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We investigated the role of matrix metalloproteinases (MMPs) in acute spinal cord injury (SCI). Transcripts encoding 22 of the 23 known
mammalian MMPs were measured in the mouse spinal cord at various time points after injury. Although there were significant changes
in the expression levels of multiple MMPs, MMP-12 was increased 189-fold over normal levels, the highest of all MMPs examined. To
evaluate the role of MMP-12 in SCI, spinal cord compression was performed in wild-type (WT) and MMP-12 null mice. Behavioral
analyses were conducted for 4 weeks using the Basso–Beattie–Bresnahan (BBB) locomotor rating scale as well as the inclined plane test.
The results show that MMP-12 null mice exhibited significantly improved functional recovery compared with WT controls. Twenty-eight
days after injury, the BBB score in the MMP-12 group was 7, representing extensive movement of all three hindlimb joints, compared with
4 in the WT group, representing only slight movement of these joints. Furthermore, MMP-12 null mice showed recovery of hindlimb
strength more rapidly than control mice, with significantly higher inclined plane scores on days 14 and 21 after SCI. Mechanistically, there
was decreased permeability of the blood–spinal barrier and reduced microglial and macrophage density in MMP-12 null mice compared
with WT controls. This is the first study to profile the expression patterns of a majority of the known MMPs after spinal cord compression.
The data indicate that MMP-12 expression after spinal cord trauma is deleterious and contributes to the development of secondary injury
in SCI.
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Introduction
Spinal cord injury (SCI) is a leading cause of permanent disability
in young adults, resulting in partial or complete loss of motor and
sensory function below the lesion site. Currently, treatment op-
tions are limited, but significant advances have been made in
understanding the pathophysiology of SCI. Although little can be
done to prevent damage that occurs as a direct result of the
trauma (primary injury), there is hope that the spread of damage
that occurs in the days, weeks, and months after injury (second-
ary degeneration) can be abrogated or prevented. Evidence in the
literature indicates that the sparing of as little as 10% of spinal
cord axons from damage can have significant benefits on func-
tional outcome (Eidelberg et al., 1977; Blight, 1983). Under-
standing the mechanisms involved in the development of sec-
ondary damage after spinal cord trauma is critical to the
discovery of new therapeutic strategies to treat SCI.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases capable of degrading all components
of the extracellular matrix (ECM). As such, they have been shown

to be critical in events requiring matrix remodeling, such as
developmental processes and wound healing and repair through-
out life (Yong et al., 2001). MMPs are now known to have
many substrates in addition to ECM molecules (McCawley and
Matrisian, 2001), and they are implicated in diverse functions,
including the regulation of survival, signaling, angiogenesis, in-
flammation, and cell motility (Egeblad and Werb, 2002). Not
surprisingly, therefore, the aberrant expression of several MMPs
is correspondent with a number of disease pathologies, including
cancer metastasis and CNS disorders such as multiple sclerosis
(MS), stroke, human immunodeficiency virus dementia, and
trauma (Yong et al., 2001).

Recently, the role of a single MMP member, MMP-9, has been
examined in SCI. MMP-9 was found to be upregulated after a
contusion injury, and this was correlated with a dysfunction in
blood–spinal barrier integrity and inflammation (Noble et al.,
2002). Furthermore, Noble et al. (2002) showed that functional
recovery from SCI was significantly improved in MMP-9 null
mice compared with wild-type (WT) controls. In brain trauma, it
has been reported that motor outcomes (RotaRod test) at 1, 2,
and 7 d were improved in MMP-9 null mice relative to WT ani-
mals (Wang et al., 2000). Because there are 23 mammalian MMP
members, it remains to be determined whether more MMPs are
upregulated in SCI and whether these play a more critical func-
tion in SCI.
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We sought to understand the role of MMPs in SCI. Although
others have focused on a single MMP, we have profiled the ex-
pression of virtually all known MMPs and the four endogenous
tissue inhibitors of metalloproteinase (TIMPs) after spinal cord
compression in mice. We found that the expression of MMP-12
mRNA was the most elevated of all the genes analyzed, and we
have determined that mice lacking this protease have better re-
covery from SCI than WT controls. These results implicate a new
pathophysiological member in the sequelae of adverse events in
SCI and suggest that metalloproteinase inhibitors may have util-
ity in SCI.

