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Development /Plasticity/Repair

Matrix Metalloproteinase-2 Facilitates Wound Healing
Events That Promote Functional Recovery after Spinal
Cord Injury
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Matrix metalloproteinases (MMPs) are proteolytic enzymes that are involved in both injury and repair mechanisms in the CNS. Pharma-
cological blockade of MMPs, limited to the first several days after spinal cord injury, improves locomotor recovery. This beneficial
response is, however, lost when treatment is extended beyond the acutely injured cord to include wound healing and tissue remodeling.
This suggests that some MMPs play a beneficial role in wound healing. To test this hypothesis, we investigated the role of MMP-2, which
is actively expressed during wound healing, in white matter sparing and axonal plasticity, the formation of a glial scar, and locomotor
recovery after spinal cord injury. MMP-2 increased between 7 and 14 d after injury, where it was immunolocalized in reactive astrocytes
bordering the lesion epicenter. There was reduced white matter sparing and fewer serotonergic fibers, caudal to the lesion in injured
MMP-2 null animals. MMP-2 deficiency also resulted in increased immunoreactivity to chondroitin sulfate proteoglycans and a more
extensive astrocytic scar. Most importantly, locomotion in an open field, performance on a rotarod, and grid walking were significantly
impaired in injured MMP-2 null mice. Our findings suggest that MMP-2 promotes functional recovery after injury by regulating the
formation of a glial scar and white matter sparing and/or axonal plasticity. Thus, strategies exploiting MMPs as therapeutic targets must
balance these beneficial effects during wound healing with their adverse interactions in the acutely injured spinal cord.
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Introduction

Matrix metalloproteinases (MMPs), an endopeptidase family of
at least 24 mammalian members, degrade a variety of substrates
including extracellular matrix (ECM) proteins, proteinases and
their inhibitors, chemotactic molecules, and cell surface recep-
tors (Matrisian, 1992; Chang and Werb, 2001; Sternlicht and
Werb, 2001; Yong et al., 2001). As such, they participate in both
physiological and pathological events associated with cell motil-
ity, development, inflammation, and wound healing (Bjorklund
and Koivunen, 2005).

In the CNS, MMPs participate in injury and disease states
(Yong et al., 2001). In brain and spinal cord injury, MMPs, in-
cluding MMP-9 (gelatinase B), contribute to early secondary
pathogenesis by disrupting the blood—brain/spinal cord barrier
and promoting inflammation (Rosenberg et al., 1994, 1995, 1996,
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1998; Noble etal., 2002), oxidative stress (Gasche et al., 2001; Kim
etal., 2003), and demyelination (Gijbels et al., 1992, 1993; Chan-
dler et al., 1995; Anthony et al., 1998; Asahi et al., 2001).

MMPs also assume beneficial, specialized roles that include
regulating axonal growth and guidance during development as
well as promoting axonal regeneration and synaptic plasticity in
the CNS (Duchossoy et al., 2001; Yong, 2005; Zhao et al., 2006). It
is likely that they participate in wound healing based, in part, on
their ability to degrade the ECM and release cryptic ECM mole-
cules that regulate angiogenesis (Chang and Werb, 2001).

There is indirect evidence that MMP-2 (gelatinase A) modu-
lates wound healing after spinal cord injury. Pharmacological
blockade of MMPs, limited to the first 3 d after injury, is neuro-
protective and promotes long-term recovery of hindlimb func-
tion (Noble et al., 2002). This gain of function is lost, however, if
blockade of MMPs is extended to the first week after injury
(Trivedi et al., 2005). One plausible explanation is that certain
MMPs, expressed during wound healing, support recovery pro-
cesses. A likely candidate is MMP-2, which is the dominant gela-
tinase in the injured cord during wound healing (Goussev et al.,
2003).

Here we determine whether MMP-2 modulates the formation
of a glial scar during wound healing. One of the major causes
leading to regenerative failure of injured axons is the formation of
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a glial scar. The glial scar represents not only a physical barrier
imposed by massive aggregation of reactive astrocytes (Reier,
1986) but also an inhibitory interface with aberrant expression of
chondroitin sulfate proteoglycans (CSPGs), molecules that
chemically arrest the regrowth of injured axons across the lesion
site (McKeon et al., 1991, 1999; Levine, 1994). MMP-2 is upregu-
lated concurrently with the emergence of reactive astrogliosis
after spinal cord injury (Goussev et al., 2003) and is capable of
degrading specific CSPGs (Muir et al., 2002). However, whether
MMP-2 participates in the formation of a glial scar remains es-
sentially unknown. Our findings provide the first evidence that
MMP-2 is integral to wound-healing processes, including the
formation of a glial scar, and is essential to motor recovery after
spinal cord injury.

Materials and Methods

Breeding and surgical procedures

These studies were approved by the Institutional Animal Care and Use
Committee at the University of California San Francisco and were in
accordance with the United States Department of Agriculture guidelines.

Breeding. Homozygous MMP-2 null mice and their wild-type litter-
mates were generated by breeding heterozygous males with heterozygous
females on an FVBn background as described previously (Itoh et al.,
1997). Young breeding pairs, ranging in age from 3 to 6 months, were
used. MMP-2 null mice are fertile and, with the exception of a slower
growth rate, are normal in appearance (Itoh et al., 1997). The genotypes
of animals were identified by PCR using tail tissue and specific oligonu-
cleotide primers (Itoh et al., 1997).

Spinal cord injury model. Adult male mice weighing 30-35 g (~4-6
months of age) were anesthetized with 2.5% Avertin (0.02 ml/g body
weight, i.p., tribromoethanol; Sigma, St. Louis, MO) and subjected to a
moderate spinal cord contusion injury as we have described previously
(Noble et al., 2002). Briefly, a laminectomy was performed at the eighth
thoracic vertebra, and a 2 g weight was dropped 5 cm onto the exposed
dura mater. After injury, the overlying muscles were sutured, and the skin
was closed with wound clips. The body temperature of the animals was
maintained at 37°C with a heating pad throughout the surgery and dur-
ing the recovery from anesthesia. Sham controls were subjected to lami-
nectomy only. Postoperative care included subcutaneous administration
of antibiotics and manual expression of the bladder twice per day.

