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Scar tissue at sites of traumatic injury in the adult central nervous system presents a combined physical and molecular impedi-
ment to axon regeneration. Of multiple known central nervous system scar associated axon growth inhibitors, semaphorin 3A
has been shown to be strongly expressed by invading leptomeningeal fibroblasts. We have previously demonstrated that
infusion of the small leucine-rich proteoglycan decorin results in major suppression of several growth inhibitory chondroitin
sulphate proteoglycans and growth of adult sensory axons across acute spinal cord injuries. Furthermore, decorin treatment of
leptomeningeal fibroblasts significantly increases their ability to support neurite growth of co-cultured adult dorsal root gan-
glion neurons. In the present study we show that decorin has the ability to suppress semaphorin 3A expression within adult rat
cerebral cortex scar tissue and in primary leptomeningeal fibroblasts in vitro. Infusion of decorin core protein for eight days
resulted in a significant reduction of semaphorin 3A messenger RNA expression within injury sites compared with saline-treated
control animals. Both in situ hybridization and immunostaining confirmed that semaphorin 3A messenger RNA expression and
protein levels are significantly reduced in decorin-treated animals. Similarly, decorin treatment decreased the expression of
semaphorin 3A messenger RNA in cultured rat leptomeningeal fibroblasts compared with untreated cells. Mechanistic studies
revealed that decorin-mediated suppression of semaphorin 3A critically depends on erythroblastic leukaemia viral oncogene
homologue B4 and signal transducer and activator of transcription 3 function. Collectively, our studies show that in addition to
suppressing the levels of inhibitory chondroitin sulphate proteoglycans, decorin has the ability to suppress semaphorin 3A in the
injured central nervous system. Our findings provide further evidence for the use of decorin as a potential therapy for promoting
axonal growth and repair in the injured adult mammalian brain and spinal cord.
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Abbreviations: CSPGs = chondroitin sulphate proteoglycans; EGFR = epidermal growth factor receptor; ErbB = erythroblastic
leukaemia viral oncogene homologue; PCR = polymerase chain reaction; PIAS3 = protein inhibitor of activated STAT3;
Sema3A = semaphorin 3A; SHP1 = Src homology phosphatase 1; SOCS3 = suppressor of cytokine signalling 3;

STAT3 = signal transducer and activator of transcription 3; TACE = tumor necrosis-alpha converting enzyme

Introduction

The semaphorins are a large family of secreted and membrane-
bound glycoproteins that function in axon guidance, fasciculation
and synapse formation in the developing and adult nervous
system (Pasterkamp and Giger, 2009). Class 3 secreted semaphor-
ins are expressed in the cerebral cortex, where they have been
implicated in the patterning of cortical efferent projections
(Bagnard et al., 1998; Polleux et al., 1998, 2000), tangential
migration of cortical interneurons (Marin et al., 2001; Tamamaki
et al, 2001, 2003), control of cortical axonal and dendritic
branching (Sasaki et al., 2002; Dent et al., 2004; Fenstermaker
et al., 2004; Morita et al., 2006) and dendritic spine morphology
and maturation (Yamashita et al., 2007; Tran et al., 2009). Class 3
secreted semaphorins have also been shown to play a role in the
regulation of synapse formation and synaptic function of cortical
and hippocampal neurons (Sahay et al., 2005; Bouzioukh et al.,
2006; Tran et al., 2009). Neuropilin-1 and -2 are high-affinity
receptors for class 3 secreted semaphorins (Feiner et al., 1997;
Kolodkin et al., 1997; Giger et al., 1998b) and function as the
ligand-binding component of a heteromeric receptor complex that
also includes members of the Plexin family (Takahashi et al., 1999;
Tamagnone et al., 1999). Semaphorin 3E is an exception as it
was found to directly bind to PlexinD independent of neuropilins
(Gu et al., 2005).

Semaphorin 3A (Sema3A) is the best-characterized member of
the secreted class 3 semaphorins. It is expressed during develop-
ment and in adulthood (Giger et al., 1996, 1998a) and functions
as a potent chemorepellent for select neuronal populations in the
central and peripheral nervous systems (Messersmith et al., 1995;
Puschel et al., 1995; Shepherd et al., 1996). In the adult nervous
system, changes in Sema3A expression have been linked to several
neurological disorders including stroke (Fujita et al, 2001;
Beck et al., 2002; Hou et al, 2008), Alzheimer's disease
(Good et al., 2004), amyotrophic lateral sclerosis (De et al.,
2006), multiple sclerosis (Williams et al., 2007) and schizophrenia
(Eastwood et al., 2003; Eastwood, 2004). After traumatic injury to
the adult CNS, the formation of scar tissue rich in axon growth
inhibitory chondroitin sulphate proteoglycans (CSPGs) has been
shown to present a major impediment to axon regeneration
(Davies et al., 1997, 1999). Importantly, in addition to inhibitory
CSPGs, Sema3A has been shown to be upregulated at sites of
traumatic CNS injury where it is also thought to act as an inhibitor
of axonal regeneration by promoting growth cone collapse
(Pasterkamp et al., 1999, 2001; De et al, 2002; Lindholm
et al., 2004; Mire et al., 2008). Decreased Sema3A expression
correlates with enhanced regeneration in an in vitro organotypic
model of CNS injury (Montolio et al., 2009) and suppression of
Sema3A-mediated signalling via inhibition of neuropilin-1 with

SM-216289 leads to enhanced growth of injured serotonergic
axons past the injury site in the rat spinal cord (Kaneko et al.,
2006). Collectively, these studies support the idea that Sema3A
associated with scar tissue contributes to the growth inhibitory
nature of injured adult CNS tissue.

Enhanced Sema3A expression by invading leptomeningeal fibro-
blasts has been proposed as the major source of Sema3A within
scar tissue at sites of CNS injury (Pasterkamp et al., 1999, 2001;
De et al., 2002). Increases in neurite extension for dorsal root
ganglion neurons co-cultured with meningeal cells treated with
Sema3A-blocking antibodies or meningeal cultures derived from
Sema3A-deficient mice provide further evidence that Sema3A is
a major meningeal cell-derived factor responsible for growth cone
collapse and inhibition of neurite growth (Niclou et al.,, 2003).
These findings support the hypothesis that Sema3A upregulation
by invading fibroblasts contributes to the axon growth inhibitory
environment presented by scar tissue at sites of CNS trauma and
that the targeting of Sema3A expression by these cells represents
a potential therapy for promoting axon regeneration and function-
al recovery. At present, however, very little is known about which
factors regulate Sema3A expression at sites of CNS injury.

