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Abstract
We have demonstrated that overcoming matrix metalloproteinase (MMP)-mediated suppression of
glial proliferation stimulates axonal regeneration in the peripheral nervous system. The
regenerative capacity of the adult CNS in response to injury and demyelination depends on the
ability of multipotent glial NG2+ progenitor cells to proliferate and mature, mainly into
oligodendrocytes. Herein, we have established the important role of MMPs, specifically MMP-9,
in regulation of NG2+ cell proliferation in injured spinal cord. Targeting transiently induced
MMP-9 using acute MMP-9/2 inhibitor (SB-3CT) therapy for two days after T9-10 spinal cord
dorsal hemisection produced a significant increase in mitosis (assessed by bromodeoxyuridine
incorporation) of NG2+ cells but not GFAP+ astrocytes and Iba-1+ microglia and/or macrophages.
Acute MMP-9/2 blockade reduced the shedding of the NG2 proteoglycan and of the NR1 subunit
of the N-methyl D-aspartate (NMDA) receptor, whose decline is believed to accompany NG2+
cell maturation into OLs. Increase in post-mitotic oligodendrocytes during remyelination and
improved myelin neuropathology in the hemisected spinal cord were accompanied by locomotion
and somatosensory recovery after acute MMP-9/2 inhibition. Collectively, these data establish a
novel role for MMPs in regulation of NG2+ cell proliferation in the damaged CNS, and a long-
term benefit of acute MMP-9 block after SCI.

INTRODUCTION
Neuron-glial antigen 2 (NG2)-expressing cells are multipotent glial progenitor cells of the
resting CNS that give rise to oligodendrocytes (OLs) and other glia (Horner et al., 2000;
Dawson et al., 2003; Zhu et al., 2008), and by receiving synaptic input from neurons are
believed to integrate in the neuronal network (Nishiyama et al., 2009). In response to injury
and demyelination of spinal cord, NG2+ cell division serves to replenish the pool of dying
OLs and to support remyelination of the damaged CNS (McTigue et al., 2001). Despite the
multipotent nature, NG2+ cells primarily commit to the OL lineage in healthy and
degenerating spinal cord (Kang et al., 2010).

A chondroitin sulfate proteoglycan 4, NG2 is inhibitory to axonal growth (Giger et al.,
2010). Yet, regenerating spinal cord axons associate preferentially with NG2-rich substrates
(Jones et al., 2002) and NG2+ cells provide a favorable substrate for growing axons (Yang
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et al., 2006a). It is believed that not the membrane-anchored, but a shed isoform of NG2
proteoglycan evokes growth-inhibitory properties (Nishiyama et al., 2009; Jones et al.,
2003). During the macrophage-induced axonal dieback, NG2+ cells stabilize axonal growth
and form permissive bridges across proteoglycans (Busch et al., 2010). Both NG2 shedding
in the spinal cord (Larsen et al., 2003) and axonal dieback (Busch et al., 2010) are controlled
by matrix metalloproteinase-9 (MMP-9, or gelatinase B).

MMPs belong to a family of zinc-dependent extracellular endopeptidases, comprising
collagenases, gelatinases, stromelysins and membrane-type MMPs (Nagase et al., 2006). By
proteolysis of extracellular and membrane-bound adhesion and structural molecules,
proteoglycans, cytokine and trophic factor ligands and receptors (Page-McCaw et al., 2007),
or by direct receptor binding (Piccard et al., 2007), MMPs control a plethora of signal
transduction pathways to phenotypic transformation, migration and survival. At least ten
MMP family members are induced over the course of SCI (Wells et al., 2003), but their
function remains poorly characterized. It is, however, clear that acute but not extended
broad-spectrum MMP inhibitor (MMPi) therapy is effective in promoting functional
recovery after SCI (Noble et al., 2002). The extended MMPi therapy fails the repair due to
beneficial roles of certain MMPs, such as MMP-2, in wound healing at later stages of SCI
(Hsu et al., 2006; Zhang et al., 2010).

The success of acute MMPi therapy has been attributed to blocking MMP-9-mediated
vascular instability and immune cell recruitment (Noble et al., 2002; Yu et al., 2008),
neuronal apoptosis (Yu et al., 2008) and glial scar formation (Hsu et al., 2008) after SCI. In
dorsal root ganglia (DRG) neurons cultured on aggrecan, MMP-9 inhibition stimulates
axonal growth by preventing macrophage attack of growth cones (Busch et al., 2009). We
have reported that MMP inhibition facilitates axonal growth of DRG neurons in sciatic
nerve in vivo, by stimulating proliferation of supporting Schwann cells (Liu et al., 2010).
Unlike other MMP family members, MMP-9 is not expressed in resting adult spinal cord but
induced transiently between 24 and 72 h after SCI (Noble et al., 2002; Yu et al., 2008;
Duchossoy et al., 2001). Whether MMP-9 contributes to the later stages of SCI (Zhang et
al., 2010) or controls myelin catabolism and/or formation in the damaged CNS (Rosenberg,
2009) remains controversial.

Herein, we demonstrate that selective, acute MMP-9/2 (SB-3CT) inhibition for two days
after spinal cord dorsal hemisection acts as a mitogen for NG2+ cells but not GFAP+
astrocytes or Iba-1+ macrophages and/or microglia. In the damaged spinal cord, the MMPs
control the shedding of NG2 proteoglycan, and of the NR1 subunit of the N-methyl D-
aspartate receptor (NMDAr), whose decline is believed to accompany NG2+ cell maturation
into OLs (De Biase et al., 2010). Finally, acute MMP-9/2 block permits successful post-
mitotic maturation of OLs, improves neuropathology of myelin, and facilitates functional
(locomotion and somatosensory, bladder) recovery associated with the lesion. Results from
this study identify MMP-9 as a novel modulator of NG2+ cell proliferation in CNS, and
support a paradigm that MMP-9 action early after SCI has major long-term implications to
the course of spinal cord repair.