Materials and Methods
Subjects and surgical procedures. Male mice �3 months of age were used
in all studies. Except for experiments comparing MMP-12 �/� (null)
mice and their WT controls, which were both on the 129/SvEv back-
ground, CD1 outbred mice (Charles River Laboratories, Montreal, Que-
bec, Canada) were used in the study. Surgery consisted of anesthetizing
mice with a mixture of ketamine and xylazine (200 and 10 mg/kg, i.p.,
respectively). Animals were subsequently immobilized in a stereotactic
frame. An incision was made in the skin, and the muscle and tissue
overlying the vertebral column was blunt-dissected away. Using the spiny
process of T2 as a landmark, a laminectomy was performed at the level of
T3–T4, and the spinal cord was exposed. A rigid hook was used to clear a
path underneath the cord so a modified aneurysm clip with a closing
force of 8 gm could be applied (Wells et al., 2003). Extradural compres-
sion of the cord was achieved by allowing the clip to slam shut on the
cord, producing mechanical trauma. The clip was maintained in position
for 1 min, producing damage that also had ischemic components. After
injury, the clip was removed, and the wound was closed using a nylon
suture. Mice recovered in a room maintained at 27°C. Manual expression
of the bladder was required twice daily, and the food and water were
placed directly in the cage to allow ready access.

TaqMan PCR. TaqMan real-time PCR was used to profile MMP
mRNA levels. Mice (n � 4 per group) were killed 1, 2, and 5d after injury,
and four mice served as uninjured controls. Spinal cords were removed;
a 1 cm segment including the injury site was homogenized in TRIzol
reagent; and total RNA was extracted as previously described (Rost-
worowski et al., 1997). One microgram of RNA was reverse-transcribed
to make cDNA. Each reaction contained the equivalent of 5 ng of reverse-
transcribed RNA. The 18 S ribosomal RNA gene was used as an endoge-
nous internal control to account for differences in the extraction of orig-
inal tissue and reverse transcription of total RNA. The method for
TaqMan PCR has been detailed previously (Nuttall et al., 2003). Table 1
contains the TaqMan primer and probe sequences for mouse MMPs and
TIMPs.

Table 1. Genes analyzed by quantitative TaqMan PCR

Gene Primer/probe Sequence

TIMP-1 Forward primer CATGGAAAGCCTCTGTGGATATG
Reverse primer AAGCTGCAGGCACTGATGTG
Probe CTCATCACGGGCCGCCTAAGGAAC

TIMP-2 Forward primer CCAGAAGAAGAGCCTGAACCA
Reverse primer GTCCATCCAGAGGCACTCATC
Probe ACTCGCTGTCCCATGATCCCTTGC-TAMRA

TIMP-3 Forward primer GGCCTCAATTACCGCTACCA
Reverse primer CTGATAGCCAGGGTACCCAAAA
Probe TGCTACTACTTGCCTTGTTTTGTGACCTCCA

TIMP-4 Forward primer TGCAGAGGGAGAGCCTGAA
Reverse primer GGTACATGGCACTGCATAGCA
Probe CCACCAGAACTGTGGCTGCCAAATC

MMP-1a Forward primer GTCTTTGAGGAGGAAGGCGATATT
Reverse primer AGTTAGGTCCATCAAATGGGTTGTT
Probe CTCTCCTTCCACAGAGGAGACCATGGTGA

MMP-1b Forward primer TTTGAGGAGGAAGGCGATATTGT
Reverse primer As MMP-1a
Probe As MMP-1a

MMP-2 Forward primer AACTACGATGATGACCGGAAGTG
Reverse primer TGGCATGGCCGAACTCA
Probe TCTGTCCTGACCAAGGATATAGCCTATTCCTCG

MMP-3 Forward primer GGAAATCAGTTCTGGGCTATACGA
Reverse primer TAGAAATGGCAGCATCGATCTTC
Probe AGGTTATCCTAAAAGCATTCACACCCTGGGTCT