Decorin is a small leucine rich proteoglycan expressed in many
tissue types (Stichel et al., 1995; Hocking et al., 1998) that has
been shown to suppress fibrotic scarring (Border et al., 1992;
Isaka et al., 1996; Fukushima et al., 2001; Kolb et al., 2001a, b;
Grisanti et al., 2005; Huijun et al., 2005) in several tissue disorders
including brain and spinal cord injury (Logan et al., 1999; Davies
et al., 2004). Decorin is capable of inhibiting transforming growth
factor-P activity (Yamaguchi et al., 1990) and modulating the ac-
tivity of downstream signalling pathways linked to several erythro-
blastic leukaemia viral oncogene homologue (ErbB) receptor family
members (Csordas et al.,, 2000; Seidler et al., 2006). We have
previously shown that infusion of human recombinant decorin
core protein into acute spinal cord injury in adult rats can suppress
the levels of multiple axon growth inhibitory CSPGs and render
injury sites permissive for axon growth (Davies et al., 2004).
Pre-treatment of adult leptomeningeal fibroblasts with decorin
promoted a more than 3-fold increase in neurite length by
co-cultured adult dorsal root ganglion neurons (Davies et al.,
2004). The ability of decorin to promote axon growth across
spinal cord injuries and on leptomeningeal fibroblasts in vitro sug-
gests that decorin may also have the ability to suppress the ex-
pression of Sema3A within CNS injuries. In the present study we
tested this hypothesis and show that decorin treatment reduces
Sema3A expression by leptomeningeal fibroblasts in vitro and sup-
presses scar-associated Sema3A messenger RNA and protein
within cerebral cortex injuries. We also demonstrate that
decorin-mediated suppression of Sema3A is dependent on ErbB4
receptor activity and provide evidence of a novel role for signal
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transducer and activator of transcription 3 (STAT3) signalling in
regulating Sema3A expression within CNS scar tissue.

Materials and methods

Animal experiments

All animal care and experiments were carried out according to the
guidelines of the National Institutes of Health as well as policies set
by our Institutional Animal Care and Use Committee (IACUC). Adult
female Sprague Dawley rats (Harlan Laboratories, Indianapolis, IN,
USA) weighing 200-250 g were anaesthetized with an intraperitoneal
injection of an anaesthetic cocktail containing ketamine (80 mg/kg)
and xylazine (12mg/kg). Cerebral cortex injuries were achieved by
the surgical insertion of a low profile metal cannula (cannula tip
2.0mm below pedestal; Plastics One Inc., Roanoke, VA, USA). A
small hole was drilled into the skull of each rat at the stereotaxic
coordinates AP —3.0mm and ML +2.0mm relative to bregma. The
dura was carefully pierced and the cannula was inserted into the cere-
bral cortex until the base of the cannula pedestal was set flat on the
skull surface. Cannulae were anchored to the superior end of the skull
with Cerebond Skull Fixture Adhesive (Plastics One Inc.). Cannulae
were connected via vinyl tubing to Alzet mini-osmotic pumps (mean
pumping rate: 1.0 ul/h, Durect Corp., Cupertino, CA, USA) pre-loaded
with either isotonic saline or 2.5mg/ml human recombinant decorin
(glycosaminoglycan-free form, Gala Biotech, Middleton, WI, USA) in
saline. Following subcutaneous implantation of Alzet pumps, animals
were sutured and allowed to recover from anaesthesia.

Tissue processing

Eight days following surgery, animals were euthanized with an over-
dose of ketamine and xylazine and brains from saline- and
decorin-treated animals were collected for total RNA extraction,
in situ hybridization or immunohistochemistry. For RNA extraction,
brains were quickly removed and placed into RNAlater (Applied
Biosystems/Ambion, Austin, TX, USA) for further dissection to isolate
cortical lesions. For in situ hybridization, brains were quickly removed
and flash frozen in dry-ice cooled isopentane, cryosectioned in the
coronal plane at 25 um per section and mounted on superfrost plus
microscope slides. For immunohistochemistry, animals were transcar-
dially perfused with 100 ml of phosphate-buffered saline followed
by 400ml of 4% paraforaldehyde in phosphate-buffered water.
Perfused brains were removed and placed into 15% sucrose in
phosphate-buffered saline for 24h and then 30% sucrose for 24h
for cryopreservation. Cryopreserved brains were frozen on dry ice
and cryosectioned in the coronal plane at 20um per section. Brain
sections were mounted onto gelatin-coated microscope slides.

Leptomeningeal fibroblast cultures

Adult rat spinal leptomeningeal fibroblasts were isolated from spinal
cord following the method previously described (Davies et al., 2004).
Meningeal fibroblasts were also isolated from the dura mater and
arachnoid overlying the cerebral cortex (hereafter referred to as
brain meningeal fibroblasts). Adult rats were euthanized and after re-
moval of the skull, dura mater and arachnoid overlying the cerebral
cortex were collected into serum-free Dulbecco's modified Eagle's
medium. The spinal column was removed and submerged into
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sterile calcium—-magnesium free Hank's balanced salt solution (Gibco/
Invitrogen, San Diego, CA, USA) at 4°C. All further dissections were
conducted at 4°C. Spinous processes were removed and the dura
mater and arachnoid were collected from the dorsal surface of the
spinal cord, with care taken to specifically exclude peripheral nerve
tissue. The brain and spinal meninges were cut into 1 mm? pieces
and transferred to a tube containing dispase | (2.5U/ml, Roche,
Germany) and collagenase Il (200U/ml, Worthington, Lakewood,
NJ, USA) in 1 ml of Hank's balanced salt solution. Tissue was incubated
in enzyme for 80min at 37°C in 5% CO, atmosphere. Dulbecco's
modified Eagle's medium/10% foetal bovine serum (Gibco/
Invitrogen) was added to stop the enzyme reaction. DNasel
(5ug/ml) was added to the suspension and the tissue was gently
triturated. The suspension was centrifuged at room temperature for
5min at 1500 rpm using a Microfuge 18 centrifuge (Beckman-Coulter,
Fullerton, CA, USA). The supernatant was removed and the cells re-
suspended in Dulbecco's modified Eagle's medium/5% foetal bovine
serum and plated in poly-L-lysine coated T-25 vented flasks.

Treatment of spinal leptomeningeal
fibroblasts with various inhibitors and
decorin

Leptomeningeal fibroblasts were grown until they reached 70-80%
confluence except for small interfering RNA experiments described
below, in which cells were grown to ~50% confluence.
Leptomeningeal fibroblasts were treated under serum-free conditions
for 1h with the following inhibitors: 10 uM PD158780 (pan-specific
inhibitor of ErbB tyrosine kinase activity; Calbiochem, San Diego, CA,
USA), 10uM AG1478 (inhibitor of ErbB1 tyrosine kinase activity;
Calbiochem, San Diego, CA, USA), 40ug/ml Ab-5 (ErbB3 blocking
monoclonal antibody; Lab Vision, Fremont, CA, USA), 40ug/ml
Ab-3 (ErbB4 blocking monoclonal antibody; Lab Vision, Fremont,
CA, USA), 1 uM L-685458 (y-secretase inhibitor) or 1 uM cucurbitacin
(STAT3 inhibitor). Following inhibitor incubations, fibroblasts were
treated with decorin (20 pg/ml) for 48 h.

