McKillop WM, Dragan M, Sched| A, Brown A. Conditional
Sox9 ablation reduces chondroitin sulfate proteoglycan levels
and improves motor function following spinal cord injury. Glia
2013, 61: 164-177.

Shen Y, Tenney AP, Busch SA, Horn KP, Cuascut FX, Liu
K, et al. PTPsigma is a receptor for chondroitin sulfate
proteoglycan, an inhibitor of neural regeneration. Science
2009, 326: 592-596.

Fisher D, Xing B, Dill J, Li H, Hoang HH, Zhao Z, et al.
Leukocyte common antigen-related phosphatase is a
functional receptor for chondroitin sulfate proteoglycan axon
growth inhibitors. J Neurosci 2011, 31: 14051-14066.
Dickendesher TL, Baldwin KT, Mironova YA, Koriyama Y,
Raiker SJ, Askew KL, et al. NgR1 and NgR3 are receptors
for chondroitin sulfate proteoglycans. Nat Neurosci 2012, 15:
703-712.

Fry EJ, Chagnon MJ, Lépez-Vales R, Tremblay ML, David
S. Corticospinal tract regeneration after spinal cord injury in
receptor protein tyrosine phosphatase sigma deficient mice.
Glia 2010, 58: 423-433.

Dill J, Wang H, Zhou F, Li S. Inactivation of glycogen
synthase kinase 3 promotes axonal growth and recovery in
the CNS. J Neurosci 2008, 28: 8914-8928.

Fu Q, Hue J, Li S. Nonsteroidal anti-inflammatory drugs
promote axon regeneration via RhoA inhibition. J Neurosci
2007, 27: 4154-4164.

Monnier PP, Sierra A, Schwab JM, Henke-Fahle S, Mueller
BK. The Rho/ROCK pathway mediates neurite growth-
inhibitory activity associated with the chondroitin sulfate
proteoglycans of the CNS glial scar. Mol Cell Neurosci 2003,
22: 319-330.

Powell EM, Mercado ML, Calle-Patino Y, Geller HM.
Protein kinase C mediates neurite guidance at an astrocyte
boundary. Glia 2001, 33: 288-297.

Sivasankaran R, Pei J, Wang KC, Zhang YP, Shields CB,
Xu XM, et al. PKC mediates inhibitory effects of myelin and
chondroitin sulfate proteoglycans on axonal regeneration.



982

Neurosci Bull December 1, 2014, 30(6): 967984

Nat Neurosci 2004, 7: 261-268.

[97] Park KK, Liu K, Hu Y, Kanter JL, He Z. PTEN/mTOR and
axon regeneration. Exp Neurol 2010, 223: 45-50.

[98] Gao Y, Deng K, Cao Z, Graziani El, Gilbert AM, Koehn FE, et
al. Amphotericin B, identified from a natural product screen,
antagonizes CNS inhibitors to promote axon growth via
activation of an Akt pathway in neurons. J Neurochem 2010,
113: 1331-1342.

[99] Gross RE, Mei Q, Gutekunst CA, Torre E. The pivotal role
of RhoA GTPase in the molecular signaling of axon growth
inhibition after CNS injury and targeted therapeutic strategies.
Cell Transplant 2007, 16: 245-262.

[100] Lee JY, Choi SY, Oh TH, Yune TY. 17beta-Estradiol inhibits
apoptotic cell death of oligodendrocytes by inhibiting RhoA-
JNKS3 activation after spinal cord injury. Endocrinology 2012,
153: 3815-3827.

[101] Xing B, Li H, Wang H, Mukhopadhyay D, Fisher D, Gilpin CJ,
et al. RhoA-inhibiting NSAIDs promote axonal myelination
after spinal cord injury. Exp Neurol 2011, 231: 24—-260.

[102] Fu Q, Hue J, Li S. Nonsteroidal anti-inflammatory drugs
promote axon regeneration via RhoA inhibition. J Neurosci
2007, 27: 4154-4164.

[103] McKerracher L, Winton MJ. Nogo on the go. Neuron 2002,
36: 345-348.

[104] Chen MS, Huber AB, van der Haar ME, Frank M, Schnell L,
Spillmann AA, et al. Nogo-A is a myelin-associated neurite
outgrowth inhibitor and an antigen for monoclonal antibody
IN-1. Nature 2000, 403: 434-439.