Zymography

MMP-2 null and wild-type animals were killed 3, 7, or 14 d after injury
(n = 3 per genotype per time point). Two additional wild-type mice
received sham surgery and were killed at each of the above time points.
Gelatin zymography was performed as described previously (Noble et al.,
2002; Goussev et al., 2003). Briefly, segments of the spinal cord contain-
ing the lesion epicenter or matched regions of the laminectomy controls
were dissected and frozen at —70°C. Each sample was weighed and ho-
mogenized in lysis buffer containing the following (in mm): 28 Tris-HCl,
22 Tris-base, pH 8, 150 NaCl, 1% Nonidet P-40 (74385; Fluka Bio-
Chemika, Ronkonkoma, NY), 0.5% sodium deoxycholate, and 0.1%
SDS. The protein concentration of the homogenates was determined by
the bicinchoninic acid method (BCA protein assay kit, 23225; Pierce,
Rockford, IL). Equal amounts of proteins (5 ug) were loaded on a Novex
10% zymogram gel (EC61752; Invitrogen, Carlsbad, CA) and separated
by electrophoresis at 4°C (125 V for 120 min). The proteins were rena-
tured in buffer (LC2670; Invitrogen) at room temperature for 1 h to
enable gelatinases to cleave the gelatin substrate copolymerized in the gel.
The gel was then incubated with developing buffer (LC2676; Invitrogen)
at 37°C for 72 h, stained with 0.5% Coomassie blue for 30 min, and then
destained with 30% methanol containing 10% acetic acid for appropriate
color contrast. Clear bands were indicative of the location of proteolytic
activity. Purified human recombinant MMP-2 proenzyme was used as
the positive control (PF 037; Calbiochem, La Jolla, CA). The identities of
the MMPs were based on their molecular weights.
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Immunohistochemistry

Preparation of tissue. At a designated time point, animals were anesthe-
tized and perfused with ice-cold normal saline, followed by 4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4. The spinal cord was re-
moved and immersed in the same fixative at 4°C for 4 h. A spinal
segment, 25 mm in length and centered over the lesion epicenter, was
transferred into 30% sucrose in 0.1 M PBS for cryoprotection. Frozen
sections of the spinal cord were cut either transversely or horizontally at
20 pum in a cryostat, mounted onto glass slides, and stored at —20°C for
additional processing.

Immunohistochemistry. Spinal cords were selected for analysis at 7, 14,
and 42 d after injury (n = 14 per genotype per time point). The following
primary antibodies were used: rabbit anti-MMP-2 (1:200, AB19167; Mil-
lipore, Bedford, MA), mouse anti-glial fibrillary acidic protein (GFAP; to
label astrocytes, 1: 400, clone G-A-5, G3893; Sigma), Cy3-conjugated
mouse anti-GFAP (1:400, clone G-A-5, C9205; Sigma), rat anti-CD11b
(to label macrophages/microglia, 1:400, clone 5C6, MCA711; Serotec,
Raleigh, NC), rat anti-platelet/endothelial cell adhesion molecule-1 (PE-
CAM-1; to label vascular endothelium, CD31, 1:400, clone MEC13.3,
550274; BD Biosciences, San Jose, CA), mouse anti-NeuN (to label neu-
ronal nuclei, 1:1000, MAB377; Millipore), mouse anti-CSPG (1:200,
clone CS-56, C8035; Sigma), and rabbit anti-serotonin (1:60,000; Immu-
nostar, Hudson, WI). Another polyclonal anti-MMP-2 antibody (4022;
Cell Signaling, Danvers, MA) was also tested on cryosections. However,
this antibody yielded strong background, even in the MMP-2 null tissue,
and was not adopted. Alexa Fluor 568-conjugated goat anti-rabbit IgG
(1:200, A-11036; Invitrogen) was used as the secondary antibody to de-
tect anti-MMP-2, whereas Alexa Fluor 488-conjugated goat anti-rat IgG
(1:200, A-11006; Invitrogen) or Alexa Fluor 488-conjugated goat anti-
mouse IgG (1:200, A-11029; Invitrogen ) were used to label other pri-
mary antibodies.

Cryosections were rinsed with 0.01 M PBS and treated with blocking
and permeablizing solution containing 2% normal goat serum and 0.1%
bovine serum albumin in PBS at room temperature for 5 min. Incubation
of anti-MMP-2 antibody diluted in the above blocking and permeabliz-
ing solution was performed in a humidified box at 4°C overnight. Pri-
mary antibodies against GFAP, PECAM-1, or NeuN were applied at 4°C
overnight to colabel respective cell types with MMP-2. Some cryosec-
tions were incubated with anti-CSPG or anti-serotonin alone at 4°C
overnight, and the immunolabeling was visualized by biotinylated goat
anti-mouse IgM (1:200, 115-065-075; Jackson ImmunoResearch, West
Grove, PA) and goat anti-rabbit IgG, respectively, using a Vectastain Elite
ABC kit (PK-6100; Vector Laboratories, Burlingame, CA) in combina-
tion with 0.05% diaminobenzidine as the chromogenic substrate and
0.001% hydrogen peroxide in 0.01 M PBS.

Sections from animals examined at various time points were grouped
asasetand processed simultaneously in the same experimental condition
to limit variables for subsequent quantitative analyses. Immunocyto-
chemical controls consisted of omission of the primary antibody. Fluo-
rescently labeled sections were coverslipped with ProLong Antifade (P-
7481; Invitrogen ). All images were captured on an epifluorescent
microscope (Optiphot EF-D3; Nikon, Tokyo, Japan) equipped with a
digital camera.