MATERIALS AND METHODS
Animals and surgery

Thoracic (T) 9-10 spinal cord dorsal hemisection (SCDH) was performed in adult female
Sprague-Dawley rats (200-225 g, Harlan Labs, Indianapolis, IN). Animals were housed at
22°C under a 12 h light/dark cycle with ad libitum access to food and water. Deep anesthesia
was achieved using a rodent anesthesia cocktail containing Nembutal (50 mg/ml; Abbott
Labs, North Chicago, IL) and diazepam (5 mg/ml, Steris Labs, Phoenix, AZ) in 0.9% saline
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(Steris Labs). Following laminectomy at T9-10 level, the dura mater was pierced, the spinal
cord was exposed, and a pledget of Gelfoam soaked in saline was placed on the exposed
cord for 1 min. A dorsal hemisection was performed with a stereotaxically positioned blade
to a depth of 1.0 mm (as illustrated in Fig. 1A), fully severing the dorsal and dorsolateral
corticospinal tracts (Weidner et al., 2001). The overlying muscle was sutured with 4.0
vicryl, and the skin was closed with surgical staples. Sham-operated animals underwent
laminectomy without the lesion. Animals were allowed to recover from anesthesia on a
heating pad. Ampicillin (30 mg/kg, APP Pharmaceuticals, Schaumburg, IL) was
administered by intraperitoneal (i.p.) injection for seven days after injury. Bladders were
expressed twice daily until the animals resumed eating and drinking normally and urinary
incontinence ceased. All procedures conform to NIH Guidelines for the Care and Use of
Laboratory Animals and protocols approved by the Institutional Animal Care and Use
Committee and the VA San Diego Healthcare System.

MMP inhibitor therapy
SB-3CT (EMD Biosciences, San Diego, CA) is the selective, mechanism-based and high-
affinity inhibitor of gelatinases with Ki values of 0.0139 μM for MMP-2 and 0.6 μM for
MMP-9, and Ki values of 15-205 μM for MMP-1, MMP-3, and MMP-7 (Brown et al.,
2000). SB-3CT (10 mg/kg body weight) as a suspension in 10% DMSO has been shown
effective in protecting neurons from apoptosis during focal cerebral ischemia (Gu et al.,
2005) and SCI (Yu et al., 2008). SB-3CT was injected i.p. immediately after SCDH and
once daily for two days thereafter. 10% DMSO in normal saline was used as a vehicle
control.

Real-time qRT-PCR
Spinal cords were collected at days 1, 3 and 7, at the epicenter of T9-10 SCDH and stored in
RNA-later (Ambion, Austin, TX) at -20°C. Primers and Taqman probes for rat MMP-9
(Biosearch Technologies, Novato, CA), MMP-2 (Ambion) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, Biosearch Technologies) were optimized as described (Shubayev
et al., 2006). Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA), purified on
RNeasy mini columns (Qiagen, Valencia, CA) and treated with RNase-free DNAse I
(Qiagen). The RNA purity was verified by OD260/280 absorption ratio of ~ 2.0. cDNA was
synthesized using a SuperScript first-strand RT-PCR kit (Invitrogen). Gene expression was
measured by real-time quantitative RT-PCR (MX4000, Stratagene, La Jolla, CA) using 50
ng of cDNA and 2x Taqman Universal PCR Master Mix (Ambion) with a one-step program:
95°C for 10 min, 95°C for 30 sec, and 60°C for 1 min for 50 cycles. Duplicate samples
without cDNA (no-template control) showed no contaminating DNA. Relative mRNA levels
were quantified using the comparative delta delta Ct method (Livak and Schmittgen, 2001)
and GAPDH as a reference gene. A fold change between injured and naïve cords was
determined by the MX4000 software as described (Pfaffl, 2001).

Gelatin zymography
Spinal cords were collected at day 1, at the epicenter of T9-10 SCDH and SB-3CT therapy
and homogenized in non-reducing buffer (63 mM Tris–HCl, 10% glycerol and 2% SDS, pH
6.8). The lysates containing 25 mg of cord tissue were subjected to 10% SDS-PAGE
containing 1 mg/ml of gelatin (Novex, San Diego, CA) at 160 V for 90 min. The proteins
were renatured in 2.5% Triton X-100 twice for 20 min, and the gels were incubated at 37°C
for 20 h in Zymogram Developing buffer (Novex), containing 50 mM Tris Base, 40 mM 6 N
HCl, 200 mM NaCl, 5 mM CaCl2 and 0.2% Brij 35. The gels were stained with colloidal
blue (Novex), indicating gelatinolytic activity as a clear zone on a blue background of
undegraded gelatin.
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Immunoblotting
Spinal cords were collected at days 3, at the epicenter of T9-10 SCDH, snap-frozen in liquid
N2, and stored at -80°C. Proteins were extracted in 50 mM Tris-HCl, pH 7.4, containing 1%
Triton-x 100, 150 mM NaCl, 10% glycerol, 0.1% SDS, 5 mM EDTA, 1 mM PMSF, 1 μg/
mL aprotinin and leupeptin. Lysates containing 20 μg of total protein, as detected by BCA
Protein Assay (Pierce, Rockford, IL), were separated on 10% Tris-glycine SDS-PAGE (Bio-
Rad, Hercules, CA) at 50 to 80 mA, and transferred to nitrocellulose using iBlot dry blotting
system (Invitrogen) at 20 V for 7 min. The membranes were blocked with 5% non-fat milk
(Bio-Rad), followed by incubation with polyclonal rabbit antibody to a carboxyl-terminus of
rat NR1 (Millipore (06-314); 1:2000, Temecula, CA), polyclonal rabbit anti-NG2 (Millipore
(AB5320), 1:1000) and polyclonal rabbit anti-human IGFBP-6 (Santa Cruz (sc-13094),
1:400) antibodies in 5% bovine serum albumin (Sigma, St. Louis, MO) overnight at 4°C,
washed in TBS containing 0.1% Tween and incubated for 1 h at room temperature (RT)
with HRP-conjugated anti-rabbit secondary antibody (Cell Signaling; 1:5000, Danvers,
MA). The blots were developed using enhanced chemiluminescence (Amersham, Arlington
Heights, IL). The membranes were reprobed with mouse anti-β-actin antibody (Sigma;
1:10000) to control protein loading. Optical density (OD) of the bands of interest was
measured in N of 4 per group using Image J 1.38u (NIH, Bethesda, MD).