MMP-7 Forward primer GCAGAATACTCACTAATGCCAAACA
Reverse primer CCGAGGTAAGTCTGAAGTATAGGATACA
Probe CCAAAATGGCATTCCAGAATTGTCACCTAC

MMP-8 Forward primer GATTCAGAAGAAACGTGGACTCAA
Reverse primer CATCAAGGCACCAGGATCAGT
Probe CATGAATTTGGACATTCTTTGGGACTCTCTCAC

MMP-9 Forward primer CGAACTTCGACACTGACAAGAAGT
Reverse primer GCACGCTGGAATGATCTAAGC
Probe TCTGTCCAGACCAAGGGTACAGCCTGTTC

MMP-10 Forward primer CCTGATGTTGGTGGCTTCAGT
Reverse primer CTGGTGTATAATTCACAATCCTGTAGGT
Probe CCTTCCCAGGTTCGCCAAAATGGA

MMP-11 Forward primer ATTGATGCTGCCTTCCAGGAT
Reverse primer GGGCGAGGAAAGCCTTCTAG
Probe TCCTTCGTGGCCATCTCTACTGGAAGTTTG

MMP-12 Forward primer GAAACCCCCATCCTTGACAA
Reverse primer TTCCACCAGAAGAACCAGTCTTTAA
Probe AGTCCACCATCAACTTTCTGTCACCAAAGC

MMP-13 Forward primer GGGCTCTGAATGGTTATGACATTC
Reverse primer AGCGCTCAGTCTCTTCACCTCTT
Probe AAGGTTATCCCAGAAAAATATCTGACCTGGGATTC

MMP-14 Forward primer AGGAGACAGAGGTGATCATCATTG
Reverse primer GTCCCATGGCGTCTGAAGA
Probe CCTGCCGGTACTACTGCTGCTCCTG

MMP-15 Forward primer ATCCCCTATGACCGCATTGAC
Reverse primer CCCCTGCCAGACACTGATG
Probe ACACAGCATGGAGACCCTGGCTACCC

MMP-16 Forward primer GGCTACCTTCCACCGACTGA
Reverse primer CTTCATCCAGTCGATTGTGTTTCT
Probe CTGCAGAGACCATGCAGTCAGCTCTAGCT

MMP-17 Forward primer GGCAGTATGTTCCTGCACTTCA
Reverse primer GCTAGCACTGCCCTCAGGAT
Probe CCTGTGGACCTCAGTCTCTGCCAAGG

MMP-19 Forward primer GCCCATTTCCGGTCAGATG
Reverse primer AGGGATCCTCCAGACCACAAC
Probe CCACAAGGGCCCGTATGAAGCAGC

MMP-20 Forward primer GATCAGGAGGATTAAGGAGCTACAAA
Reverse primer GGCGGTAGTTAGCCACATCAG
Probe CCAGAATACAATGAATGTGATCAAGAAGCCTCG

(Table continues)

Table 1. (Continues)

Gene Primer/probe Sequence

MMP-21 Forward primer TCCAAAGAAGATGAGCCAAGTG
Reverse primer ACGCTGAATCGAGGTTTCTG
Probe TTCCAGCAATAATGCCTCAAAACCACCC

MMP-23 Forward primer CAGACTGTTGACCATGTCGGTAA
Reverse primer GAAGGAAAGAACTCTGTATGTGAGGTT
Probe CCGCTACACGCTGACACCGGC

MMP-24 Forward primer TATCATGGCTCCCTTCTACCAATAC
Reverse primer CTGCGGACCGGGAGTGT
Probe CCAGCTGAGCCCTCTGGAGCCA

MMP-25 Forward primer TGGCTGTCTGGGCTACTGAA
Reverse primer GGTAGGCCCGAGCAAAGTG
Probe AATTCTCAGTACCAGGAGCCTGACATCATTATCC

MMP-28 Forward primer CCACTTGGACAGAGAGGATCAGT
Reverse primer AAGCGTTTCTTACGCCTCATTT
Probe CTGCTTGCTGGACACCGAGCCAA