Measurement of residual white matter

Transverse sections of the spinal cord 42 d after injury were stained
histochemically with Luxol Fast Blue (Noble and Wrathall, 1985; Noble
etal,, 2002) to visualize the residual white matter in the lesion epicenter
in both groups of mice (n = 8 per genotype). We have demonstrated
previously that the residual white matter is the best single measurement
for the severity of injury in the contused spinal cord and is, in fact,
predictive of motor recovery (Noble and Wrathall, 1985). The total
cross-sectional area of the injured cord and the area of residual white
matter were measured using the Neurolucida imaging system (Micro-
BrightField, Williston, VT). Eight sections at 480 wm intervals across the
lesion site were sampled from each animal. Among these eight sections,
three sections with the least residual white matter were chosen, and their
measurements were averaged for quantitative comparison.
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Assessment of the astrocytic scar

Formation of an astrocytic scar was assessed using Cy3-conjugated anti-
GFAP antibody as described above (in Immunohistochemistry). A trans-
verse section of the spinal cord was subdivided into 12 regions. These
subdivisions generally separated gray matter from white matter, the dor-
sal half of the cord from the ventral half, and the left side from the right
side. The lines demarcating these subdivisions were superimposed onto
the entire image of an anti-GFAP-immunostained section using Photo-
shop 7.0 (Adobe Systems, San Jose, CA).

In each subdivision, the complexity of the glial scar was evaluated
according to a semiquantitative scoring scale, in which the pattern of
scarring was categorized mandatorily into four levels (0-3) as follows.
(0) Distribution of astrocytes, arborization of processes, pattern of GFAP
immunostaining, and abundance of processes approximate that of the
uninjured cord. There is no evidence of astrocytic hypertrophy. (1) There
is a mild thickening of some astrocytic processes. In some cases, GFAP
immunostaining appears slightly elevated. In general, there is a disorga-
nization of astrocytes as evidenced by a tendency toward clustering.
There is no evidence of astrocytic hypertrophy. (2) Astrocytic processes
are organized into overlapping bundles, and GFAP immunostaining ap-
pears moderately elevated to that of uninjured tissue. Astrocytic pro-
cesses are moderately arborized, and many form an entangled trabecular
meshwork. Hypertrophied astrocytes are only occasionally observed. (3)
Astrocytic processes are organized into dense bundles that collectively
form an intricate meshwork of overlapping processes. GFAP immuno-
staining is pronounced relative to that of uninjured tissue. A prominent
glial limitans, separating the lesion from residual cord tissue, is evident.
Hypertrophied astrocytes are noted within the residual cord tissue that is
separated from the lesion by the glial limitans.

Central GFAP-quiescent regions, composed of non-neuronal cells and
dominated by macrophage-like cells, were excluded from the analysis.
Eight transverse sections, at intervals of 480 wm, were sampled across the
lesion epicenter in each animal. In each sample section, the total obtained
from all scored subdivisions represented the severity and/or extent of
astrogliosis in the injured cord.

Analysis of CSPG immunoreactivity

The intensity of CSPG immunoreactivity was quantified 42 d after injury
(n = 6 per genotype), based on a protocol described previously with
some modifications (Jones and Tuszynski, 2002; Jones et al., 2002). In
each animal, a transverse section of the injured cord was selected from
the middle of the lesion epicenter to measure the intensity of immuno-
reactivity. Another transverse section, ~1500 um rostral to the lesion
epicenter where there was no overt tissue damage, was selected as the
reference section for background staining. Digital images of each section
were taken using a 4X objective under consistent illumination and ex-
posure parameter. With the use of the Image] image processing program
(1.33u; National Institutes of Health, Bethesda, MD), the digital image of
the reference section was imported as an 8-bit grayscale image, and its
empty area, including the meninges, was trimmed off to eliminate arti-
fact. The total number of pixels in the remaining area was obtained from
the histogram. The threshold value was then adjusted so that only 1% of
the darkest pixels in the image remained. This threshold value, which
eliminated 99% of the background staining, was then applied to the
meninges-trimmed image of the injured section of the same animal. The
number of pixels, with intensity higher than threshold value, was
counted. The percentage of this number over the total pixel number of
the meninges-trimmed image was calculated, averaged with those of the
same mouse group, and reported.

In vitro CSPG synthesis assay

Preparation of cultures. Newborn MMP-2 null and wild-type mice were
generated by breeding homozygous parents of respective genotypes. Cor-
tical astrocytes were cultured from the cerebral cortex of neonates at
postnatal day 1 or 2 based on a previously described protocol (Rose et al.,
1993). Briefly, the cerebral cortices were dissected from the brain stem.
After the hippocampus, adherent meninges, and vessels were removed,
the cerebral cortices were triturated repeatedly with a 5 ml serological
pipette to dissociate single cortical cells in a mixture containing 0.05%
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trypsin and 0.05% DNase in Ca®"- and Mg>"- free HBSS. Cells were
centrifuged at 250 rpm for 5 min, resuspended, filtered through a 70 um
nylon cell strainer, and plated in a poly-1-lysine-coated flask containing
Earle’s MEM supplemented with 10% fetal bovine serum, 22 mum glucose,
and 2 mm GlutaMAX-1 (35050-061; Invitrogen). After 24 h of incubation
in 5% CO, at 37°C, the flask was shaken vigorously to remove debris and
unattached cells before fresh medium replacement. Shaking was repeated
before changing the culture medium at 3, 5, and 7 d after isolation and
weekly thereafter. The purity of astrocyte cultures was ~95% and was
determined by monoclonal anti-GFAP immunostaining and nuclear
staining with 0.0002% Hoechst dye.