For ErbB4 small interfering RNA experiments, small interfering RNA
duplexes were purchased from Applied Biosystems/Ambion (Austin,
TX, USA). The rat ErbB4 target sequences were AAATTTAGTAT
TTCGGTCAGG and AACATAGTATTTGCGCAAGGC. As a negative
control, a Silencer Negative Control #1 small interfering RNA
(Applied Biosystems/Ambion) was used. All small interfering RNA
duplexes were transfected at 100 nM concentrations in Oligofectamine
(Invitrogen). Briefly, spinal leptomeningeal fibroblasts were grown until
they reached 50% confluence at which point the media was changed
to Optimem | (Invitrogen). The small interfering RNA duplexes and
Oligofectamine were diluted in Optimem | and incubated at room
temperature for 30 min. The mixture was then added to the cell cul-
tures and incubated at 37°C in 5% CO, atmosphere for 24 h. Quan-
titative polymerase chain reaction (PCR) analysis of ErbB4 small
interfering RNA-treated fibroblasts verified a significant knockdown
in the expression of ErbB4 messenger RNA compared with negative
control cultures treated with Silencer Negative Control #1 small inter-
fering RNA (Supplementary Fig. 1). No change in ErbB4 messenger
RNA expression levels was detected between Silencer Negative Con-
trol small interfering RNA-treated and untreated cultures (data not
shown). Following small interfering RNA knockdown of ErbB4 expres-
sion, leptomeningeal fibroblasts were then treated with decorin
(20 pg/ml) for 48 h under serum-free conditions.
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Total RNA isolation

Total RNA was isolated using Trizol reagent according to the manu-
facturer's instructions. Briefly, lesioned brain tissue and meningeal
fibroblasts were extracted and suspended in 1 ml of Trizol and incu-
bated at room temperature for 5 min. Chloroform (0.2 ml) was added
and the solution mixed by vigorous vortex for 30s. Samples were
centrifuged in a 5417C Eppendorf centrifuge (Westbury, NY, USA)
at 14000 rpm for 20min at 4°C, the aqueous phase was transferred
to a clean tube and an equal volume of isopropanol was added.
Samples were centrifuged again at 14000rpm for 30min at 4°C
and the resulting pellet resuspended in diethylpyrocarbonate-treated
water. Total RNA was quantified using a spectrophotometer DU series
500 (Beckman, Fullerton, CA USA).

Complementary DNA synthesis

Complementary DNA was synthesized from 1pg total RNA using
the High Capacity ¢cDNA Archive Kit (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer's instructions. The
complementary DNA synthesis reaction was performed in a total
volume of 100pl containing 1 xreverse transcriptase buffer,
1 x deoxynucleotide triphosphates, 1 x random primers and 250 U of
multiscribe reverse transcriptase (thermal conditions: 25°C for 10 min
and 37°C for 120min) in a PTC-200 Peltier Thermal Cycler (MJ
Research/Bio-Rad Laboratories, Watertown, MA and MJ Research,
Reno, NV, USA).

Quantitative real-time polymerase
chain reaction

Rat messenger RNA quantification was performed using a 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
The primers and probe were selected from the TagMan Gene
Expression Assay (Applied Biosystems). The assay ID numbers
were Rn00436469_m1 for rat Sema3A, Rn00580398_m1 for rat
ErbB1, Rn00566561_m1 for rat ErbB2, Rn00568107_m1 for rat
ErbB3, Rn00572447_m1 for rat ErbB4, Rn00585674_s1 for rat sup-
pressor of cytokine signalling 3 (SOCS3), Rn00588164_m1 for rat Src
homology phosphatase 1 (SHP1) and Rn00582371_m1 for rat protein
inhibitor of activated STAT3 (P/AS3). These primers and probes span
different exons of the rat genes thus excluding the possibility of gen-
omic DNA amplification. The quantitative PCR reaction was performed
in a total reaction volume of 20ul containing 1 x TagMan Universal
PCR Master Mix and 1 x TagMan Gene Expression Assay Mix (thermal
cycling conditions: 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C
for 155 and 60°C for 1 min). Eukaryotic 18S ribosomal RNA endogen-
ous control (VIC/MGB probe) and rat glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) endogenous control (VIC/MGB probe) (Applied
Biosystems) were included on the same plate as that of the sample
complementary DNA as an internal control. Each reaction plate con-
tained non-template controls that did not show any amplification and
serial dilutions of complementary DNA were used to estimate the PCR
efficiencies of the different genes. The specificity of the reaction was
verified by running the PCR products on an agarose gel (2%) and
confirming the expected DNA band size. No other bands were seen
on the gel. All quantitative PCR reactions were run in triplicate and at
least three fully independent experiments were conducted. The thresh-
old cycle (Cp is the cycle number at which the fluorescence passes
a set threshold within the linear range of the all amplification
curves. Quantitative analysis was conducted with RQ study software
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(Version 1.2.2, Applied Biosystems) that uses the comparative method
(244Y of relative quantification (Livak and Schmittgen, 2001). We
validated the 244t method, comparing the amplification efficiencies
of complementary DNA dilutions of the target gene and internal con-
trol (18S, GAPDH). Statistical analyses were made using the random-
ization test of the REST 2005 software (Corbett Research, Technical
University Munich).

In situ hybridization

Riboprobes identical (sense) and complementary (anti-sense) to the
coding regions of Sema3A were obtained by in vitro transcription of
cloned rat complementary DNAs as described (Giger et al., 1996).
Briefly, a 20ul reaction containing 1 ug linearized template comple-
mentary DNA, 40 mM Tris=HCl pH 8.0, 6 mM MgCl,, 10mM dithio-
threitol, 2mM spermidin, 10mM NaCl, 2l 10 x digoxigenin RNA
labelling mixture (Boehringer Mannheim/Roche Applied Science,
Germany), 10U RNase inhibitor and either 20U T3 (sense) or T7
(anti-sense) RNA polymerases. The mixture was incubated for 2h at
37°C before transcription was terminated by the addition of 20U of
RNase-free DNasel and further incubation for 15min. To improve
tissue penetration, complementary RNA probes were partially hydro-
lysed for 1h at 60°C in 10mM dithiothreitol, 200mM NaHCOs/
Na,COs3, pH 11, to an average length of 100-250 nucleotides.
Hydrolysis was neutralized with 100 mM acetic acid and the comple-
mentary RNA probes were precipitated with 1/10 volume of 4 M LiCl
and 2.5 volumes of ethanol at —80°C. For in situ hybridization, pre-
cipitated complementary RNA fragments were recovered in 20l
diethylpyrocarbonate-treated water.

To detect Sema3A transcripts in brain tissue sections in situ, brain
sections from animals that were either saline or decorin-treated were
processed as described previously (Giger et al., 1996). Briefly, sections
were air dried at room temperature and fixed for 20min in freshly
prepared 4% paraformaldehyde in phosphate-buffered saline.
Sections were then rinsed three times for 5min in phosphate-buffered
saline, and rinsed once briefly in diethylpyrocarbonate-treated water.
Sections were acetylated by treating with 0.25% acetic anhydride in
1% triethanolamine for 10min, and then washed two times in
phosphate-buffered saline. Sections were rinsed in 2 x standard
saline citrate for 5min and prehybridized for 6h at room temperature
with a hybridization buffer containing 50% formamide, 5 x Denhardt's
solution, 5 x standard saline citrate, 250 ug/ml bakers yeast transfer
RNA and 500 pug/ml sheared and heat-denatured herring sperm DNA.
Following prehybridization, 100 ul of hybribization mixture containing
200ng/ml Sema3A anti-sense Digoxygenin-labelled complementary
RNA probe was applied to each slide, sealed with a coverslip and
hybridized overnight at 55°C. Specificity control slides were included
that were subjected to the entire in situ hybridization protocol
described but were hybridized with the corresponding sense comple-
mentary RNA probe generated or with no probe added.