Sequences for the primers and probes (Mus spp.) are shown in 5� to 3� orientation; probes contain a carboxyfluo-
roscein fluorescent reporter on the 5� end and a carboxytetramethylrhodamine quencher on the 3� end.
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In situ hybridization. CD-1 mice underwent spinal cord compression
or served as uninjured controls. After survival times of 3 hr or 5 d (n � 4
per group); animals were given an overdose of ketamine and xylazine
intraperitoneally and were transcardially perfused with 0.9% cold saline
followed by 4% paraformaldehyde in 0.1 M borax buffer. Spinal cords
were removed, postfixed, and transferred to a solution containing 10%
sucrose diluted in 4% paraformaldehyde-borax buffer overnight at 4°C.
Frozen spinal cords were mounted on a microtome (Reichert-Jung;
Cambridge Instruments, Deerfield, IL) and cut into 20-�m-thick longi-
tudinal sections. Sections were placed in a cold cryoprotectant solution
(0.05 M sodium phosphate buffer, pH 7.3, 30% ethylene glycol, and 20%
glycerol) and stored at �20°C. The sections were exposed at 4°C to x-ray
films (Eastman Kodak Co., Rochester, NY) for 24 hr, dipped into NTB2
nuclear emulsion (Kodak; diluted 1:1 with distilled water), and exposed
for 8 –15 d before being developed and counterstained with thionin
(0.25%).

The MMP-12 probe was purified from a plasmid (pGEM4) containing
a 220 bp fragment (sequence 446 – 665) of MMP-12 (Pagenstecher et al.,
1997). Linearization was achieved using EcoRI, and in vitro transcription
with T7 (antisense) was performed. Subsequent probe processing was as
previously described (Herx et al., 2000).

Immunohistochemistry was combined with in situ hybridization to
determine the type of cells expressing the MMP-12 transcript after spinal
cord trauma. Microglia/macrophages were immunostained as previously
described (Herx et al., 2000) with an antibody raised against ionized
calcium-binding adapter molecule 1 (Iba1). The Iba1 antibody, gener-
ously provided by Dr. Y. Imai (Department of Neurochemistry, National
Institute of Neuroscience, Tokyo, Japan), recognizes both microglia and
macrophages (Ito et al., 1998). In addition, immunostaining was per-
formed for astrocytes using glial fibrillary acidic protein as well as von
Willibrand Factor, a marker for endothelial cells. After reaction with
diaminobenzidine for visualization of the product, sections were rinsed
in potassium-supplemented PBS, mounted onto gelatin- and poly-L-
lysine-coated slides, desiccated under a vacuum for 30 min, fixed in 4%
paraformaldehyde for 20 min, and digested by proteinase K (10 �g/ml in
100 mM Tris-HCl, pH 8.0, and 50 mM EDTA, pH 8.0) at 37°C for 25 min.
Hybridization of the MMP-12 probe with tissue mRNA was then per-
formed as described above.

Behavioral study. To investigate the role of MMP-12 after spinal cord
trauma, compression injury was induced in MMP-12 null and WT mice
as described above. MMP-12 null mice were obtained from the labora-
tory of Steve Shapiro (Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA) (Shipley et al., 1996), and a breeding colony was
established in the animal care facility at the University of Calgary. Groups
consisted of 12 MMP-12 null mice and 10 WT mice. After surgery, ani-
mals were singly housed in a temperature-controlled environment
(27°C) and maintained for 28 d so behavioral assessments of recovery of
hindlimb function and strength could be made.

Recovery of hindlimb function was assessed using the Basso–Beattie–
Bresnahan (BBB) motor rating scale (Basso et al., 1995). This is a 22-
point scale (scores 0 –21) that systematically and logically follows recov-
ery of hindlimb function from a score of 0, indicative of no observed
hindlimb movements, to a score of 21, representative of a normal ambu-
lating rodent. Testing procedures were as follows. Briefly, 5 d before
surgery, animals were exposed to the open field arena for 5 min durations
so they could be acclimated to the test apparatus and thereby reduce the
stress response as a confounding variable during postoperative testing.
On the last day before surgery, all animals had a score of 21. The first test
session began 3 d after injury and continued twice weekly throughout the
survival period. Test sessions were 4 min in duration, and scores were
obtained from 1 or 2 blinded observers.