Immunoblot analysis. Astrocyte cultures were replated in 12-well
plates. When confluent, the serum-containing medium was removed
and replaced with serum-free medium for 24 h, at which time this me-
dium was again replaced with fresh serum-free medium. Three wells of
wild-type or MMP-2 mutant astrocytes were maintained in this medium
without additional treatment, whereas the remaining wild-type or mu-
tant astrocytes were treated twice over a 4 d period with TGF-1 (10
ng/ml; R & D Systems, Minneapolis, MN). After 4 d, the conditioned
medium from each well was collected into individual tubes and concen-
trated 10-fold by centrifugation using Microcon filters (Millipore) with a
50,000 MW cutoff according to the manufacturer’s instructions. Total
protein concentration of the retentate was determined by the BCA
method (Pierce), and 20 ug of each sample was treated with protease-free
chondroitinase ABC (0.1 U/ml; Seikagaku, Tokyo, Japan) in 100 mm Tris
and 10 mM sodium acetate, pH 8.0, at 37°C for 1 h to degrade glycosami-
noglycan side chains before being loaded onto 4—15% gradient mini-gels
(Bio-Rad, Hercules, CA) for SDS-PAGE. The separated proteins were
then electroblotted onto polyvinylidene difluoride membranes (150 mA,
overnight at 4°C) using a high molecular weight transfer buffer (50 mm
Tris, 380 mM glycine, 0.1% SDS, 20% methanol). The membranes were
blocked with 5% dry milk in Tris-buffered saline (TBS) for 2 h and
probed for 1 h at room temperature with antibodies to either the
4-sulfated (1:1000, clone 2B6; Seikagaku) or the 6-sulfated (1:1000, clone
3B3; Seikagaku) moiety of CSPGs after chondroitinase ABC digestion.
The membranes were then washed three times in TBS, incubated with a
peroxidase-conjugated secondary antibody for 1 h at room temperature,
followed by repeated washes for 2 h, and visualized with chemilumines-
cence (Amersham Biosciences, Piscataway, NJ).

Quantification of serotonergic fibers

Serotonergic axons, caudal to the lesion site, were quantified 42 d after
injury in horizontal sections of the spinal cord immunostained with
anti-serotonin (5-HT) antibody (n = 4 per genotype) based on a design
described previously (Oudega et al., 1999; Hsu and Xu, 2005). With the
use of the Neurolucida imaging system, eight lines at intervals of 200 um
were superimposed onto the horizontal section perpendicularly to its
longitudinal axis with the first line aligned with the center of the lesion
and the remaining positioned caudally. Intersections between serotoner-
gic axons in the gray matter and superimposed lines were counted. At a
given distance, the total number of intersections obtained from six to
seven sample sections, at intervals of 200 wm, of each animal was defined
as the number of axons.

Assessment of recovery
Multiple behavioral tests were performed to evaluate functional im-
provements after spinal cord injury.

Open-field locomotion. The 21-point Basso-Beattie-Bresnahan Loco-
motor Rating Scale (Basso et al., 1995) was used to examine the locomo-
tor recovery of the injured animals. This rating scale assessed limb move-
ment, stepping, coordination, and trunk stability in an open field (53 X
108 X 5.5 cm). Injured animals with better locomotor recovery scored
higher. One trial, which lasted for 5 min, was performed at 1, 3,and 7 d
after injury, followed by one trial weekly for an additional 5 weeks.

Rearing, rotarod, and grid walking. Rearing, performance on a rotarod,
and the ability to traverse a wire grid were evaluated, in sequence, at 35,
36, and 37 d after injury. There were three trials daily, with a total of nine
trials for each test. In each of these tests, the best score was used to
calculate the mean.
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Figure 1. Representative gelatin zymograms showing gelatinase levels in the sham-
operated and injured spinal cord. A4, No MMP-2 is detected in wild-type animals receiving only
laminectomy or within the lesion epicenter 3 d after injury. B, However, MMP-2 expression is
apparent in lesion epicenters of wild-type mice 7 and 14 d after injury. As expected, no MMP-2
is detected in MMP-2 null mice at 3, 7, or 14 d after spinal cord injury. The MMP-9 level is
upregulated in the injured spinal cord of MMP-2 null mice relative to the wild-type mice at 3,7,
and 14 d after injury. Sham, Wild-type animals receiving only laminectomy; WT, wild-type
mice; Null, MMP-2 null.

Each animal was positioned in a clear acrylic cylinder (11.5 cm in
diameter and 7.5 cm in height) for 2 min per trial. A rearing event was
counted each time an animal assumed an upright posture and had weight
shifted to the hindlimbs. The time the animal spent on a slowly acceler-
ating rotarod during a 2 min trial was also recorded. Performance on an
inclined ladder positioned at 40° and with rungs at 9 mm intervals was
evaluated by counting foot faults as the animal descended the ladder
through a plastic tunnel (42 X 4.5 X 5 cm). A foot fault was defined as
when either hindpaw missed a rung and extended through the space
between adjacent grids.

Statistical analysis

All experiments that required quantitative evaluation, including mor-
phometric measurements and behavioral assessments, were performed
in a blinded manner. Data are expressed as means = SD. Comparisons
between MMP-2 null and wild-type groups were made by unpaired Stu-
dent’s t tests. ANOVA, followed by Bonferroni’s post hoc test, was per-
formed for multiple comparisons between groups. A statistically signifi-
cant difference was defined at p < 0.05.

Results

MMP-2 level increases during wound healing

We first examined MMP expression during the wound-healing
phase after spinal cord lesions by gelatin zymography. Consistent
with our previous findings (Goussev et al., 2003), MMP-2 was
not detected in the wild-type mice 3 d after injury but was
strongly detected at 7 and 14 d after injury, with protease bands
corresponding to the active form of MMP-2 and the inactive
zymogen (proMMP-2) (Fig. 1). Wild-type mice subjected to lam-
inectomy only (sham) showed no MMP-2 expression at all three
time points examined. The MMP-2 null mouse did not display
any detectable MMP-2, as expected, but did show a compensa-
tory increase in MMP-9 at 3, 7, and 14 d after injury.
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14 days

7 days

A-D, Colocalization of MMP-2 (4, B; red, Alexa 568) and GFAP (C, D; green, Alexa

Figure 2.
488) at the lesion epicenter 7 and 14 d after injury in wild-type mice. E, F, MMP-2 is localized in
reactive astrocytes that form a boundary between the lesion epicenter and the residual cord
tissue (digitally merged images). G, H, No MMP-2immunostaining is found in the injured spinal
cord of MMP-2 null mice at either time point. Scale bars, 50 m.