Following overnight hybridization, sections were washed under high
stringency: 5min wash at 55°C in 5 x standard saline citrate, 5min
wash at 55°C in 2 x standard saline citrate, 30 min wash at 55°C in
50% formamide in 0.2 x standard saline citrate and 5min wash at
room temperature in 0.2 x standard saline citrate. Sections were
then rinsed in Tris-buffered saline (100mM Tris-HCl, pH 7.5,
150mM NacCl) at room temperature for 5min and blocked for 1h in
a 1% solution of blocking reagent (Boehringer Mannheim/Roche
Applied Science) in Tris-buffered saline. Digoxygenin-labelled RNA hy-
brids were detected by incubating sections for 1h with an
anti-digoxygenin Fab fragment conjugated to alkaline phosphatase
(Boehringer Mannheim/Roche Applied Science) diluted to 1:2500 in
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Tris-buffered saline. Sections were then washed twice for 15min in
Tris-buffered saline. To block endogenous phosphatase activity,
0.24 mg/ml levamisole was added to the colour reagents, 300 ug/ml
nitrobluetetrazolium chloride and 170pug/ml  5-bromo-4-chloro-
3-indolylphosphate in 100mM NaCl, 5mM MgCl, and 100 mM
Tris—=HCI, pH 9.5. The colour reagent mixture was added atop sections
and incubated overnight at room temperature. Sections were rinsed
extensively in 10mM Tris—HCI, pH 8.0 containing 5mM ethylenedia-
minetetraacetic acid and then dehydrated in a graded series of etha-
nol, cleared in xylene and coverslipped with Histomount (National
Diagnostics, Atlanta, GA, USA).

Immunohistochemistry

Brain sections were first cleared of paraformaldyde by rinsing slides
twice in phosphate-buffered saline for 10min. Sections were then
treated with 10% goat serum in phosphate-buffered saline containing
0.1% Triton X-100 for 30min at room temperature to block
non-specific binding throughout the staining protocol. Rabbit
anti-Sema3A (IgG, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and mouse anti-fibronectin (IgM, Sigma, St. Louis, MO, USA) antibo-
dies were then added to sections at 1:100 and 1:500 dilutions, re-
spectively, in 10% goat serum in phosphate-buffered saline containing
0.1% Triton X-100. Sections were incubated with primary antibodies
for 16 h at room temperature. For analysis of potential Sema3A immu-
noreactivity associated with astrocytes and neurons, alternate tissue
sections were incubated with rabbit anti-Sema3A antibody as
described above followed by either mouse anti-glial fibrillary acidic
protein (IgG, Sigma, St. Louis, MO, USA) for astrocytes and mouse
anti-NeuN (IgG, Millipore, Temecula, CA, USA) for neurons at dilu-
tions of 1:600 for 4h at room temperature. Following primary incu-
bation, sections were washed twice in phosphate-buffered saline for
5min each followed by three washes in phosphate-buffered saline for
10min each. Primary antibody detection for Sema3A was carried out
using a 1:600 dilution of biotinylated goat anti-rabbit 1gG in 10% goat
serum in phosphate-buffered saline containing 0.1% Triton X-100 for
45min at room temperature. Following phosphate-buffered saline
washes, separate sets of sections were incubated with a 1:2000 dilu-
tion of Alexa-488 labelled streptavidin (for Sema3A) and 1:700 dilu-
tions for Alexa-594 goat anti-mouse IgM (for fibronectin), or
Alexa-594 goat anti-mouse 1gG (for GFAP or NeuN) in 10% goat
serum in phosphate-buffered saline containing 0.1% Triton X-100
for 30min at room temperature. Final washes were carried out and
slides were mounted using Fluoromount G (Invitrogen). Stained sec-
tions were viewed and images acquired on a Zeiss Observer Z1 micro-
scope (Carl Zeiss Microimaging Inc., Thornwood, NY, USA) and
managed using AxioVision software.

Results

Decorin suppresses Sema3A expression
in cerebral cortex scar tissue

The potential of decorin to regulate Sema3A expression was first
tested in cerebral cortex stab injuries resulting from the surgical
penetration of a 2.0mm drug delivery cannula into the primary
motor cortex of adult rats. In separate sets of adult rats, human
recombinant decorin core protein or saline vehicle alone were
infused via osmotic mini-pumps for 8 days, at which time lesion
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cores were isolated from saline- and decorin-treated injuries for
quantitative PCR analysis of Sema3A messenger RNA expression.
In accordance with previous data showing high levels of Sema3A
expression in the injured adult CNS (Pasterkamp et al., 1999,
2001; De et al., 2002). Quantitative PCR analysis of tissue from
control saline-treated injury sites showed significant levels of
Sema3A expression (mean C; value=24). Decorin treatment of
brain injuries however promoted a 66.0% [standard deviation
(SD) + 5.0%] reduction in Sema3A compared with saline-treated
injuries (Fig. 1).

To evaluate the effects of decorin on the distribution of Sema3A
expression within cerebral cortex injury sites, in situ hybridization
was carried out to detect Sema3A transcript in brain sections from
saline- and decorin-treated injuries. The localization pattern of
Sema3A expression in saline-treated cortical injuries (Fig. 2A-C)
closely resembled that previously reported by other investigators
for cerebral cortex stab injuries (Pasterkamp et al., 1999, 2001; De
et al., 2002), with abundant levels of Sema3A expression found
throughout the central cores and margins of fibrotic scar tissue.
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Figure 1 Decorin suppresses Sema3A messenger RNA expres-
sion in adult cerebral cortex injuries. Graphs show results of
quantitative PCR analysis of Sema3A messenger RNA expression
of tissue samples from cortical injuries infused with either human
recombinant decorin (2.5 mg/ml) or saline vehicle using Alzet
mini-osmotic pumps for 8 days at a flow rate of 1 pl/h.
Quantitative analysis was conducted using the comparative
(244Y method with samples from saline-treated tissues serving
as reference calibrators. Data are represented as relative quan-
titation of Sema3A expression compared with saline-treated
control samples that were given a reference value of 1. Analysis
revealed a robust 66.0% (+5.0) reduction in Sema3A expres-
sion in decorin-treated injuries compared with saline-treated
controls. All quantitative PCR reactions were run in triplicate and
at least three fully independent experiments were conducted.
Statistical analyses were made using the randomization test of
the REST 2005 software. Error bars show standard deviations.
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Figure 2 Decorin decreases scar-associated Sema3A messenger RNA in the injured adult cerebral cortex. (A) Saline-treated cerebral
cortex injuries show robust detection of Sema3A messenger RNA throughout the injury centre as well as at injury margins (C). (B)
Decorin-treated injuries display suppression of Sema3A messenger RNA levels throughout injury centres and at injury margins (D).

Red squares in A and B delineate injury regions that are shown at higher magnification in C and D, respectively. Dotted lines in B, C and D
indicate injury margins where fibrotic scar tissue interfaces with cerebral cortex grey matter. Scale bars: A=200pum; B and C=100 um;

D =50 pum.

Decorin-treated injury sites, however, showed a robust reduction
of Sema3A expression within injury centres and margins
(Fig. 2B-D).