Recovery of hindlimb strength was assessed once weekly beginning on
day 7 after injury using the inclined plane task (Fehlings and Tator,
1992). Briefly, animals were placed on an inclined plane, and the angle of
incline was gradually increased by 5° increments. The maximum angle at
which the animal could maintain its position for 5 sec constituted the
inclined plane score.

Histological analysis. A second group of mice (n � 30) underwent
compression surgery followed by 5 d survival to assess histological

changes early after injury. The time point of 5 d was chosen because this
corresponds to the time of the maximum increase in MMP-12 mRNA
that was observed. Spinal cords were removed and postfixed in 10%
neutral buffered formalin. Ten of the cords (five WT and five null) were
placed in a 20% sucrose solution overnight and then frozen. Fifteen-
micrometer-thick sections were cut, mounted on glass slides, and stained
with IgG antibody for assessment of blood–spinal barrier integrity (Herx
and Yong, 2001). Briefly, sections were incubated with biotinylated
mouse IgG overnight at 4°C followed by ABC reagent (Vectastain; Vector
Laboratories, Burlingame, CA) for 30 min at room temperature. Positive
staining was visualized using diaminobenzidine (DAB), which produces
a brown reaction product. All sections were stained simultaneously, and
the DAB reaction was precisely timed so comparisons could be made. A
representative section from each of 11 mice was chosen and photo-
graphed, and an observer blind to treatment groups assessed the 11 sec-
tions for the degree of IgG staining; sections were ranked in order of 1–11
with 11 indicating the most intense staining and 1 the least.

Remaining cords were embedded in paraffin, and 6 �m sections cut.
Serial sections were stained for Iba1 and neutrophils. For Iba1 staining,
which does not differentiate between microglia and macrophages (Ito et
al., 1998), sections were rehydrated and rinsed with PBS followed by
antigen retrieval using 10 mM sodium citrate buffer, pH 6.5. The primary
antibody was diluted 1:500, and sections were incubated overnight at
4°C. Biotinylated anti-rabbit IgG was used for the secondary antibody,
and staining was visualized with ABC using DAB as the substrate. Sec-
tions were analyzed blind for the degree of microglial/macrophage acti-
vation, determined by the morphology and density of the Iba1-labeled
cells. Normal resting or quiescent microglia exhibit a distinct morphol-
ogy, with many ramified processes projecting from the cell body. When
activated, these processes begin to retract and thicken, and the microglia
take on a more ameboid, macrophage-like appearance (Leong and Ling,
1992; Dusart and Schwab, 1994; Streit et al., 1998); in this regard, and
because most markers cannot differentiate between microglia and mac-
rophages, they are usually referred to as mononuclear phagocytes or
simply microglia/macrophages. Iba1-stained sections were scored for
microglia/macrophage activation using a scale of 0 – 4 in which 0 was
normal cord and 4 was the presence of highly activated microglia/mac-
rophages. Considerations were made for the size, shape, and relative
density of Iba1-labeled cells.

Neutrophils were visualized using chloroacetate esterase stain and
counterstained with hematoxylin, and the numbers of positively stained
cells displaying multilobed nuclei were counted blind in sections from
WT and MMP-12 null mice.

Results
Multiple MMPs are upregulated in SCI, and MMP-12 is the
most abundant
The expression of several MMPs transcript (MMP-2, -3, -7, -10,
-11, -12, -13, -19, and -20) was found to be upregulated after
spinal cord trauma (Fig. 1). This was time-dependent, in that
many of the MMPs were upregulated 24 hr after injury (MMP-3,
-7, -10, -11, 19, and -20), whereas the increased expression of
other MMPs (MMP-2, -12, and -13) was delayed until 5 d. We
noted an increase in MMP-9 at 24 hr as described by others for
SCI (Noble et al., 2002), but this did not reach statistical signifi-
cance (one-way ANOVA). A significant decrease was found in the
expression of two MMPs after SCI: MMP-23 and -24. Transcripts
for MMP-1a and -1b were not detectable in any of the tissue
samples.