MMP-2 is preferentially expressed in astrocytes bordering the
lesion epicenter

We then used double immunolabeling to determine which cell
types express MMP-2. In contrast to MMP-9 expression in the
acute phase after injury (Noble et al., 2002), MMP-2 was colocal-
ized to a subset of GFAP-positive reactive astrocytes that bor-
dered the lesion epicenter 7 d after injury (Fig. 2A, C,E). These
reactive astrocytes and their processes segregated the lesion core
from the residual cord tissue. The intensity of both MMP-2 and
GFAP immunoreactivity increased 14 d after injury (Fig.
2B,D,F). As expected, MMP-2 was not detected in the injured
spinal cord of MMP-2 null mice (Fig. 2G,H) or in the uninjured
wild-type mice (data not shown). MMP-2 did not colocalize with
endothelial cells or the majority of macrophages at either 7 or 14 d
after injury (Fig. 3). PECAM-1-positive microvessels were ob-
served in the lesion epicenter at 7 and 14 d after injury (Fig.
3A,B). These vascular structures exhibited an angiogenic pheno-
type, namely diameters larger than that seen in controls and tor-
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Figure3. Colocalization of MMP-2 (red, Alexa 568) with either PECAM-1-positive vessels (4

B; green, Alexa 488) or (D11b-positive macrophages/microglia (C, D; green, Alexa 488) atthe
lesion epicenter of wild-type mice 7 and 14 d after injury. Digitally merged images reveal that
neither blood vessels nor the majority of macrophages immunoexpress MMP-2. Scale bar, 50 .m.

CoAIb/MMIP-2

tuous morphologies. Densely packed, CD11b-positive macro-
phages/microglia were confined to the lesion epicenter (Fig.
3C,D). A subset of these macrophages, adjacent to the lesion
border, appeared to immunoexpress MMP-2. MMP-2 did not
colocalize with NeuN-positive neurons (data not shown).

Glial scarring is more extensive in MMP-2 deficient animals
After CNS injury, the glial scar is formed by the aggregation of
reactive astrocytes that typically exhibit hypertrophic cell bodies
and intense GFAP immunostaining (McKeon et al., 1999). More
scarring correlates with poorer functional recovery. In the con-
tused spinal cord of wild-type mice 42 d after injury, the glial scar
mostly surrounded a central GFAP-quiescent core (Fig. 4A). As
demonstrated previously (Whetstone et al., 2003), these GFAP-
quiescent areas were filled with tissue matrix and non-neuronal
cells rather than cystic cavities. Mild reactive astrogliosis was
found inless injured tissue around the ventral or lateral margin of
the spinal cord. Conversely, the pattern of astrogliosis in MMP-2
null mice was more prominent and dispersed throughout the
lesion epicenter (Fig. 4 B). Moreover, the overall intensity of the
GFAP immunoreactivity within the epicenter of MMP-2 null
mice appeared higher than that of the wild-type mice. At higher
magnification, the glial scar in MMP-2 null mice exhibited a
more intricate configuration of densely intertwined astrocytic
processes relative to that of wild-type mice (Fig. 4C,D).

We next evaluated the severity of glial scarring based on its
complexity and extent in eight sample sections across the entire
lesion site in each animal (Fig. 5A). The higher the total scores,
the more elaborate and/or widespread the glial scar. When the
section having the highest score among these eight sample sec-
tions was selected for comparison, this highest score was signifi-
cantly greater in MMP-2 null mice than in wild-type controls
(23 £4vs 17 = 2; p <0.05) (Fig. 5B). We then analyzed whether
such a difference in the highest score was a result of a more
extensive distribution (more sectors scored =1) or a more com-
plicated pattern (higher score per sector) of glial scar formation.
Among the total 12 sectors within the sample section, MMP-2
null mice had significantly more sectors scored =1 than wild-
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Wild-type MMP-2 null

GFAP
*
*
A B -

Figure 4. Localization of GFAP at the lesion epicenter of the spinal cord in wild-type (4, €)
and MMP-2 null (B, D) mice 42 d after injury. GFAP-quiescent areas (asterisks) are evident
within the lesion epicenter and are separated from the remaining cord tissue by reactive astro-
cytes. GFAP immunoreactivity appears more widespread in the null relative to the wild-type
animal. At higher magnification (C, D; taken from boxed area in A and B, respectively), a more
elaborate form of astrogliosis, characterized by heavily tangled astrocytic processes, is apparent
in the null relative to the wild-type animal. Scale bars, 100 wm.
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Figure 5. A, A diagram illustrating the design and sampling strategy for the semiquantita-

tive analysis of the glial scar. Twelve subdivisions (sectors) were arranged as shown in each of
eight sample sections per animal (n = 8 per genotype). A semiquantitative scale, ranging from
0to3, was applied to each subdivision based on the criteria described in Materials and Methods.
B, The section having the highest score among all eight sample sections is selected for compar-
ison. This value is significantly greater in MMP-2 null mice than in wild-type mice. ¢, Within the
section showing the highest score, there are significantly more subdivisions manifesting a score
=1in the MMP-2 null mice than in the wild-type controls. This finding suggests that the extent
of the glial scar is more widespread in MMP-2 null mice. *p << 0.05. Error bars indicate SD.

type mice, indicating a more extensive glial scarring in the former
(Fig. 5C). The average scores of the sectors within the sections
were similar between MMP-2 null and wild-type mice (2.43 =
0.08 vs 2.41 £ 0.09; p = 0.86), suggesting the complexity of the
astrogliosis was comparable between groups. However, when the
scores of all eight sample sections were combined, MMP-2 null
mice showed a trend toward a higher sum total than the wild-type
mice (59 * 11 vs 45 = 12), but this was not statistically signifi-
cant. Together, these data demonstrate that the glial scar is more
extensive in MMP-2 null mice than in the wild-type mice 42 d
after spinal cord injury.
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Wild-type MMP-2 null

Intact

Epicenter

Figure 6.  (SPG immunoreactivity (clone (S-56) 42 d after spinal cord injury. 4, B, In the
uninjured sections (reference sections) ~1500 wum rostral to the lesion epicenter, background
immunostaining is observed mostly in the gray matter. ¢, D, In the lesion epicenter, (SPG
immunoreactivity appears enhanced in both groups compared with the staining intensity of
respective reference sections. CSPGs are expressed at high levels along the penumbral zone
lying between the core of the lesion and the less injured tissue. This staining pattern resembles
the distribution of astrogliosis. Scale bar, 250 pm.