Decorin treatment decreases CNS
scar-associated semaphorin 3A protein

To verify that decorin suppression of Sema3A messenger RNA
translated to equally robust reductions in Sema3A protein within
cerebral cortex injuries, immunohistochemistry for Sema3A protein
was conducted for saline- and decorin-treated brain injuries. In
accordance with the patterns of Sema3A messenger RNA expres-
sion observed within scar tissue, the highest levels of Sema3A
protein were found within the centre and at the margins of control
saline-treated injuries (Fig. 3A). Notably intense staining for
Sema3A was observed to co-localize with fibronectin positive

fibroblasts at injury margins (Fig. 3B and C), thus supporting pre-
vious reports that infiltrating leptomeningeal fibroblasts are re-
sponsible for high levels of Sema3A expression within CNS
injuries (Pasterkamp et al., 1999, 2001; De et al., 2002).
Consistent with previous studies showing Sema3A expression by
cerebral cortex neurons (Pasterkamp et al., 1999), Sema3A immu-
noreactivity was observed for neurons within uninjured cerebral
cortex grey matter (Supplementary Fig. 2) and grey matter adja-
cent to saline-treated injury sites (Figs 3A and B, and 4A).
However, minimal Sema3A immunoreactivity was observed
associated with glial fibrillary acidic protein positive astrocyte cell
bodies and processes at injury margins or within adjacent
grey matter of saline- (Fig. 4A) or decorin-treated (Fig. 4B)
injury sites.

Immunoreactivity for Sema3A protein was greatly reduced
within the fibrotic injury centres and at the lateral/ventral margins
of decorin-treated cerebral cortex stab injuries (Figs 3D and B, and
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Figure 3 Decorin suppresses scar-associated semaphorin 3A immunoreactivity in adult cerebral cortex scar tissue. (A) Saline-treated
injuries show robust immunoreactivity for Sema3A within fibrotic injury centres and predominantly along ventral injury margins. (B and C)
A higher power image of the margin of a saline-treated cerebral cortex injury showing robust immunostaining for Sema3A (B) that
co-localizes with fibronectin (FN) (C). (D) Decorin-treated injuries display diminished Sema3A immunoreactivity throughout the injury
centre and at ventral injury margins. High-power images showing reduced immunoreactivity for Sema3A (E) and fibronectin (F) at the
injury margins of decorin-treated injury sites. Arrows in panels A and C delineate the ventral injury margins. Scale bars: A and D =200 pm;

B, C, E and F=50pum.

4D). Sema3A staining was, however, still evident at the dorsal
surface of decorin-treated injury sites and was most likely due to
the more ventral placement of cannulae tips within the central
cores of injury sites, resulting in infusion of decorin primarily to
central and ventral regions of the injury site, i.e. well below and
away from the dorsal surface. High-power imaging showed that
decorin infusion had suppressed immunoreactivity for both
Sema3A and fibronectin at injury margins (Fig. 3E and F), however
no reduction in Sema3A immunoreactivity was observed for NeuN
positive neurons within grey matter immediately adjacent to injury
margins (Figs 3E and 4B-D).

Decorin reduces Sema3A messenger
RNA expression by leptomeningeal
fibroblasts

In light of the results of our current study and previous investiga-
tions indicating leptomeningeal fibroblasts to be the main source
of Sema3A expression in adult CNS injuries, we tested whether
decorin regulates Sema3A expression in cultured leptomeningeal
fibroblasts isolated from adult rat brain and spinal meninges.
Fibroblasts were plated in serum-free media either untreated or

treated with decorin and cultured for 48 h. Cells were then ex-
tracted and Sema3A messenger RNA expression levels quantified
by quantitative PCR. Quantitative PCR analysis confirmed the ex-
pression of Sema3A messenger RNA by brain and spinal lepto-
meningeal fibroblasts, with a measured C; value of 29 recorded
for both cell types. Treatment of spinal and brain meningeal fibro-
blasts with decorin significantly reduced the expression level of
Sema3A to ~40 and 48%, respectively, of that measured for un-
treated cells (Fig. 5). Thus, decorin treatment of fibroblasts isolated
from both brain and spinal meninges resulted in equally robust
suppression of Sema3A expression, a finding that correlates with
the robust increases in axon growth observed in cultures of spinal
cord leptomeningeal fibroblasts treated with decorin (Davies et al.,
2004).

Decorin suppression of Sema3A
expressed by leptomeningeal fibroblasts
is erythroblastic leukaemia viral
oncogene homologue B4-dependent

We next investigated the mechanism through which decorin sup-
presses Sema3A expression in leptomeningeal fibroblasts. The ErbB
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Figure 4 Decorin suppresses scar-associated semaphorin 3A immunoreactivity at injury margins. (A) Control saline-treated injuries show a
band of robust Sema3A immunoreactivity along the injury margins of cerebral cortex scar tissue that is absent in (B) decorin-treated
injuries (opposed arrows indicate the alignment of injury margins). Note the lack of co-localization of Sema3A (green) and glial fibrillary
acidic protein (GFAP) immunoreactivity (blue), indicating that GFAP+ astrocytes at injury margins display little if any immunoreactivity for
Sema3A in both control saline (A) and decorin-treated (B) injuries. Robust Sema3A immunoreactivity is however displayed by neurons
within cerebral cortex grey matter immediately adjacent to both (A) control saline and (B) decorin-treated injuries (groups of Sema3A+
neurons are identified by arrowheads). Immunological co-staining for NeuN (C) and Sema3A (D) in decorin-treated injuries confirms that
Sema3A (green) positive cells within grey matter adjacent to injury margins (indicated by opposing arrows) are NeuN+ neurons (red).
Arrowheads indicate representative groups of neurons co-stained for NeuN (C) and Sema3A (D). Decorin infusion therefore resulted in a
specific reduction in Sema3A immunoreactivity within cerebral cortex scar tissue but did not suppress neuronal Sema3A immunoreactivity

within adjacent grey matter. Scale bars=50 um.

family of receptor tyrosine kinases includes epidermal growth
factor receptor (EGFR), ErbB1, ErbB2, ErbB3 and ErbB4, and has
been linked to several biological functions regulated by decorin
(Moscatello et al., 1998; Patel et al., 1998; lozzo et al., 1999;
Santra et al., 2000; Zafiropoulos and Tzanakakis, 2008). We
therefore hypothesized that one or more ErbB receptor(s)
might play a role in the ability of decorin to suppress Sema3A
expression by leptomeningeal fibroblasts. Quantitative PCR ana-
lysis was first carried out to confirm that ErbB receptor fam-
ily members are expressed by meningeal fibroblasts in culture.
Our analysis confirmed that spinal leptomeningeal fibroblasts ex-
pressed all four known ErbB tyrosine kinase receptors, with
expression levels of EGFR being similar to ErbB4 (C; values=30),
but 5-fold lower than ErbB2 (C;=28) and 10-fold lower than
ErbB3 (C;=27).

To establish a role for ErbB receptor activity in decorin-mediated
suppression of Sema3A, we first tested the ability of PD158780,
a well-known pan-specific inhibitor of ErbB tyrosine kinase activity
(Rewcastle et al.,, 1998), to block decorin-mediated suppression
of Sema3A expression by leptomeningeal fibroblasts. Treatment
with PD158780 alone in control spinal fibroblast cultures showed
no effect on the basal levels of Sema3A expression (Fig. 6), how-
ever, PD158780 treatment completely blocked the decorin-
mediated reduction in Sema3A expression (Fig. 6). This result
confirmed that decorin suppresses Sema3A expression via an
ErbB-dependent  mechanism in  cultured leptomeningeal
fibroblasts. We then tested AG1478, a well-characterized inhibitor
of EGFR (ErbB1) tyrosine kinase activity (Levitzki and Gazit,
1995). Treatment of leptomeningeal fibroblasts with AG1478
and decorin did not block the ability of decorin to suppress
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Figure 5 Decorin reduces Sema3A expression by cultured
leptomeningeal fibroblasts isolated from both brain and

spinal cord meninges. The graph shows a significant reduction
in the expression of Sema3A after decorin treatment of both
spinal and brain leptomeningeal meningeal fibroblasts
compared with saline-treated fibroblasts. Data are repre-
sented as relative quantitation of Sema3A expression
compared with saline-treated control samples that were given
a reference value of 1. Error bars=standard deviations.
Decorin treatment resulted in reductions of 62.0% (£5.0)
and 55.0% (£+8.0) in Sema3A expression, respectively,
compared with untreated cells.