In vivo BrdU labeling and detection
5-bromo-2-deoxyuridine (BrdU, Calbiochem, San Diego, CA, 50 mg/kg/day) or its vehicle
(1 mM Tris, 0.8% NaCl, 0.25 mM EDTA, pH 7.4) was administered i.p. immediately after
SCDH or sham surgery and daily for 2 days thereafter. At 3 and 21 days after SCDH and
injections, animals were anesthetized, perfused with 4% paraformaldehyde and sacrificed by
exsanguination. Spinal cords were isolated, post-fixed overnight, rinsed, cryoprotected in
graded sucrose, embedded into OCT compound in dry ice. Transverse, free-floating 25-μm-
thick sections were cut and stored in frozen buffer containing 25% glycerin and 30%
ethylene glycol in 0.1 M phosphate buffer. The sections were rinsed in PBS, hydrolyzed in
2N HCl in PBS for 30 min, followed with or without digestion with 0.01% Trypsin for 30
min at 37°C and washed with PBS. Non-specific binding was blocked in solution containing
PBS, 5% normal goat serum and 0.25% Triton X-100, followed by mouse anti-BrdU
antibody (Sigma (B2531), 1:200) overnight at 4°C, PBS rinse and goat anti-mouse Alexa
488 (green) antibody (Invitrogen) treatment for 1 h at RT. Sections were mounted and
coverslipped using slowfade (Invitrogen).

BrdU dual-labeling with phenotypic markers—The spinal cord sections were first
stained with rat anti-BrdU (Abcam (ab6326), 1:100, Cambridge, MA) or mouse anti-BrdU
as described above, followed by the respective secondary goat anti-rat or anti-mouse Alexa
488 (green), and an overnight incubation at 4°C with one of the following second primary
antibodies: polyclonal rabbit anti-rat NG2 (Millipore (AB5320), 1:200), polycolonal rabbit
anti-glial fibrillary acidic protein (GFAP, Dako (Z0334), 1:1000, Carpinteria, CA), rabbit
anti-Iba-1 (Wako (019-19741), 1:200, Richmond, VA), rabbit anti-S100 (Dako (Z0311), 1:
500), monoclonal mouse anti-rat Rip (Millipore (MAB1580), 1:1000), monoclonal mouse
anti-APC end-binding protein 1 (APCbp, BD Biosciences (610534) 1:500). Sections were
rinsed in PBS and incubated with goat anti-rabbit Alexa 594 (red, Invitrogen) antibody for 1
h at RT. The primary antibody was replaced with the respective normal IgG to control signal
specificity.

Quantitative morphometry—Imaging was performed using a Leica DMR bright-light
and fluorescent microscope and Openlab 4.04 imaging software (Improvision Inc.,
Waltham, MA). BrdU+ cells (single- or dual-labeled with markers) were analyzed in spinal
cord segments 1-3 mm caudal from the epicenter, the main region of BrdU incorporation
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(Zai and Wrathall, 2005). Quantification was performed in N of 4-7 animals per group,
every sixth 25-μm-thick transverse, dorsal column and dorsal horn section, 3 areas per
section, photographed at 20x or 40x objective magnification. Cells were considered BrdU+
only when clearly present within the nucleus with a homogenous or clear punctate labeling
pattern. Data was expressed as the number of immunostained cells per spinal cord area.

Myelin neuropathology
Myelin content was evaluated by light microscopy in fixed-frozen by Luxol Fast Blue
staining or araldite-embedded, Methylene Blue stained spinal cord. For Luxol Fast Blue
staining, OCT-embedded (25-μm-thick) transverse sections were incubated in 0.1% Solvent
blue 38 (Sigma) overnight at 56°C, destained with 0.05% lithium carbonate, and
counterstained with hematoxylin (Fisher Scientific, Pittsburgh, PA) and eosin (Sigma). For
Methylene Blue staining, animals were perfused with 2.5% glutaraldehyde (Fisher) in 0.1 M
phosphate buffer, pH 7.4, under rodent cocktail anesthesia cocktail, specified above. The
spinal cords were isolated, postfixed for 48 h, osmicated, dehydrated, and embedded in
araldite resin. Transverse (1-μm-thick) sections were cut with a diamond knife on an
automated Leica RM2065 microtome and stained with Methylene Blue Azure II (Sigma)
(Shubayev et al., 2006).

BBB locomotion testing
Locomotor activity was tested daily, starting one day after T9-10 SCDH for 22 days using
the Basso-Beattie-Bresnehan (BBB) scale (Basso et al., 1995). The BBB scale characterizes
specific features of functional behavior such as limb movement, paw placement/position,
stepping, coordination, toe clearance and tail position. A score of 0 was given when no
spontaneous hindlimb movement was observed, whereas a score of 21 was assigned to
normal locomotion. The locomotor activity of individual animals was evaluated in an open
field, consisting of a molded-plastic circular enclosure with a smooth, nonslippery floor (90-
cm diameter; 18-cm wall height), over 4 min intervals by two experienced examiners.
Testing was performed in N of 8-11 per group by an experimenter unaware of the
experimental groups.