MMP-2 deficiency results in elevated expression of CSPGs
MMP-2 is known to enhance neurite outgrowth by degrading
CSPGs in vitro (Zuo et al., 1998). CSPGs were immunoexpressed
at relatively high levels in the lesion epicenter in both groups of
mice 42 d after injury compared with background immunostain-
ing in the uninjured tissue (reference sections) (Fig. 6). Within
the injured segment of both groups, the intensity of CSPG immu-
noreactivity was most pronounced at the interface between the
lesion core and the residual cord tissue (Fig. 6C,D). Such a stain-
ing pattern generally mirrored the distribution of astrogliosis ob-
served with anti-GFAP immunostaining in the injured cord, sug-
gesting a close correlation between the glial scar formation and
CSPG expression. The relative intensity of CSPG immunoreac-
tivity at the lesion epicenter was significantly greater in MMP-2
null mice than in the wild-type controls 42 d after injury (38.5 =
4.3 vs 27.4 * 6.1%; p < 0.05). These findings suggest that pro-
teolytic degradation of CSPGs is reduced in the absence of
MMP-2 and raises the possibility that the environment may be
particularly inhibitory to axonal plasticity and/or regeneration.

Both wild-type and MMP-2 null astrocytes produce CSPGs in

response to TGF-f31 stimulation

Although MMPs are capable of degrading CSPGs (Muir et al,,
2002), their affect on proteoglycan synthesis has not been exam-
ined in detail. Increased CSPG deposition in the MMP-2 null
mice may be because of limited CSPG degradation or increased
synthesis of CSPGs by mutant astrocytes. To examine whether
CSPG synthesis was altered in the mutant astrocytes, we com-
pared the ability of wild-type and MMP-2 null astrocytes to syn-
thesize CSPGs in vitro in control conditions, and after stimula-
tion, by TGF-B1. TGF-B is one of a number of injury-induced
cytokines and has been demonstrated to stimulate CSPG synthe-
sis in astrocytes (Asher et al., 2000; Smith and Strunz, 2005). As
demonstrated in Figure 7, both wild-type and MMP-2 null astro-
cytes produced high-molecular-weight 2B6-immunopositive
CSPGs, indicating the presence of a 4-sulfated moiety after chon-
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Figure7.
dium from untreated (Control) or TGF-31-treated wild-type (WT) or MMP-2 null (Null) astro-
cytes contains a number of CSPGs with a 4-sulfated epitope demonstrated using the 2B6 anti-
(SPG antibody. TGF-[31 exposure not only increases the synthesis of the higher-weight CSPGs
but also stimulates the expression of a lower molecular weight species in both wild-type and
MMP-2 null astrocytes.

(SPG synthesis by wild-type and MMP-2 null astrocytes in vitro. Conditioned me-

droitinase ABC digestion. After TGF-B1 stimulation, both
groups of astrocytes increased their production of the higher-
weight CSPGs as well as a lower-weight CSPG. Similar results
were obtained from immunoblots using anti-3B3 (data not
shown). Individual proteoglycans, expressed by these astrocytes,
were not determined because the 2B6 and 3B3 antibodies identify
a 4-sulfated and a 6-sulfated epitope, respectively, on all CSPGs.
However, these data demonstrate that both wild-type and mutant
astrocytes synthesize CSPGs normally and in response to TGF-
B1, suggesting that increased expression of CSPGs in MMP-2
null mice after injury is likely caused by a limited ability to de-
grade CSPGs in these animals.

MMP-2 deficiency results in reduced axonal plasticity and
white matter sparing

The population of serotonergic fibers caudal to the lesion site has
been used as an indicator of plasticity and/or sparing of these
supraspinal projections after spinal cord injury (Faden et al.,
1988; Wrathall et al., 1994; Teng and Wrathall, 1997). To deter-
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v MMP-2 deficiency results in impaired
1% motor recovery after injury
< : Behavioral recovery was examined by a
he v . battery of tests including locomotion in an
open field, rearing, performance on a ro-
- tarod, and the ability to descend a ladder.
i Adult MMP-2 null mice exhibited no no-
e table difference in their appearance and
: body size compared with wild-type con-
28 == trols. Before the injury, locomotor perfor-
1 : mance between MMP-2 null and wild-
type mice was comparable. Differences in
locomotion were not evident between
groups within the first week after injury
(Fig. 9). Thereafter, there was a clear trend
l toward impaired recovery of locomotor
function in the MMP-2 null animals.
Forty-two days after injury, the locomotor
score of MMP-2 null mice was signifi-
cantly lower than that of wild-type mice
(13 = 4 vs 17 = 4; p < 0.05). At this time
point, both groups showed forelimb-
hindlimb coordination. However, wild-
type controls typically showed consistent
weight-supported  plantar  stepping,

0
C 200 400 600 800

Figure 8.

Error bars indicate SD.

mine whether MMP-2 deficiency and altered CSPG expression
affect axonal plasticity after spinal cord injury, we quantified se-
rotonergic axons in horizontal sections in the spinal gray matter
around the lesion site (Fig. 8 A). Depending on the distance from
the lesion site, serotonergic axons were distributed in the super-
ficial dorsal horn, intermediolateral column, and around the cen-
tral canal in relatively intact tissue, or in the remnant of the ven-
tral horn in the injured area. Serotonergic axons in the remnant
of the ventral horn exhibited arborized profiles with some vari-
cosities (Fig. 8 B). In the core of the lesion, few to no serotonergic
axons were found in each animal regardless of the genotype. In
the ventral horn 400 and 600 wm caudal to the lesion epicenter,
MMP-2 null mice showed significantly fewer serotonergic axons
than wild-type mice (400 wm, 21 * 25 vs 96 = 24, p < 0.05; 600
um, 88 = 55vs 246 = 62, p < 0.05) (Fig. 8C). This trend contin-
ued caudally up to 1400 wm from the lesion epicenter, which was
the furthest point examined in this study; although, it was not
statistically significant.