Sema3A (Fig. 7). This finding demonstrates that decorin suppres-
sion of Sema3A production by leptomeningeal fibroblasts is not
mediated by decorin signalling through EGFR tyrosine kinase
activity.

In addition to EGFR, decorin has also been shown to bind to
both ErbB4 and ErbB2 receptors but not the ErbB3 receptor
(Santra et al,, 2000). Importantly, at present it is generally ac-
cepted that ErbB2 only acts via dimerization with other ErbB re-
ceptors and that ErbB2 activity is suppressed via decorin
interaction with ErbB4, as demonstrated in breast carcinoma cells
(Santra et al., 2000). To test the role of the ErbB4 receptor in
decorin-mediated suppression of Sema3A in fibrotic CNS scar
tissue, leptomeningeal fibroblast cultures were treated with
either a specific ErbB4 blocking antibody (AB-3) or an ErbB4
small interfering RNA mixture. Co-treatment with AB-3 completely
blocked decorin-mediated suppression of Sema3A by spinal lepto-
meningeal fibroblasts (Fig. 7). This was in contrast to results
observed using an ErbB3-specific blocking antibody (AB-5) that
had no effect on decorin-mediated suppression of Sema3A (data
not shown). Similarly, knockdown of ErbB4 using small interfering
RNA also completely blocked suppression of Sema3A by decorin
(Fig. 7), further providing evidence that in leptomeningeal
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Figure 6 Decorin inhibits Sema3A expression by leptomenin-
geal fibroblasts via an ErbB-dependent mechanism. Graph shows
relative Sema3A levels expressed by spinal leptomeningeal
fibroblasts treated with saline, decorin alone (Dec), decorin in
combination with PD158780 (PD) and PD158780 alone. Data
are represented as relative quantitation of Sema3A expression
compared with saline-treated control samples that were given a
reference value of 1. Error bars =standard deviations.
Co-treatment of fibroblasts with decorin and PD158780 com-
pletely blocked decorin-mediated suppression of Sema3A, con-
firming an ErbB-dependent mechanism in the ability of decorin
to regulate Sema3A expression. Treatment of fibroblasts with
PD158780 alone resulted in no significant difference in Sema3A
expression compared with saline-treated fibroblasts.

fibroblasts, decorin suppresses expression of Sema3A in an
ErbB4-dependent manner.

Activation of the ErbB4 receptor has been shown to induce its
cleavage by TNF-a converting enzyme (tumor necrosis-alpha con-
verting enzyme) (Rio et al., 2000; Carpenter, 2003a; Thiel and
Carpenter, 2006) and further processing by v-secretase (Ni
et al., 2001, 2003) to allow release and translocation of the intra-
cellular domain of the ErbB4 receptor (E4ICD) from the cell mem-
brane to the nucleus (Zhou and Carpenter, 2002; Carpenter,
2003a, b). Notably, of the ErbB family of receptor tyrosine kinases,
only ErbB4 has been shown to signal via a y-secretase-dependent-
mechanism (Ni et al.,, 2001, 2003; Carpenter, 2003a). Treatment
of control fibroblast cultures with L-685458, a potent y-secretase
inhibitor (Shearman et al, 2000) did not have any effect on
the basal expression levels of Sema3A (data not shown).
Treatment of adult rat leptomeningeal fibroblasts with
L-685458 and decorin, however, completely blocked decorin-
mediated suppression of Sema3A (Fig. 7). This result further sup-
ports our finding that decorin suppresses Sema3A by leptomenin-
geal fibroblasts through a signalling mechanism requiring ErbB4
receptor activity.
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Figure 7 Decorin suppresses Sema3A expression by leptomeningeal fibroblasts through a mechanism that involves ErbB4 receptor
signalling. Spinal leptomeningeal fibroblasts were treated with either saline, decorin alone (Dec), decorin + AG1478 (AG),

decorin + anti-ErbB4 Ab-3 antibody, decorin + ErbB4 small interfering RNA (siRNA) or decorin + L-685458. Data are represented as relative
quantitation of Sema3A expression compared with saline-treated control samples that were given a reference value of 1. Error

bars =standard deviations. Inhibition of ErbB4 activity using either Ab-3 or small interfering RNA completely reversed the
decorin-mediated suppression of Sema3A synthesis by leptomeningeal fibroblasts. Additionally, decorin suppression of Sema3A was also
completely blocked by co-treatment with L-685458, a y-secretase inhibitor of the ErbB4 signalling pathway.

Regulation of semaphorin 3A
expression via the signal transducer
and activator of transcription

3 signalling pathway

ErbB4 activation has been shown to induce the tyrosine phosphor-
ylation and activation of STAT3 (Puricelli et al., 2002). Sequence
analysis of the promoters of the human, mouse and rat Sema3A
gene has revealed strong consensus binding motifs for STAT3. We
therefore tested and found that treatment of leptomeningeal
fibroblasts with cucurbitacin, a specific inhibitor of STAT3
(Blaskovich et al., 2003), decreased the expression of Sema3A
to 37% (SD +7.0%) of that observed for untreated cultures
(Fig. 8), a degree of Sema3A suppression that was strikingly similar
to that achieved by decorin treatment alone. Moreover,
co-treatment of cultures with decorin and cucurbitacin had a
robust synergistic effect leading to a 90% (SD + 1.0%) reduction
in the expression of Sema3A compared with that observed for
untreated leptomeningeal fibroblasts (Fig. 8). This suggests that
decorin suppresses Sema3A expression by inhibition of STAT3 ac-
tivity, a mechanism that is complementary to that employed by
cucurbitacin.

We therefore investigated the ability of decorin to upregulate
the expression of three well-established STAT3 inhibitors,
SOCS3, SHP1 and PIAS3 (Rakesh and Agrawal, 2005).
Quantitative PCR analysis of decorin-infused adult rat cerebral

cortex injuries revealed a robust 45.1-fold (SD + 6.9) increase in
the expression of SOCS3 messenger RNA and a 10.5-fold
(SD + 4.5) increase in the expression of SHP7 compared with
saline-treated control cerebral cortex injuries (Fig. 9). There was
no change in the expression of PIAS3. In vitro decorin increased
the expression of SOCS3 messenger RNA by 8.7-fold (SD + 1.4)
in adult rat leptomeningeal fibroblast cultures as assessed by quan-
titative PCR, but did not increase SHPT or PIAS3 expression
(Fig. 9).