Bladder assessment
Animals received manual bladder expression twice daily after T9-10 SCDH and/or MMPi
therapy. The bladder functional recovery was evaluated using the reported scale
(Siegenthaler et al., 2007). Briefly, animals that required bladder expression were given a
score of zero. Animals that did not require bladder expression, as determined by a relaxed
bladder with minimal urine release during manual bladder expression, were given a score of
one in N of 6 per group by an experimenter unaware of the experimental groups. Scores
were summed per group for each time point, and a percentage of recovered bladder function
was determined by dividing the sum of the scores by the number of animals per each group.

Statistical analysis
Statistical analyses were performed using KaleidaGraph 4.03 (Synergy Software, Reading,
PA) or SPSS 16.0 (SPSS Inc, Chicago, IL) software by a two-tailed, unpaired Student's t-
test. Analyses of variance (ANOVA) followed by Tukey-Kramer post-hoc test were
employed for comparing three and more groups, and p values of < 0.05 were considered
significant.
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RESULTS
Transient MMP-9 expression in hemisected spinal cord

The expression levels of MMP-9 and MMP-2 as the potential targets of SB-3CT therapy
was quantified at 1, 3 and 7 days of the T9-10 SCDH, using real-time Taqman qRT-PCR
(Fig. 1B). MMP-9 expression peaked within 1 day of SCDH demonstrating an 8.27 ± 1.34-
fold increase compared to naïve cord and a 6.07 ± 0.99-fold increase compared to sham-
operated animals. MMP-9 levels declined by 3 days, and were not significantly different
from sham at 7 days after SCDH. MMP-2 expression was elevated at 3 and 7 days after
SCDH by 3.03 ± 0.39-fold and 3.45 ± 0.45-fold, respectively, relative to naïve spinal cord.

SB-3CT inhibits MMP-9 activity in spinal cord
Gelatin zymography confirms that at the peak of its mRNA expression (day 1 of SCDH),
MMP-9 is active, and the SB-3CT (10 mg/kg, i.p.) administered immediately after SCDH
effectively inhibits MMP-9 activity (Fig. 1C).

Acute SB-3CT therapy was administered immediately, and then once daily for 2 days after
T9-10 SCDH based on the transient MMP-9 increase, and the reported efficacy of acute
broad-spectrum MMPi therapy to spinal cord recovery (Noble et al., 2002). At 3-21 days
following the surgery and therapy, the spinal cords were analyzed for BrdU+ profiles (Figs.
2-4) and MMP substrates, including NG2, NR1 and IGFBP-6 (Fig. 5) and myelin
histopathology (Fig. 6). Behavioral analyses of functional recovery (Fig. 7) accompanied the
study.

MMP-9 selectively controls mitosis of NG2+ cells
The cells undergoing mitosis were identified at day 3 after T9-10 SCDH following daily
BrdU injection and acute SB-3CT therapy until day 2 of SCDH (Fig. 2A). Morphometric
quantification of BrdU+ profiles was performed in the dorsal horn and column (Fig. 2B), as
relevant to the lesion, in the segment 1-3 mm caudal to epicenter, the major zone of BrdU
incorporation (Zai and Wrathall, 2005). The number of BrdU+ cells significantly elevated
after SCDH, demonstrating a 14-fold increase relative to sham operation (Fig. 2C-D).
Interestingly, at 214.8 ± 1.4 cells/area, SB-3CT therapy increased the rate of BrdU
incorporation nearly 2-fold above that of vehicle treatment (at 114.5 ± 17.9 cells/area).

Next, the phenotype of the dividing cells was determined by dual-labeling BrdU with NG2,
for NG2+ progenitors, GFAP for astrocytes or Iba-1 for microglia/macrophages (Fig. 3), as
the key dividing cell types in the injured cord (McTigue et al., 2001; Yang et al., 2006b).
The number of dividing NG2+ cells significantly increased in the acutely SB-3CT-treated
group (53 ± 4 cells/area) compared to vehicle treatment (39 ± 4 cells/area) (p<0.01). Of the
total BrdU+ profiles, dividing NG2+ cells represented 64% in MMPi-treated and 42% in
vehicle-treated cords (p<0.05). A vast population of BrdU+ cells were Iba-1-reactive in both
the vehicle and SB-3CT treated groups, although their levels were not significantly different
between the groups. Mitotic GFAP+ cells were sparse in both groups, and thus, were not the
focus for quantification. Collectively, phenotypic characterization of BrdU+ profiles
suggests that selective and acute MMP-9/2 block differentially stimulates proliferation of
NG2+ cells, but not astrocytes, macrophages and/or microglia within the first three days of
the spinal cord injury.

NG2, NR1 and IGFBP-6, as MMP-9 substrates in the spinal cord
To advance our understanding on the effects of the acute MMP-9/2 block on the substrates
known to modulate phenotypic plasticity of the OL cell lineage, we performed
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immunoblotting for NG2, NR1 and IGFBP-6 (Fig. 4) upon completion of acute SB-3CT
therapy at 3 days after SCDH, as illustrated in Fig. 2A.

NG2 chondroitin sulfate proteoglycan, a 270-300 kDa membrane protein, is a reported
MMP-9 substrate in demyelinating spinal cord (Larsen et al., 2003). Its levels increased at 3
days of SCDH relative to sham (Fig. 4), yet the change was not significantly different when
calibrated to the total (□-actin) protein. Acute SB-3CT treatment produced NG2
accumulation in the spinal cords relative to vehicle treatment.