[105] Grandpre T, Strittmatter SM. Nogo: a molecular determinant
of axonal growth and regeneration. Neuroscientist 2001, 7:
377-386.

[106] Freund P, Wannier T, Schmidlin E, Bloch J, Mir A, Schwab
ME, et al. Anti-Nogo-A antibody treatment enhances
sprouting of corticospinal axons rostral to a unilateral cervical
spinal cord lesion in adult macaque monkey. J Comp Neurol
2007, 502: 644—-659.

[107] Fouad K, Klusman I, Schwab ME. Regenerating corticospinal
fibers in the Marmoset (Callitrix jacchus) after spinal cord
lesion and treatment with the anti-Nogo-A antibody IN-1. Eur
J Neurosci 2004, 20: 2479-2482.

[108] Liebscher T, Schnell L, Schnell D, Scholl J, Schneider R,
Gullo M, et al. Nogo-A antibody improves regeneration and
locomotion of spinal cord-injured rats. Ann Neurol 2005, 58:
706-719.

[109] Kim JE, Li S, GrandPre T, Qiu D, Strittmatter SM. Axon
regeneration in young adult mice lacking Nogo-A/B. Neuron
2003, 38: 187-199.

[110] Simonen M, Pedersen V, Weinmann O, Schnell L, Buss
A, Ledermann B, et al. Systemic deletion of the myelin-
associated outgrowth inhibitor Nogo-A improves regenerative

and plastic responses after spinal cord injury. Neuron 2003,
38:201-211.

[111] Zheng B, Atwal J, Ho C, Case L, He XL, Garcia KC, et al.
Genetic deletion of the Nogo receptor does not reduce
neurite inhibition in vitro or promote corticospinal tract
regeneration in vivo. Proc Natl Acad Sci U S A 2005, 102:
1205-1210.

[112] Akbik F, Cafferty WBJ, Strittmatter SM. Myelin associated
inhibitors: a link between injury-induced and experience-
dependent plasticity. Exp Neurol 2012, 235: 43-52.

[113] Cafferty WBJ, Duffy P, Huebner E, Strittmatter SM. MAG and
OMgp synergize with Nogo-A to restrict axonal growth and
neurological recovery after spinal cord trauma. J Neurosci
2010, 30: 6825-6837.

[114] Lee JK, Geoffroy CG, Chan AF, Tolentino KE, Crawford
MJ, Leal MA, et al. Assessing spinal axon regeneration and
sprouting in Nogo-, MAG-, and OMgp-deficient mice. Neuron
2010, 66: 663-670.

[115] Lee JK, Zheng B. Role of myelin-associated inhibitors in
axonal repair after spinal cord injury. Exp Neurol 2012, 235:
33-42.

[116] McKerracher L, David S, Jackson DL, Kottis V, Dunn RJ,
Braun PE. Identification of myelin-associated glycoprotein
as a major myelin-derived inhibitor of neurite growth. Neuron
1994, 13: 805-811.

[117] Li M, Shibata A, Li C, Braun PE, McKerracher L, Roder J,
et al. Myelin-associated glycoprotein inhibits neurite/axon
growth and causes growth cone collapse. J Neurosci Res
1996, 46: 404—414.

[118] Bartsch U, Bandtlow CE, Schnell L, Bartsch S, Spillmann
AA, Rubin BP, et al. Lack of evidence that myelin-associated
glycoprotein is a major inhibitor of axonal regeneration in the
CNS. Neuron 1995, 15: 1375-1381.

[119] Cao Z, Gao Y, Deng K, Williams G, Doherty P, Walsh FS.
Receptors for myelin inhibitors: Structures and therapeutic
opportunities. Mol Cell Neurosci 2010, 43: 1-14.

[120] Huang JK, Phillips GR, Roth AD, Pedraza L, Shan W, Belkaid
W, et al. Glial membranes at the node of Ranvier prevent
neurite outgrowth. Science 2005, 310: 1813-1817.

[121] Cao Y, Shumsky JS, Sabol MA, Kushner RA, Strittmatter
S, Hamers FP, et al. Nogo-66 receptor antagonist peptide
(NEP1-40) administration promotes functional recovery and
axonal growth after lateral funiculus injury in the adult rat.
Neurorehabil Neural Repair 2008, 22: 262—-278.

[122] Lee JK, Kim JE, Sivula M, Strittmatter SM. Nogo receptor
antagonism promotes stroke recovery by enhancing axonal
plasticity. J Neurosci 2004, 24: 6209-6217.