Discussion

Our present study demonstrates for the first time that infusion of
decorin core protein robustly suppresses messenger RNA and pro-
tein levels of the axon growth inhibitory molecule Sema3A within
a CNS injury. Taken together, our immunohistological and in situ
analyses of untreated control and decorin-treated injury sites re-
vealed a specific reduction in Sema3A protein and messenger RNA
by invading leptomeningeal fibroblasts within fibrotic scar tissue at
the centres and margins of cerebral cortex injury sites. The ability
of decorin core protein to robustly suppress Sema3A messenger
RNA expression by leptomeningeal fibroblasts was confirmed by
quantitative PCR analysis of decorin-treated cultures of both brain
and spinal cord leptomeningeal fibroblasts. Further quantitative
PCR analysis of cultured leptomeningeal fibroblasts treated with
a series of ErbB receptor specific inhibitors demonstrated that
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Figure 8 Sema3A expression by leptomeningeal fibroblasts in
culture is regulated by the transcription factor STAT3. The graph
shows relative Sema3A levels expressed by spinal leptomenin-
geal fibroblasts treated with saline, cucurbitacin | (Cucurb), an
inhibitor of STAT3 signalling and combined cucurbitacin

| +decorin (Dec). Data is represented as relative quantitation of
Sema3A expression compared with saline-treated control sam-
ples that were given a reference value of 1. Error bars = standard
deviations. Analysis of leptomeningeal fibroblasts treated with
cucurbitacin | alone revealed a robust 63.0% (+7.0) reduction in
Sema3A expression compared with saline-treated control sam-
ples. Co-treatment of fibroblasts with decorin and cucurbitacin |
results in a synergistic 90% (£1.0) reduction in the expression of
Sema3A compared with that observed for saline-treated control
leptomeningeal fibroblasts.

decorin-mediated suppression of Sema3A is dependent on ErbB4
receptor activity. We also showed a novel role for STAT3 signalling
in regulating Sema3A expression through treatment of leptomen-
ingeal fibroblasts with cucurbitacin, a STAT3 specific inhibitor.
Lastly, we demonstrated a novel function for decorin to induce
the expression of two endogenous STAT3 inhibitors, SOCS3 and
SHP1, in injured cerebral cortex in vivo and SOCS3 in cultured
fibroblasts in vitro. These studies provide a potential mechanism
by which decorin suppresses Sema3A within injured adult CNS
tissue.

Decorin, a potent inhibitor of CNS
scar formation

Decorin has been shown to suppress fibrotic scarring following
injury to many types of tissues, including muscle (Fukushima
et al., 2001), kidney (Border et al., 1992; Isaka et al., 1996;
Huijun et al., 2005), eye (Grisanti et al., 2005) and lung (Kolb
et al., 2001a, b). In the injured adult CNS, Logan et al. (1999) first
demonstrated that infusion of decorin core protein attenuated
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Figure 9 Decorin induces the expression of STAT3-inhibitors
SOCS3 and SHP1 in cerebral cortex injuries and SOCS3 by cul-
tured leptomeningeal fibroblasts. The graph shows the expres-
sion levels of SOCS3, SHP1 and PIAS3 in decorin-treated
cerebral cortex injuries and cultured leptomeningeal fibroblasts
compared with saline-treated samples. Data is represented as
relative quantitation of SOCS3, SHP1 and PIAS3 gene expres-
sion compared with saline-treated control samples that were
given a reference value of 1. Error bars=standard deviations.
Decorin treatment of cerebral cortex injuries induced a robust
45.1-fold (£6.9) increase in the expression of SOCS3 messenger
RNA and a 10.5-fold (+4.5) increase in the expression of SHP1
compared with saline-treated control cerebral cortex injuries.
Decorin did not induce the expression of PIAS in cerebral cortex
injuries. In cultured leptomeningeal fibroblasts, decorin increased
the expression of SOCS3 messenger RNA by 8.7-fold (+1.4) but
did not alter expression levels of SHP7 or PIAS compared with
untreated control cultures.

laminin and fibronectin deposition within cerebral cortex stab inju-
ries. In addition, our laboratory demonstrated that decorin infusion
robustly suppresses astrocyte reactivity and levels of multiple axon
growth-inhibitory CSPGs, namely neurocan, brevican, NG2 and
phosphacan, at sites of spinal cord injury, effects that correlated
with enhanced axon growth across decorin-treated spinal cord
injuries (Davies et al., 2004). Here we expand on these studies
and now report that in addition to axon growth inhibitory CSPGs,
decorin also has the ability to suppress Sema3A expression, an-
other important CNS scar-associated inhibitor of axonal growth.
Taken together, the results of our in vitro and in vivo studies
indicate that decorin treatment of cerebral cortex injuries results in
a specific reduction in Sema3A expression by invading leptomen-
ingeal fibroblasts. That fibronectin immunoreactivity was also
reduced within decorin-treated injury sites raises the possibility
that, in addition to directly suppressing fibronectin and Sema3A
synthesis by invading fibroblasts, a decorin-mediated suppression
of the numbers of invading fibroblasts may also contribute to the
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robust suppression of Sema3A expression within decorin-treated
injuries. That decorin infusion did not suppress Sema3A immunor-
eactivity associated with NeuN+ neurons within adjacent grey
matter suggests that either decorin-independent mechanisms are
involved in the synthesis of Sema3A in adult rat cerebral cortex
neurons, or that decorin infusion cannot promote the removal of
Sema3A once it is established within the perineuronal matrix.
Future investigations will determine the ability of decorin to regu-
late the synthesis of Sema3A by neurons.

Erythroblastic leukaemia viral oncogene
homologue B4 receptor and decorin
suppression of semaphorin 3A

Having shown suppression of Sema3A synthesis by leptomenin-
geal fibroblasts in cerebral cortex injuries and in vitro, we next
focused on the signalling mechanism through which decorin sup-
presses Sema3A synthesis at sites of CNS injury. Several studies
have identified multiple cell-surface receptors that interact with
decorin, including ErbB receptors (lozzo et al., 1999; Csordas
et al., 2000; Santra et al., 2000), insulin-like growth factor recep-
tor (Schaefer et al., 2007), lipoprotein-receptor related protein
(Brandan et al., 2006; Cabello-Verrugio and Brandan, 2007) and
Met receptor (Goldoni et al., 2009). As initial quantitative PCR
analysis demonstrated that all four ErbB family members are ex-
pressed by leptomeningeal fibroblasts in culture, we therefore
focused our attention on the potential role of ErbB receptors in
decorin-mediated suppression of Sema3A.

That treatment of cells with PD15878, a pan-specific inhibitor of
general ErbB tyrosine kinase activity, completely abolished the
ability of decorin to inhibit Sema3A expression, confirmed that
activity of an ErbB family receptor is required for decorin-mediated
suppression of Sema3A. Further testing with ErbB receptor block-
ing antibodies revealed that only the AB-3 antibody specific to
ErbB4 inhibited decorin-mediated suppression of Sema3A, thus
demonstrating a specific requirement for ErbB4 activity. This
result was confirmed using small interfering RNA knockdown of
ErbB4 and represents the first demonstration of ErbB4 activity-
dependant regulation of Sema3A expression. Importantly, how-
ever, our finding that treatment of fibroblasts with PD15878
alone did not change Sema3A gene expression indicates that a
signalling mechanism independent of ErbB receptor activity is re-
sponsible for maintaining the constitutive expression of Sema3A
by leptomeningeal fibroblasts in culture. Taken together, these
findings support the hypothesis that decorin suppresses Sema3A
levels via ErbB4 receptor-mediated inhibition of Sema3A synthesis,
rather than by binding to and blocking cell surface receptor activ-
ity required to promote Sema3A synthesis (see summary schematic
Fig. 10).