Decline in NMDAr accompanies maturation of NG2+ cell into OLs (De Biase et al., 2010).
The NR1 subunit of NMDAr is a substrate for MMP proteolysis that forms a ~38 kDa digest
product (Pauly et al., 2008; Szklarczyk et al., 2008). A full-length, 120 kDa NR1 and a ~58
kDa carboxyl-terminal domain was detected in naïve and sham-operated spinal cords (Fig.
4). A ~38 kDa NR1 was evident at 3 days after SCDH in the vehicle-treated spinal cords,
and its levels were significantly reduced after SB-3CT therapy.

IGFBP-6 is an MMP-9 substrate in brain, which by controlling bioavailability of IGF-1, can
regulate maturation of oligodendrocytes progenitors (Larsen et al., 2006). The changes in
IGFBP-6 were not significantly different between any of the experimental groups (Fig. 4).

The fate of post-mitotic cells in SB-3CT-treated remyelinating cords
Since OLs are the preferred destination for post-mitotic NG2+ cells (Kang et al., 2010), the
fate of BrdU+ cells was followed to remyelination at 3 weeks of SCI (Griffiths and
McCulloch, 1983). BrdU was administered until 2 days of SCDH, as described above, and
traced to 21 days of SCDH, as illustrated in Fig. 5A. Mature OLs were identified with Rip
(Horner et al., 2000) and dual-labeled with BrdU, demonstrating increased content in
SB-3CT-treated compared to vehicle-treated cords (Fig. 5B-C). Because Rip staining makes
it difficult to discern individual cells, adenomatous polyposis coli (APC) end-binding
protein 1 (APCbp) that binds to APC in cytosol (Nakamura et al., 2001) and co-localizes
with myelin basic protein and myelin associated glycoprotein of spinal cord (not shown),
was dual-labeled with BrdU, demonstrating significant increase in BrdU/APCbp content in
SB-3CT-treated compared to vehicle-treated cords (Fig. 5B-C). A vast population of Iba-1+
cells co-localized with BrdU at 21 days of injury, but their levels remained not significantly
different between the groups, representing 54.7 and 58.6% of the total BrdU+ population,
respectively (Fig. 5B-C). Because NG2 cells differentiate into astrocytes (Lytle and
Wrathall, 2007; Alonso, 2005) and Schwann cells (Zawadzka et al., 2010), and the latter
express Rip (Toma et al., 2007) and may contribute to Rip+ profiles (above), BrdU was
dual-labeled with S100 and GFAP. Both S100+ and GFAP+ cells were detectable in the
spinal cord segment at 21 days after SCDH, but minimally co-distributed with BrdU (Fig. 5,
B).

Acute MMP-9/2 block improves neuropathology of myelin
The effect of acute SB-3CT block on myelin content was assessed at 3-21 days after SCDH
in the spinal cord segments 1-3 mm caudal to epicenter, where BrdU+ profiles had been
characterized. In vehicle-treated SCDH cords, myelin integrity was weakened by 3 days,
displaying pronounced demyelination in the caudal segment at 14 days SCDH (Fig. 6A).
Remyelination was evident by 21 days, as noted by accumulation of myelin (Fig. 6A, blue)
and clusters of densely packed areas of small-diameter axons, surrounded by the thin rim of
myelin sheaths in araldite-embedded cords (Fig. 6B). The SB-3CT-treated SCDH cords
maintained relatively high myelin levels at every time-point, as compared to vehicle (Fig.
6A). The delay in de- and remyelination of the vehicle-treated cord observed here is likely to
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relate to the caudal location of the sections relative to the lesion. Accumulation of myelin
was particularly evident at 21 days of SCDH in the SB-3CT-treated cords (Fig. 6A-B).

Acute MMP-9/2 inhibition improves locomotion and somatosensory recovery
The effect of acute SB-3CT therapy on locomotion behavior was assessed daily using the
BBB scale. As compared to sham operation, the T9-10 SCDH lesion produced an immediate
and robust decline in BBB scores of vehicle-treated animals (Fig. 7A). In contrast,
significant improvement of locomotion scores manifested immediately after the initiation of
the SB-3CT therapy, and its protective effect lasted for the duration of the study.

Somatosensory recovery was evaluated by bladder function recovery in animals that
received acute MMP-9/2 inhibition or vehicle treatment (Fig. 7B). Both groups required
bladder expression for 2 days after SCDH. By 7 days of SCDH, up to 80% of rats
undergoing SB-3CT therapy displayed recovered bladder function. In contrast, the vehicle-
treated animals maintained a 50% recovery rate until day 10 after SCDH. By day 11, bladder
function recovery was evident in 100% of SB-3CT-treated animals, while the recovery rate
fluctuated until day 20 of SCDH with vehicle treatment.

DISCUSSION
The present study has established the novel role for MMPs in modulation of NG2-
expressing cell division in the damaged CNS. Specifically, acute MMP-9/2 inhibitor
(SB-3CT) administered immediately and then daily for two days after T9-10 SCDH: (1)
increases the number of dividing NG2 (not GFAP or Iba-1)-reactive cells and the levels of
NG2 proteoglycan; (2) increases the number of post-mitotic Rip and APCbp-reactive,
presumably, oligodendrocytes in remyelinating cord; (3) prevents the shedding of the NR1
subunit of NMDAr, that rapidly declines with NG2 cell maturation (De Biase et al., 2010);
(4) improves neuropathology of myelin, and (5) functional (locomotion and somatosensory)
recovery from the lesion.