Because the TaqMan analysis is quantitative over a 6 log scale
of mRNA copies (Nuttall et al., 2003), we elucidated the fold
change of each MMP member at the 1, 2, and 5 d time points
relative to the normal control values. The most marked upregu-
lation was for MMP-12, which increased 189-fold from basal
levels. The elevation of MMP-12 was still evident at 14 d after SCI,
as determined using an RNase protection assay (data not shown).

Analyses of TIMPs by TaqMan PCR show that there was a

Wells et al. • MMP-12 in Spinal Cord Injury J. Neurosci., November 5, 2003 • 23(31):10107–10115 • 10109



significant elevation in the expression of
TIMP-1. This was maximal 24 hr after in-
jury and remained significantly elevated at
5 d (data not shown). TIMP-2, -3, and -4
were not altered from controls.

MMP-12 is expressed by cells of the
mononuclear phagocyte lineage
In situ hybridization for the MMP-12 tran-
script was used to localize its expression in
the injured spinal cord tissue (Fig. 2). In
uninjured controls (Fig. 2A) or at 3 hr af-
ter SCI (Fig. 2B), the MMP-12 transcript
was not detected. In contrast, there was a
prominent increase in MMP-12 mRNA
expression in the lesion epicenter 5 d after
injury (Fig. 2C,D).

The source of MMP-12 after injury was
likely cells of the mononuclear phagocyte
lineage, i.e., microglia or macrophages, be-
cause MMP-12 silver grains were colocal-
ized to Iba1-stained cells (Fig. 2E) but did
not colocalize with astrocytes (Fig. 2F) or
endothelial cells (data not shown). We
noted that not all Iba1-positive cells were
positive for MMP-12 mRNA (Fig. 2E,
arrowheads).

MMP-12 null mice are less impaired
after SCI than WT mice
All mice exhibited weight loss as a result of
the SCI and did not return to original
weight for the duration of the study. How-
ever, there were no significant differences
in the weights of the mice from the
MMP-12 null and WT groups at the begin-
ning or throughout the experiment. All
mice received subcutaneous injections of a
lactated Ringer’s solution after bladder
squeezing on each behavioral test day to
prevent dehydration.

Spinal cord compression resulted in
hindlimb paralysis, with both groups re-
ceiving similar average BBB scores at day 3
after injury of 1 and 1.6 (MMP-12 null and
WT, respectively), indicative of slight
movements of 1 or 2 hindlimb joints. Both
groups exhibited gradual recovery in hindlimb function as re-
flected in the higher scores obtained on subsequent test days.
Repeated measures ANOVA revealed a significant treatment ef-
fect (F � 5.681; p � 0.05), day effect (F � 42.807; p � 0.001), and
treatment-by-day interaction (F � 3.946; p � 0.05), where
MMP-12 null animals exhibited significant recovery in hindlimb
function compared with WT mice (Fig. 3). Subsequent indepen-
dent t tests revealed that hindlimb recovery in the MMP-12 null
mice was significantly different from that of WT mice on day 14
( p � 0.05), with MMP-12 null mice demonstrating higher
scores. The scores were statistically different throughout the re-
maining survival period, with MMP-12 null mice receiving a final
average score of 7, indicative of extensive movement of all three
hindlimb joints, compared with a score of 4.2 (slight movement
of all hindlimb joints) in the WT group ( p � 0.01). It is impor-

tant to note that 5 of 10 MMP-12 null mice had achieved scores of
�7, and 4 of 10 had recovered the ability to support weight on
their hindlimbs. This is in contrast to the WT animals, of which 9
of 10 had scores of �7, and only 1 mouse had the ability to
support weight. This magnitude of difference in behavioral scores
obtained between the two groups could be extremely important if
translated to the clinical context of human SCI.