[123] Lu BT, Yuan W, Xu SM. Lentiviral vector-mediated RNA
interfere gene Nogo receptor to repair spinal cord injury.
Zhonghua Wai Ke Za Zhi 2010, 48: 1573-1576.



Dingding Shen, et al.

Scar-modulating treatments for CNS injury

983

[124] Yu P, Huang L, Zou J, Zhu H, Wang X, Yu Z, et al. DNA
vaccine against NgR promotes functional recovery after
spinal cord injury in adult rats. Brain Res 2007, 1147: 66-76.

[125] Atwal JK, Pinkston-Gosse J, Syken J, Stawicki S, Wu
Y, Shatz C, et al. PirB is a functional receptor for myelin
inhibitors of axonal regeneration. Science 2008, 322: 967—
970.

[126] Song XY, Zhong JH, Wang X, Zhou XF. Suppression of
p75NTR does not promote regeneration of injured spinal cord
in mice. J Neurosci 2004, 24: 542-546.

[127] Shao Z, Browning JL, Lee X, Scott ML, Shulga-Morskaya S,
Allaire N, et al. TAJ/ITROY, an orphan TNF receptor family
member, binds Nogo-66 receptor 1 and regulates axonal
regeneration. Neuron 2005, 45: 353-359.

[128] Ji B, Li M, Wu WT, Yick LW, Lee X, Shao Z, et al. LINGO-1
antagonist promotes functional recovery and axonal sprouting
after spinal cord injury. Mol Cell Neurosci 2006, 33: 311-320.

[129] Dergham P, Ellezam B, Essagian C, Avedissian H, Lubell
WD, McKerracher L. Rho signaling pathway targeted to
promote spinal cord repair. J Neurosci 2002, 22: 6570-6577.

[130] Hawryluk GW, Rowland J, Kwon BK, Fehlings MG. Protection
and repair of the injured spinal cord: a review of completed,
ongoing, and planned clinical trials for acute spinal cord
injury. Neurosurg Focus 2008, 25: E14.

[131] NUsslein-Volhard C, Wieschaus E, Kluding H. Mutations
affecting the pattern of the larval cuticle in Drosophila
melanogaster. Roux's Arch Dev Biol 1984, 193: 267-282.

[132] Brose K, Bland KS, Wang KH, Arnott D, Henzel W, Goodman
CS, et al. Slit proteins bind Robo receptors and have an
evolutionarily conserved role in repulsive axon guidance. Cell
1999, 96: 795-806.

[133] Kidd T, Bland KS, Goodman CS. Slit is the midline repellent
for the robo receptor in Drosophila. Cell 1999, 96: 785-794.

[134] Hagino S, Iseki K, Mori T, Zhang Y, Hikake T, Yokoya S, et al.
Slit and glypican-1 mRNAs are coexpressed in the reactive
astrocytes of the injured adult brain. Glia 2003, 42: 130—138.

[135] Wehrle R, Camand E, Chedotal A, Sotelo C, Dusart I.
Expression of netrin-1, slit-1 and slit-3 but not of slit-2 after
cerebellar and spinal cord lesions. Eur J Neurosci 2005, 22:
2134-2144.

[136] Lau E, Margolis RU. Inhibitors of slit protein interactions
with the heparan sulphate proteoglycan glypican-1: potential
agents for the treatment of spinal cord injury. Clin Exp
Pharmacol Physiol 2010, 37: 417-421.

[137] Mann F, Chauvet S, Rougon G. Semaphorins in development
and adult brain: Implication for neurological diseases. Prog
Neurobiol 2007, 82: 57-79.

[138] Pasterkamp RJ, Anderson PN, Verhaagen J. Peripheral
nerve injury fails to induce growth of lesioned ascending
dorsal column axons into spinal cord scar tissue expressing

the axon repellent Semaphorin3A. Eur J Neurosci 2001, 13:
457-471.

[139] Lindholm T, Skold MK, Suneson A, Carlstedt T, Cullheim
S, Risling M. Semaphorin and neuropilin expression
in motoneurons after intraspinal motoneuron axotomy.
Neuroreport 2004, 15: 649-654.

[140] Fan J, Mansfield SG, Redmond T, Gordon-Weeks PR, Raper
JA. The organization of F-actin and microtubules in growth
cones exposed to a brain-derived collapsing factor. J Cell
Biol 1993, 121: 867-878.