MMP-9, the target for acute SB-3CT therapy in spinal cord
SB-3CT is a mechanism-based, selective inhibitor to MMP-9 and MMP-2 (Brown et al.,
2000). The two gelatinases are differentially induced in various models of SCI, as
summarized by Zhang and colleagues (Zhang et al., 2010). The time-frame for the transient
induction of MMP-9 mRNA between 24 and 72 h of SCDH that we observe in our study
corresponds to the transient increase in its gelatinolytic activity in hemisected spinal cord
(Duchossoy et al., 2001), other models of experimental SCI (Zhang et al., 2010), and in
patients with traumatic SCI (Buss et al., 2007), where neutrophils (de Castro et al., 2000),
astrocytes and endothelial cells (Noble et al., 2002; Zhang et al., 2010; Buss et al., 2007) are
primary MMP-9 producers. MMP-9 has been identified as “a signature of the acutely injured
cord” (Zhang et al., 2010), as MMP-2 expression presents constituently (de Castro et al.,
2000) and remains at baseline until day 3 of SCDH, that is, after withdrawal of the SB-3CT
therapy.

The ability of SB-3CT to prevent oxidative stress-induced neuronal apoptosis and blood-
brain degradation, observed with intrathecal administration 2 h prior to SCI, has been
attributed to MMP-9 inhibition (Yu et al., 2008). SB-3CT prevents neuronal apoptosis by
protecting laminin from MMP-9 proteolysis during focal cerebral ischemia (Gu et al., 2005).
Mouse SCI models in MMP-9 knockout background have established the essential role of
MMP-9 in diminishing vascular integrity (Noble et al., 2002) and facilitating glial scar
formation (Hsu et al., 2008). Given the high affinity of SB-3CT to MMP-2 (Brown et al.,
2000), its contribution to the present findings may not be fully excluded.

Liu and Shubayev Page 8

Exp Neurol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MMP-9 as suppressor of NG2+ cell mitosis: Implications for the OL lineage
Acute MMP-9 inhibition increases the number of NG2 cells (via mitosis). Most recently, an
endogenous MMP-9 inhibitor, TIMP-1, has proven essential to maintaining high numbers of
NG2 cells in neurosphere cultures (Moore et al., 2011). In addition, TIMP-1 promotes NG2
cell differentiation into OLs (Moore et al., 2011), as acute MMP-9 block in our study
increases the number of post-mitotic Rip and APC end-binding protein 1 expressing cells in
remyelinating cords. Because NG2 cells divide effectively within the first days of SCI, when
MMP-9 expression is high, we offer that MMP-9 works to limit, rather than prevent NG2
cells from entering the cell cycle, and that MMP-9-mediated effect on NG2 cell function
depends on the context of the microenvironment in the spinal cord. Cultured NG2 cells
employ MMP proteolysis for migration across inhibitory proteoglycans, although based on
the Ki values and the dose of the MMPi required to achieve the anti-migratory effect,
MMP-1 and MMP-13, but not MMP-9, have been implicated in the process (Busch et al.,
2010). MMP-9 stimulates cultured OL to extend processes towards myelinating axons (Oh
et al., 1999; Uhm et al., 1998). As OLs undergo vigorous apoptosis in degenerating cords
(McTigue et al., 2001), the role of MMPs in OL survival need be assessed in future studies.
Intriguingly, recombinant TIMP-1 but not broad-spectrum MMP inhibition evokes a dose-
dependent increase in NG2 cell counts in neurosphere cultures from the TIMP-1 knockout
mice (Moore et al., 2011), emphasizing not only the complexity of the TIMP-MMP system,
but its potential effects, independent of the catalytic MMP function.

Catalytic and signaling roles of MMP-9 in spinal cord
MMP-9 is a multidomain protease which regulates cell signaling by catalytic and non-
catalytic activation/inactivation of various signaling pathways (Piccard et al., 2007), of
which little is known in cell systems related to SCI. Based on the ability of MMP-9 to
process NG2 in OL in vitro (Larsen et al., 2003), the levels of NG2 proteoglycan (by
immunoblotting) are increased in cords exposed to acute MMP-9/2 inhibition in the present
study. Likewise, the spinal cords of MMP-9 knockout mice undergoing lysolecithin-induced
demyelination accumulate immunoreactive NG2 (Larsen et al., 2003). Together, MMP-9-
mediated control of NG2 proteolysis and NG2+ cell survival seem to be at play in the
damaged spinal cord.

Decline in NMDAr accompanies NG2+ cell maturation into premyelinating OLs (De Biase
et al., 2010). Formation of a 38 kDa MMP-digest of NR1 of the C-terminus ectodomain is
thought to render the non-functional NMDAr due to removal of the glycine-binding pockets
(Pauly et al., 2008). Thus, MMP-9-induced NR1 shedding may reflect a phenotypic switch
of NG2+ cells to maturation, relate to NMDA-induced neuronal death (Manabe et al., 2005)
or its many other functions in the injured spinal cord.

By proteolytic release of IGF-1 from IGFBP-6, MMP-9 is thought to promote myelination
of the post-natal brain (Larsen et al., 2006). Although the tendency for the IGFBP-6 increase
was noted in the adult cords acutely treated with the SB-3CT, the effect was not statistically
significant. Mechanistic studies in the cultured NG2+ cells are required to elucidate the roles
of MMP-9 in signaling and function, which it may regulate via plethora of anti-mitogenic
factors. For example, in cultured Schwann cells the recombinant MMP-9 suppresses mitosis
and activates ERK1/2 by regulation of the tyrosine kinase receptors, ErB and IGF-1 receptor
(Chattopadhyay and Shubayev, 2009). Of interest is that Schwann cells can be a source of
NG2 in spinal cord (Jones et al., 2003), and work together with OLs to regulate
remyelination after SCI (Griffiths and McCulloch, 1983).
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Remyelination after acute MMP-9/2 block vs MMP-9 gene deletion
After acute MMP-9/2 block, the hemisected spinal cords remyelinate successfully, whereas
lysolecithin-stimulated cords of MMP-9 knockout mice fail to remyelinate (Larsen et al.,
2003). The latter finding has been attributed to MMP-9-mediated NG2 accumulation, as a
potential barrier for OL maturation. Because NG2 accumulates in spinal cords after both,
MMP-9/2 block and MMP-9 gene deletion, alternative mechanisms should underlie their
different remyelination patterns. In that regard it is important to point out that MMPi therapy
targets catalytic MMP-9 function, whereas both catalytic and non-catalytic roles of MMP-9
(Piccard et al., 2007) may contribute to the knockout phenotype. Unlike acute MMP-2/9
block, the knockout MMP-9 background does not allow for selective targeting of the
pathophysiologically relevant, transient upsurge of MMP-9 in spinal cord, and like extended
MMPi therapy fails recovery after SCI (Noble et al., 2002). In addition, developmentally
aberrant myelin of the MMP-9 knockout mice (Larsen et al., 2006) may complicate the
studies of remyelinating adult cords. Myelin integrity is also expected to improve with
MMPi, and possibly, MMP-9 knockout due to protection from MBP proteolysis (Gijbels et
al., 1993; Proost et al., 1993) and demyelination (Rosenberg, 2009). We conclude that acute,
selective MMP-9 block minimizes the adverse effects on remyelination observed with
constitutive MMP-9 gene deletion.