ErbB receptors function through activation of several signalling
pathways, including those that involve extracellular signal-
regulated kinase 1/2 (ERK 1/2), mitogen-activated protein kinase
(MAPK), phosphatidylinosithol-3-kinase (PI3K) and STATs (Linggi
and Carpenter, 2006; Warren and Landgraf, 2006). Upon ligand
binding, all ErbB family members undergo activation via
auto-phosphorylation followed by the formation of either ErbB
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Figure 10 Potential signalling pathways by which decorin
suppresses Sema3A expression via regulation of ErbB4, SOCS3
and STAT3 activity. Decorin activation of ErbB4 receptor induces
a y-secretase (y-sec) dependent release of the ErbB4 receptor
E4ICD intracellular signalling domain. Translocation of E4ICD to
the nucleus induces the expression of the STAT3 inhibitors
SOCS3 and SHP1. SOCS3 and SHP1 inhibit STAT3-mediated
induction of Sema3A expression by CNS scar-associated lepto-
meningeal fibroblasts. The robust synergistic reduction in
Sema3A expression observed after decorin/cucurbitacin
co-treatment of leptomeningeal fibroblasts predicts that induc-
tion of Sema3A is promoted by an as yet unknown ligand ‘X'/
receptor signalling event upstream of STAT3.

homo- or hetero-dimers (Linggi and Carpenter, 2006; Warren
and Landgraf, 2006). In addition to activating signalling pathways
via phosphorylation of downstream effectors, the ErbB4 receptor
can also signal through a mechanism unique among the ErbB re-
ceptor family where it undergoes proteolysis of its extracellular
domain by TNF-«a converting enzyme and its intracellular signalling
domain by y-secretase. Following proteolysis, the ErbB4 intracel-
lular domain, E4ICD, is translocated to the nucleus where it in-
duces gene transcription. Our finding that the y-secretase specific
inhibitor L-685458 (Shearman et al.,, 2000) completely inhibited
the ability of decorin to suppress Sema3A expression by leptomen-
ingeal fibroblasts in culture indicates a requirement for activity of
the ErbB4/E4ICD signalling pathway for decorin-mediated down-
regulation of Sema3A expression (Fig. 10).

Signal transducer and activator of
transcription 3 activity and semaphorin
3A expression

At present, the ligands and receptors promoting the expression of
Sema3A by leptomeningeal fibroblasts in either CNS injuries or in
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culture are currently unknown. In considering the potential down-
stream signalling pathways that may induce Sema3A in scar tissue,
we focused on the transcription factor STAT3, as it has been
shown to actively promote scar formation in a variety of tissue
types (Lim et al., 2006; Ogata et al., 2006; Arakawa et al., 2008;
Herrmann et al., 2008; Berthier et al., 2009). Activation of STAT3
has been shown in several CNS disorders, including excitotoxic
injury to the sensorimotor cortex (Acarin et al., 2000), amyo-
trophic lateral sclerosis (Shibata et al., 2009) and spinal cord
injury (Yamauchi et al., 2006; Herrmann et al., 2008; Su et al.,
2010) where its activity is associated with inflammation, microglia
activation and reactive astrogliosis. Su et al. (2010) recently
demonstrated beneficial effects of blocking STAT3 signalling fol-
lowing spinal cord injury, including decreased glial scarring and
improved behavioural recovery. We therefore considered the pos-
sibility that decorin may inhibit Sema3A expression following CNS
injury by suppressing STAT3 signalling in leptomeningeal
fibroblasts.

Sequence analyses of the human, rat and murine Sema3A
promoters demonstrated that each gene contained consensus
DNA binding motifs for STAT3. To examine a possible role for
STAT3-mediated regulation of the Sema3A promoter in leptomen-
ingeal fibroblasts, we utilized cucurbitacin 1, a selective inhibitor of
the Janus kinase/STAT3 signalling pathway. Although the exact
mechanism of cucurbitacin | inhibition on STAT3 signalling is pres-
ently unknown, treatment of various cell types with cucurbitacin |
has been shown to result in diminished activated phosphotyrosine
STAT3 without changes in the total protein levels of STAT3
(Blaskovich et al.,, 2003). Here, we were able to demonstrate
that cucurbitacin | treatment of leptomeningeal fibroblasts sup-
pressed Sema3A transcription to a level similar to that achieved
with decorin treatment alone. As such, we identify STAT3 as a
transcription factor regulating the induction of Sema3A expression
in leptomeningeal fibroblasts following CNS injury. The synergistic
reduction in Sema3A expression we observed with combined dec-
orin/cucurbitacin | treatment of leptomeningeal fibroblasts indi-
cated that decorin may suppress Sema3A via a mechanism
complementary to that used by cucurbitacin | and raises the pos-
sibility that decorin/ErbB4 signalling also targets STAT3 activity
(Fig. 10).

Decorin upregulation of signal
transducer and activator of transcription
3 inhibitors suppressor of cytokine
signalling 3 and Src homology
phosphatase 1

STATS3 activation has been shown to be under the tight control of
three major inhibitors of STAT3-mediated signal transduction path-
ways: SOCS3, SHP1 and PIAS (for review see Wormald and Hilton,
2004). SOCS3 can suppress STAT3 signalling through inhibition of
Janus kinases, competition with STATSs for binding sites on receptors
or by mediation of proteosomal degradation (Krebs and Hilton,
2000; Kamizono et al., 2001; Kile et al., 2002). SHP1 is a phosphat-
ase that has been shown to negatively regulate receptor tyrosine
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kinases and Janus kinase 2 (David et al., 1995; Klingmuller et al.,
1995). PIAS suppresses STAT3 signalling by blocking STAT3 binding
to promoter DNA (Wormald and Hilton, 2004). We tested the hy-
pothesis that decorin/ErbB4-mediated signalling leads to enhanced
transcription of one or more of these known STAT3 signalling inhibi-
tors. Our results demonstrate that decorin robustly upregulated the
expression of SOCS3 and SHP1 in cerebral cortex injuries and SOCS3
in cultured leptomeningeal fibroblasts. Interestingly, adenoviral
vector-mediated expression of SOCS3 has been shown to reduce
fibrotic scarring in a rodent model of diabetic nephropathy
(Ortiz-Munoz et al., 2010). Importantly in the context of the present
study, the ability of decorin to upregulate known STAT3 inhibitors
provides a putative signalling mechanism by which decorin may sup-
press STAT3-mediated induction of Sema3A expression by CNS scar
associated leptomeningeal fibroblasts (Fig. 10).

In conclusion, these findings represent, to the best of our know-
ledge, the first demonstration of a naturally occurring molecule
that can regulate Sema3A expression within CNS scar tissue. As
such, decorin treatment of CNS injuries represents an complemen-
tary approach to other strategies designed to target the axon
growth inhibitory effects of Sema3A by suppressing Sema3A sig-
nalling through receptors such as neuronal neuropilin-1 (Williams
et al., 2005; Kaneko et al., 2006; Mire et al., 2008; Montolio
et al., 2009). The ability of decorin to downregulate the
de novo expression of Sema3A, multiple inhibitory CSPGs and
also desensitize neurons to the inhibitory effects of CSPGs and
myelin associated inhibitors (Minor et al., 2008), makes decorin
a promising therapeutic agent for promoting axon regeneration in
the injured adult mammalian CNS.
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