We next quantified the residual white matter in the lesion
epicenter. MMP-2 null and wild-type mice showed comparable
total cross-sectional areas of the spinal cord at the lesion epicen-
ter 42 d after injury (1.65 = 0.21 vs 1.74 * 0.19 mm?). This
finding suggests that MMP-2 deficiency does not affect the gross
architecture of the injured spinal cord during wound healing.
However, there was significantly less residual white matter in the
lesion epicenter of MMP-2 null mice than the wild-type controls
42 d after injury (0.53 = 0.19 vs 0.67 * 0.16 mm?; p < 0.05).

1000 1200 1400
Distance caudal to lesion epicenter ( um)

A, Quantitative analysis of serotonergic axons caudal to the lesion site 42 d after injury. Horizontal sections are
immunostained with anti-5-HT. B, In the spinal gray matter (arrowheads), serotonergic axons labeled by anti-5-HT are charac-
terized by arborized profiles with varicosities . ¢, Axons were quantified caudal to the lesion epicenter at 200 wm consistent
intervals, using the midline of the epicenter as the starting point. The numbers of serotonergic axons increase progressively with
distance in both groups of animals. Compared with wild-type mice, however, MMP-2 null mice show significantly fewer seroto-
nergic axons 400 and 600 um caudal to the lesion epicenter (n = 4 per genotype). *p << 0.05. Scale bars: A, 500 em; B, 50 um.

whereas the MMP-2 null mice were char-
acterized by less consistent weight-
supported plantar stepping.

Spinal cord-injured MMP-2 null mice
reared less frequently (3 = 4 vs 11 = 8 per
trial; p < 0.05), performed significantly
worse on a rotarod (28 = 18 vs 71 * 26
s/trial; p < 0.01), and exhibited a greater
number of foot faults when descending an
inclined ladder (12 * 3 vs 5 = 2 per trial;
p < 0.01) compared with wild-type mice.
Together, these data demonstrate that recovery of function is
reduced in spinal cord-injured MMP-2-deficient animals and are
consistent with the morphologic findings.

Discussion

This is the first study to assess the role of MMP-2 in the injured
spinal cord. We show that MMP-2 is integral to those wound-
healing events that support recovery of function in spinal cord-
injured mice. Mice deficient in MMP-2 showed reduced white
matter sparing and supraspinal efferents around the lesion epicenter,
a widespread reactive astrogliosis, and a significant impairment in
locomotor recovery compared with wild-type littermates.

CNS injury and MMPs

MMPs play complex roles in neurological diseases (Yong et al.,
2001), and we are only now beginning to appreciate their involve-
ment in spinal cord injury. A number of MMPs are upregulated
in the injured spinal cord (Wells et al., 2003). Of these, MMP-9
and MMP-12 have recently been studied in some detail. MMP-9
increases in the acutely injured spinal cord (Noble et al., 2002). It
degrades the CSPG NG2 and, as such, facilitates oligodendrocyte
maturation and remyelination after spinal cord injury (Larsen et
al.,, 2003). Spinal cord-injured mice with a genetic null mutation
in MMP-9 exhibit stabilization of the blood—spinal cord barrier,
reduced infiltration of neutrophils, and a significant improve-
ment in locomotor recovery (Noble et al., 2002). MMP-12 (met-
alloelastase) mRNA markedly increases 5 d after spinal cord injury.
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Figure 9.  Functional recovery after spinal cord injury. Before the injury, both MMP-2 null

and wild-type mice exhibited comparable activity and locomotor performance in the open field
(data not shown). Based on the 21-point locomotor rating scale, MMP-2 null mice show im-
paired motor recovery after spinal cord injury compared with their wild-type littermates, reach-
ing statistical significance 42 d after injury (n = 14 per genotype). *p << 0.05. Error bars
indicate SD.

Spinal cord-injured animals with a null mutation of this protease
show greater preservation of barrier integrity and reduced macro-
phage/microglial activation and migration (Wells et al., 2003).

Glial scar formation and MMP-2

Although there are some beneficial effects of glial scarring
(Faulkner et al., 2004), it is generally considered to be a nonper-
missive environment causing regenerative failure of injured ax-
ons (Bush et al., 1999; Silver and Miller, 2004 ). Here we show that
the astrocytic scar is more extensive in the spinal cord-injured
MMP-2 null animal, suggesting a more inhibitory environment
for axonal regrowth.

Astrogliosis is attributed primarily to increased migration of
astrocytes toward the site of alesion (Ridet etal., 1997; Fitch et al.,
1999; McGraw et al., 2001; Matyash et al., 2002). Astrocytes, de-
rived from ependymal stem cells, migrate into the lesion to par-
ticipate in glial scar formation after spinal cord injury in the adult
(Johansson et al., 1999). Proliferation of resident or migrating
astrocytes is also involved in astrogliosis, but to a lesser extent
(Rhodes et al., 2003; Hampton et al., 2004). Alterations in the
intermediate filament cytoskeleton have been implicated in as-
trocyte motility. Astrocytes devoid of both GFAP and vimentin,
an embryonic intermediate filament re-expressed in reactive as-
trocytes, display abnormal morphology and severely compro-
mised motile behavior (Lepekhin et al., 2001). Although the role
of MMPs in modulating intermediate filament components of
astrocytes is not clear, MMPs facilitate the migration of bipoten-
tial oligodendrocyte-type 2 astrocyte progenitors on CNS myelin,
a strongly inhibitory substrate that can be inactivated by proteo-
Iytic degradation mediated by metalloproteases (Amberger et al.,
1997). Moreover, the increased migration capacity of white matter
astrocytes on laminin is mediated by MMP-9, MT1 (membrane type
1)-MMP, and MMP-2 in vivo (Takenaga and Kozlova, 2006).