MMPs in NG2+ cell functions outside myelination
NG2+ cells have the capacity to differentiate into astrocytes (Lytle and Wrathall, 2007;
Alonso, 2005) and Schwann cells (Zawadzka et al., 2010), whose contribution to post-
mitotic cell profiles are insignificant. This leads us to believe that the cells dividing within
the first two days of SCI are not the major source of Schwann cell and astrocyte content of
remyelinated cord, at least within the analyzed segment. Evidence there exists that NG2+
cells commit primarily to OL lineage in healthy and degenerating spinal cord (Kang et al.,
2010).

MMP-9 facilitates scar formation by promoting astrocyte migration (Hsu et al., 2008). The
NG2 proteoglycan, a major component of a glial scar, can be produced by macrophages in
the damaged cord (Jones et al., 2002). Acute SB-3CT therapy produced no effect on the
dividing (day 3) or post-mitotic levels (day 21) of Iba-1+ microglia and/or macrophages
(albeit differential effect on the two cell types is conceivable). Likewise, Iba-1 reactivity in
demyelinating cord of MMP-9 knockout mice was not significantly different from wildtype
(Larsen et al., 2003). These data do not diminish the role of MMP-9 in macrophage
infiltration or attack of sensory axonal growth cones during die-back (Busch et al., 2009;
Busch et al., 2011). Characterization of MMP functions in spatial relation to a glial scar is
important to consider for future studies.

NG2 cells support axonal growth (Jones et al., 2003; Busch et al., 2010). Quite likely, the
SB-3CT effect to promote functional recovery relates to the increase in NG2+ cell number,
as a growth-promoting force in injured cord. Likewise, MMPi therapy promotes peripheral
nerve regeneration via pro-mitogenic action on supporting Schwann cells (Liu et al., 2010).
The potential role of MMP-mediated maturation of APCbp reactive cells in APC-mediated
microtubule cytoskeleton assembly in neurons (Rosenberg et al., 2008) deserves
consideration. As shedding of the membrane-anchored NG2 creates inhibitory milieu to
axonal growth (Nishiyama et al., 2009), MMPi-induced prevention of NG2 shedding may
contribute to functional recovery observed in our study. As NG2+ cells receive synaptic
input from neurons (Nishiyama et al., 2009), MMPs may influence (e.g., by NR1 shedding)
the network integration.
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MMP therapy for SCI
Acute, but not extended broad-spectrum (GM6001) MMPi therapy stimulates functional
recovery of injured spinal cord SCI (Noble et al., 2002). Accordingly, we find acute
MMP-9/2 blockade to facilitate locomotion and somatosensory (bladder) recovery. These
findings are especially important, as beneficial MMP actions at later stages of SCI limit
long-term use of MMPi compounds (Zhang et al., 2010), such as MMP-2 mediated
promotion of wound healing (Hsu et al., 2006) or potential myelination of sensory DRG
neurons (Lehmann et al., 2009). The potentially beneficial roles of MMP-9 in astrocyte
migration (Hsu et al., 2008) and phenotypic shifts with the OL cell lineage, discussed above,
need to be considered in scheduling MMP-9 blocking therapy, as well as the presently
unknown functions of other family members, including MMP-3, 7, 10, 11,12, 13, 19 and 20,
elevated in SCI (Wells et al., 2003). Compelling evidence exists for the efficacy of selective
MMP-9 inhibition in spinal cord repair by vascular stabilization (Noble et al., 2002; Yu et
al., 2008), suppression of neuronal apoptosis (Yu et al., 2008) and, potentially, limiting
axonal dieback (Busch et al., 2009; Busch et al., 2011).

Conclusion—Herein, the first evidence that MMPs control NG2+ cell proliferation in the
damaged CNS has emerged. Selective targeting of MMP-9 immediately after SCI increases
the pool of NG2+ progenitors, allows for successful oligodendrocyte maturation and
remyelination, and improves functional recovery of spinal cord.
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• This study offers the first evidence that MMP-9 controls NG2+ cell division in
CNS.

• MMPs control the NG2 proteoglycan and NMDA receptor shedding in spinal
cord.

• Acute MMP-9 block allows for oligodendrocyte maturation and remyelination
of spinal cord.