Using the inclined plane test, there was no difference in hind-
limb strength between the groups 1 week after compression in-
jury (Fig. 4). However, MMP-12 null mice demonstrated recov-
ery of hindlimb strength earlier after injury, having significantly
higher scores on the inclined plane task on days 14 and 21 after
injury ( p � 0.05).

Overall, MMP-12 null mice have better functional recovery
from SCI than WT mice, indicating a detrimental role for
MMP-12 in CNS trauma.

Figure 1. Expression levels of multiple MMPs are altered after spinal cord injury. Real-time TaqMan PCR revealed that the
expression of several MMPs was altered after spinal cord compression. Several of the MMPs were upregulated 24 hr after injury,
including MMP-3, -7, -10, -11, -19, and -20, whereas the expression of other MMPs (MMP- 2, -12, -13) was delayed until 5 d.
Furthermore, a significant decrease was found in the expression of two MMPs analyzed: MMP-23 and -24. MMP-27 was not
analyzed because the murine gene sequence was not known at the time of the determinations. *p � 0.05; **p � 0.01; ***p �
0.001; ****p � 0.0001, compared with normal animals.
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Mechanisms of MMP-12 in SCI
MMPs are implicated in the disruption of the blood– brain bar-
rier (Lo et al., 2002; Rosenberg, 2002). Thus, 5 d after spinal cord
compression, tissue from both groups (six WT and five MMP-12
null mice) was assessed for blood spinal integrity using IgG leak-
age into the CNS parenchyma as an indicator. A blinded rank
order analysis from 1 to 11 (11 being most extensive) was used for
the 11 animals, and this showed that a majority of WT mice
displayed more disruption of the blood–spinal barrier compared
with MMP-12 null mice ( p � 0.05; Fig. 5).

Because microglia activation and macrophage migration into
the CNS are common occurrences in CNS trauma, and because
MMP-12 has been implicated in the transmigration of macro-
phages into tissues (Hautamaki et al., 1997; Lanone et al., 2002),
we used Iba1 immunoreactivity to address the status of these
mononuclear phagocytes in SCI. Preliminary analyses revealed
that the number of Iba1-positive cells was comparable between
WT and MMP-12 null mice in the uninjured state (Fig. 6A,D).
On injury, there was activation and recruitment of mononuclear
phagocytes in WT mice, as evident by the increased density of
Iba1-stained cells and by their more ameboid morphology (Fig.
6B; p � 0.05, Mann–Whitney U test). In contrast, although
MMP-12 null mice showed evidence of microglial activation, as
denoted by the fewer processes of some Iba1-stained cells, some
microglia still retained the morphology of resting cells with well
defined, thin, ramified processes (Fig. 6E).

Comparisons of the cell density of Iba1-positive elements in-

dicated that there were less mononuclear phagocytes in MMP-12
null mice compared with WT animals after SCI (Fig. 6B,E). Be-
sides the decreased microglia activation in MMP-12 null mice
noted above, the lower density of Iba1-positive cells could also be
the result of decreased influx of macrophages into the CNS of
MMP-12 null mice. To address this, we analyzed tissue apposed
to the area of injury, where rounded macrophages could be
readily found in WT mice. Such comparisons showed that, al-
though there was abundant Iba1 rounded cells reminiscent of
macrophages in WT mice (Fig. 6C), this was decreased in fre-
quency in MMP-12 null mice (Fig. 6F).

Figure 2. Microglia/macrophages are sources of MMP-12. In situ hybridization was per-
formed using a probe for MMP-12 in spinal cord from a normal animal ( A), 3 hr after injury ( B),
and 5 d after injury ( C). MMP-12 mRNA is not detected in normal tissue but is clearly upregu-
lated within the lesion epicenter 5 d after injury. D, A higher magnification ( D) reveals the
cellular localization of MMP-12 transcript. Immunohistochemistry for Iba1 was combined with
in situ hybridization using a probe for MMP-12 ( E). The arrows indicate that Iba-1-positive cells
(macrophages or microglia) are the sources of the MMP-12 transcript; however, not all Iba1-
labeled cells (arrowheads) are positive for MMP-12 mRNA. Double labeling for glial fibrillary acidic
protein and MMP-12 mRNA shows that astrocytes are not a source of MMP-12 after SCI ( F).