An enigmatic observation in our study is that MMP-2 defi-
ciency resulted in the formation of substantially extensive astro-
cytic scar in vivo, implying increased migratory behavior of reac-
tive astrocytes. These findings are counterintuitive considering
the ability of MMP-2 to promote ECM remodeling and cell mi-
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gration. However, it is possible that other MMPs are responsible
for astrocyte migration. Several MMPs either increase or decrease
during wound healing in the injured spinal cord (Wells et al.,
2003). As such, there may be a feedback interaction or reciprocal
regulation among these different MMPs. In this study, we show
anomalous MMP-9 upregulation in the spinal cord-injured
MMP-2 null animal. Similarly, MMP-9 is upregulated in a model
of experimental autoimmune encephalomyelitis in MMP-2 null
mice (Esparza et al., 2004). As a consequence of compensatory
MMP-9 upregulation in lymphocytes and endothelial cells,
MMP-2 null mice display an early onset of the disease with a
worsened outcome. It is thought that increased lymphocyte
transendothelial migration contributes to this poor clinical con-
dition. In this study, a compensatory increase in MMP-9 activity
could likewise contribute to the enhanced migratory behavior of
MMP-2-deficient astrocytes.

It is noteworthy that MMPs can regulate cell motility dichot-
omously by proteolytic release of cryptic ECM fragments that
either promote or inhibit cell migration (Giannelli et al., 1997;
Hamano et al., 2003). A number of antiangiogenic factors, for
instance, are encrypted in an extracellular microenvironment
and become bioactive after MMP-mediated cleavage (Mott and
Werb, 2004). In this regard, increased migration of astrocytes
may be a consequence of an imbalance between inhibitory and
promotive factors that regulate motility, with the latter assuming
precedence in the absence of MMP-2.

Inhibitory CSPGs and MMPs

CSPGs, a group of proteoglycans that show differential inhibitory
properties to neurite outgrowth, are expressed by reactive astro-
cytes in the glial scar (McKeon et al., 1999; Jones et al., 2003; Tang
et al.,, 2003). Although CSPGs play a restrictive role and are
essential for axonal guidance during normal development
(Pindzola et al., 1993; Hsu et al., 2005), these inhibitory mole-
cules form a chemical barrier that arrests regenerative axons in
adults despite the absence of glial scarring (Davies et al., 1997).
Enzymatic treatment of the injured spinal cord with chondroiti-
nase ABC, which attenuates CSPG activity, markedly improves
axonal regeneration and functional recovery (Bradbury et al.,
2002; Chau etal., 2004). MMP-2 exhibits comparable proteolytic
capability in decomposing certain CSPGs including neurocan
(Muir et al., 2002), which is expressed at high levels after spinal
cord injury (Jones et al., 2003; Tang et al., 2003). This protease
enhances neurite outgrowth of dorsal root ganglionic neurons on
peripheral nerve explants by degrading a still unidentified CSPG,
which may otherwise inhibit laminin-promoted neurite exten-
sion (Zuo et al., 1998). Likewise, peripheral nerve segments, pre-
degenerated by endogenous MMP-2 or neural stem cell-
produced MMP-2, support axonal regeneration as a result of
CSPG degradation (Krekoski et al., 2002; Heine et al., 2004).

In accordance with these studies, we show that CSPG immu-
noreactivity increases in spinal cord-injured MMP-2 null mice.
Interestingly, this occurs despite the fact that there is a compen-
satory increase in MMP-9, a protease that is capable of processing
CSPGs (NG2) in injured spinal cord (Larsen et al., 2003) and in
degenerated peripheral nerve with an even higher effectiveness
than MMP-2 (Ferguson and Muir, 2000). Similar to the pattern
of glial scarring demonstrated by GFAP immunostaining, we
found that the strongest CSPG immunoreactivity bordered the
lesion area with relatively low immunoreactivity in the lesion
core and less damaged tissue. Thus, extensive reactive astrogliosis
in MMP-2 null mice may have generated CSPGs that exceeded
the proteolytic activity of relevant MMPs.



Hsu et al. « MMP-2 and Spinal Cord Injury

Axonal plasticity, tissue sparing, and MMPs
We report a significant reduction in serotonergic axons caudal to
the lesion in spinal cord-injured MMP-2 null mice, a finding
consistent with a role for MMP-2 in axonal sprouting and regen-
eration. Extensive glial scarring, seen in MMP-2 null mice,
should also be considered in this context. Indeed, mice deficient
in both GFAP and vimentin, or with selective ablation of reactive
astrocytes, show enhanced axonal sprouting and better func-
tional recovery after injury as a result of reduced reactive astro-
gliosis (Bush et al., 1999; Pekny et al., 1999; Menet et al., 2003).
Fewer serotonergic axons caudal to the lesion may also reflect
the degree of white matter sparing. There is reduced white matter
in MMP-2 null mice. How MMP-2 promotes white matter spar-
ing remains unclear. MMP-2 participates in wound-healing
events such as angiogenesis that may favor sparing. The inflam-
matory cascade may also modulate white matter sparing. In this
regard, MMP-2 can attenuate inflammation by cleaving chemo-
kines such as monocyte chemoattractant protein-3 to terminate
the chemotaxis of inflammatory cells (McQuibban et al., 2000).
MMPs are also implicated in Wallerian degeneration by pro-
teolytic degradation of axonal components, myelin debris, and
axon growth inhibitory CSPGs (Siebert et al., 2001; Hughes et al.,
2002; Krekoski et al., 2002). Consistent with a beneficial role,
delayed onset of Wallerian degeneration adversely affects loco-
motor recovery after spinal cord injury (Zhang et al., 1998). It is
thus conceivable that MMP-2 deficiency results in ineffective re-
moval of axonal debris leading to impaired functional recovery.
MMPs play diverse roles in the spinal cord. Their ability to
support or inhibit normal cellular functions or participate in
secondary pathogenesis likely depends on when and where they
are expressed and their overall activity. We show that MMP-2 is
active during wound healing, when it is preferentially expressed
in reactive astrocytes. Genetic deletion of MMP-2 results in un-
toward wound healing, as evidenced by the formation of a more
pronounced inhibitory glial scar and impaired recovery of motor
function. Additional research, with the use of transgenic mice
overexpressing MMPs and tissue inhibitors of MMPs, and phar-
macological inhibitors to individual MMPs, should shed added
light on their functions in both secondary pathogenesis and
wound-healing events.
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