• Acute MMP-9 inhibition improves functional recovery after spinal cord injury.
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Figure 1. MMP-2 and MMP-9 expression after spinal cord injury
A, A schematic illustration of T9-10 SCDH lesion. B, Taqman qRT-PCR for MMP-2 and
MMP-9 in T9-10 spinal cords after SCDH or sham surgery. Values displayed are the mean
relative mRNA of N=4/group, normalized to GAPDH and calibrated to naïve cord ± SEM
(*, p<0.05; **, p<0.01, ANOVA and Tukey's post-hoc test). C, Gelatin zymography for
MMP-9 in the epicenter and peak (1 day) of SCDH or sham surgery after vehicle or SB-3CT
(10 mk/kg/day, i.p.) administered immediately after the surgery.
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Figure 2. Acute MMP-9 inhibition promotes cell division
A, Experimental schedule for intraperitoneal SB-3CT (10 mg/kg/day) or vehicle (10%
DMSO), and BrdU (50 mg/kg/day) or its vehicle (saline) administration immediately, and
then daily for 2 days after SCDH, followed by BrdU detection and immunoblotting at 3 days
after the surgery and/or therapy. B, BrdU immunofluorescence in the spinal cord. The box
outlines the area used to quantify BrdU+ profiles (inverted image at objective magnification
5x, scale bar = 20 μm). Representative micrographs of sham-operated or SCDH spinal cords
after SB-3CT or vehicle treatment and SCDH spinal cords of vehicle without BrdU
injection. Scale bar = 55 μm. C, The number of BrdU+ cells is elevated 14-fold after SCDH
relative to sham. In the injured spinal cord, acute SB-3CT therapy increases the rate of cell
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mitosis 1.8-fold compared with vehicle. Values displayed are mean ± SEM per area (55
×103 μm2) of N=4/group, 5-7 sections per N spaced 125 μm apart from a dorsal spinal cord
1-3 mm caudal to the epicenter (*, p<0.05, AVOVA and Tukey's post-hoc test).
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Figure 3. MMP-9 controls NG2 cell mitosis
BrdU+ cells (green) dual-labeled with NG2, GFAP or Iba-1 (red) at 3 days after SCDH and
SB-3CT therapy demonstrating representative co-localization signals (arrows). Note that
BrdU+ cells are mainly, NG2+ progenitors and Iba-1+ microglia/astrocytes, as GFAP+
astocytes contribute minimally. Scale bar = 55 μm. The graph represents the mean ± SEM
per area (55 ×103 μm2) of N=4-7/group, 5-10 sections per N, spaced 125 μm apart from a
dorsal cord 1-3 mm caudal to the epicenter (*, p<0.05, AVOVA and Tukey's post-hoc test).
Acute SB-3CT therapy selectively increases the number of dividing NG2 but not Iba-1-
reactive cells. The regiment for BrdU, SB-3CT or vehicle treatments is specified in Fig 2A.
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Figure 4. MMPs controls NR1 and NG2 levels in spinal cord
Immunoblotting for NG2, NR1 and IGFBP-6 at 3 days after SCDH and acute SB-3CT
(10mg/kg) or vehicle (10% DMSO) treatment. The graphs represents the mean OD of the
specified band to β-actin ratio ± SEM in N=4 rats/group (*, p<0.05, ANOVA).
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Figure 5. Post-mitotic cell profiles in remyelinating spinal cords
A, Experimental schedule for SB-3CT (10 mg/kg/day, i.p.) and BrdU (50 mg/kg/day i.p.)
administration immediately, and then daily for 2 days after SCDH, followed by BrdU
detection at 21 days after the surgery and/or therapy. B, BrdU+ cells, dual-labeled with Rip,
APC end-binding protein 1 (APCbp), or Iba-1 at 21 days after SCDH. Values displayed are
mean ± SEM per area (55 ×103 μm2) of N=5/group, 5-10 sections per N, spaced 125 μm
apart from a dorsal spinal cord 1-3 mm caudal to the epicenter (*, p<0.05, AVOVA and
Tukey's post-hoc test). The number of post-mitotic OLs but not microglia/macrophages is
increased after SB-3CT therapy. C, Representative micrographs of BrdU+ cells (green) with
Rip, APCbp, GFAP, S100 and Iba-1 (red) used for quantification in B. Co-localization,
observed in Rip and APCbp, but not GFAP or S100 reactive cells. Scale bar = 55 μm.
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Figure 6. Myelin neuropathology after acute MMP-9/2 block
A, Luxol fast blue and H&E staining for myelin (blue) after SCDH. A gradual, time-
dependent myelin loss is observed in the dorsal column of the injured, vehicle-treated spinal
cords. After acute SB-3CT therapy myelin content increased at 3, 14 and 21 days after
SCDH compared to the vehicle-treated cords. Representative micrographs of N=4/group,
5-10 sections per N, spaced 125 μm apart from a dorsal spinal cord 1-3 mm caudal to the
epicenter. Scale bars = 10 μm. B, Methylene Blue Azure II stained araldite sections 21 days
after SCDH. Characteristically circular axonal profiles, surrounded by a compact rim of
myelin sheaths are observed in sham-operated cords. Clusters of well-packed areas of small-
diameter axons, surrounded by the thin rim of myelin sheaths indicate, presumably,
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remyelinating areas (arrows). Representative micrographs of 8 sections/group from a spinal
cord 1-3 mm caudal to the epicenter at objective magnification 100x (scale bars = 20 μm).
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Figure 7. Functional recovery improves with acute MMP-9/2 blockade
A, Locomotor recovery using BBB scale after acute SB-3CT (10 mg/kg/day) or vehicle
(10% DMSO) treatment administered i.p. immediately after SCDH or sham operation, and
then daily for two days. Values displayed are mean scores ± SEM of N=8-11/group, *,
p<0.05 at each analyzed time-point (ANOVA, Tukey's post-hoc test). B, Bladder recovery
assessment after SCDH or sham surgery. A rapid and stable improvement of somatosensory
recovery is noted after acute SB-3CT therapy relative to vehicle treatment. Values displayed
are mean % of animals with bladder recovery of N=6/group.
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