[141] Shirvan A, Kimron M, Holdengreber V, Ziv |, Ben-Shaul Y,
Melamed S, et al. Anti-semaphorin 3A antibodies rescue
retinal ganglion cells from cell death following optic nerve
axotomy. J Biol Chem 2002, 277: 49799-49807.

[142] Wang Y, He H, Srivastava N, Vikarunnessa S, Chen YB,
Jiang J, et al. Plexins are GTPase-activating proteins for Rap
and are activated by induced dimerization. Sci Signal 2012, 5:
ra6.

[143] Janssen BJ, Malinauskas T, Weir GA, Cader MZ, Siebold
C, Jones EY. Neuropilins lock secreted semaphorins onto
plexins in a ternary signaling complex. Nat Struct Mol Biol
2012, 19: 1293-1299.

[144] Shim SO, Cafferty WB, Schmidt EC, Kim BG, Fujisawa H,
Strittmatter SM. PlexinA2 limits recovery from corticospinal
axotomy by mediating oligodendrocyte-derived Sema6A
growth inhibition. Mol Cell Neurosci 2012, 50: 193—-200.

[145] Lee JK, Chow R, Xie F, Chow SY, Tolentino KE, Zheng B.
Combined genetic attenuation of myelin and semaphorin-
mediated growth inhibition is insufficient to promote
serotonergic axon regeneration. J Neurosci 2010, 30: 10899—
10904.

[146] Shearer MC, Niclou SP, Brown D, Asher RA, Holtmaat AJ,
Levine JM, et al. The astrocyte/meningeal cell interface is
a barrier to neurite outgrowth which can be overcome by
manipulation of inhibitory molecules or axonal signalling
pathways. Mol Cell Neurosci 2003, 24: 913-925.

[147] Himanen JP, Nikolov DB. Eph receptors and ephrins. The
international journal of biochemistry & cell biology 2003, 35:
130-134.

[148] Goldshmit Y, Galea MP, Wise G, Bartlett PF, Turnley AM.
Axonal regeneration and lack of astrocytic gliosis in EphA4-
deficient mice. J Neurosci 2004, 24: 10064—10073.

[149] Herrmann JE, Shah RR, Chan AF, Zheng B. EphA4 deficient
mice maintain astroglial-fibrotic scar formation after spinal
cord injury. Exp Neurol 2010, 223: 582-598.

[150] Goldshmit Y, Spanevello MD, Tajouri S, Li L, Rogers F,
Pearse M, et al. EphA4 blockers promote axonal regeneration
and functional recovery following spinal cord injury in mice.
PLoS One 2011, 6: e24636.

[151] Benson MD, Romero MI, Lush ME, Lu QR, Henkemeyer M,



984

Neurosci Bull December 1, 2014, 30(6): 967984

Parada LF. Ephrin-B3 is a myelin-based inhibitor of neurite
outgrowth. Proc Natl Acad Sci U S A 2005, 102: 10694—
10699.

[152] Benson MD, Romero MI, Lush ME, Lu QR, Henkemeyer M,
Parada LF. Ephrin-B3 is a myelin-based inhibitor of neurite
outgrowth. Proc Natl Acad Sci U S A 2005, 102: 10694—
10699.

[153] Fournier AE, Strittmatter SM. Repulsive factors and axon
regeneration in the CNS. Current Opinion in Neurobiology
2001, 11: 89-94.

[154] Deckner M, Lindholm T, Cullheim S, Risling M. Differential
expression of tenascin-C, tenascin-R, tenascin/J1, and

tenascin-X in spinal cord scar tissue and in the olfactory
system. Exp Neurol 2000, 166: 350-362.

[155] You J, Hong SQ, Zhang MY, Zhao HL, Liu TZ, Zhou HL, et
al. Passive immunization with tenascin-R (TN-R) polyclonal
antibody promotes axonal regeneration and functional
recovery after spinal cord injury in rats. Neurosci Lett 2012,
525: 129-134.

[156] Zhang S, Kluge B, Huang F, Nordstrom T, Doolen S, Gross
M, et al. Photochemical scar ablation in chronically contused
spinal cord of rat. J Neurotrauma 2007, 24: 411-420.

[157] Rolls A, Shechter R, Schwartz M. The bright side of the glial
scar in CNS repair. Nat Rev Neurosci 2009, 10: 235-241.