Figure 3. Improved hindlimb motility is found in MMP-12 null mice after SCI relative to
wild-type animals. Before surgery, all animals had a score of 21, indicative of a normal ambu-
lating rodent. Spinal cord compression resulted in hindlimb paralysis, with both WT (n � 10)
and MMP-12 null (n � 12) groups receiving similar average scores at day 3 after injury. Both
groups exhibited gradual recovery in hindlimb function over subsequent test days. Repeated
measures revealed a significant treatment effect (*p � 0.05), with MMP-12 null mice demon-
strating greater recovery in hindlimb movements. Unpaired t tests performed on each test day
indicate that a separation occurs at day 14 after injury, with MMP-12 null mice exhibiting
significantly higher scores ( p � 0.01). This superior recovery continued throughout the sur-
vival period, with MMP-12 null mice receiving a final average score of 7, indicative of extensive
movement of all three hindlimb joints, compared with a score of 4.2 (slight movement of all
hindlimb joints) in the WT group ( p � 0.01).

Figure 4. MMP-12 null mice recover hindlimb strength earlier than wild-type animals. One
week after compression injury, there was no difference in hindlimb strength between the
groups. However, MMP-12 null mice (n � 12) demonstrated recovery of hindlimb strength
earlier after injury, having significantly higher scores on the inclined plane task on days 14 and
21 after injury ( p � 0.05) compared with WT controls (n � 10). However, this difference was
not maintained because day 28 scores were not significantly different.
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Collectively, the data indicate that, although WT mice had
microglia activation and influx of macrophages after SCI, this
mononuclear phagocyte activation and density was significantly
reduced in tissue adjacent to the lesion epicenter of MMP-12 null
mice ( p � 0.05; Fig. 6G).

Discussion
Numerous studies have demonstrated increases in MMPs in var-
ious CNS pathologies, and the temporal and spatial expression of
the different MMPs may vary depending on the particular cell
types producing them as well as on the type of insult (Hartung
and Kieseier, 2000; Yong et al., 2001; Rosenberg, 2002). The most
studied MMPs have been the gelatinase subfamily, MMP-2 and
-9, in large part because of their relative ease of detection using
the method of gelatin zymography. The focus on MMP-2 and -9,
however, minimizes the possibility that other MMP members
may be more crucial as determinants of outcome after injury. In
this context, the current study is the first to examine the profile of
a majority of the MMP family members after spinal cord trauma.
Twenty-two of the 23 known MMPs were analyzed. We found
alterations in RNA levels of several MMPs. Interestingly, the tim-
ing of expression of these MMPs was variable, with some MMPs
being increased within the first 24 hr, whereas others were not
expressed until 5 d after injury. This different temporal expression is
likely attributable to the various sources of individual MMPs being
recruited and activated at the injury site at specific periods; neural
cells as well as infiltrating macrophages and lymphocytes all have
been shown to express MMPs (Rosenberg, 2002).

As previously mentioned, MMP-9 was reported to be in-
creased after SCI and was shown to contribute to the develop-
ment of secondary injury in mice (Noble et al., 2002). Although
we found a trend toward an increase of MMP-9 (approximately
twofold at 24 hr after SCI), this did not reach statistical signifi-
cance by ANOVA of all groups (normal, 24 and 48 hr and 5 d after
SCI). However, an independent t test comparing controls with
SCI at 24 hr did reach significance ( p � 0.05), supporting the
observation of Noble et al. (2002) that MMP-9 is elevated in SCI.
Nonetheless, our results would indicate that other MMPs may be
more important in SCI.

The most prominent change in MMP expression after SCI was

for MMP-12. The MMP-12 transcript was increased 189-fold
over normal levels at 5 d, and that level remained high for at least
2 weeks, as seen in RNase protection assays (data not shown). In
situ hybridization studies revealed that the MMP-12 transcript
was localized to the lesion epicenter at 5 d after injury, and im-
munohistochemistry for Iba1, a marker for microglia and mac-
rophages, indicated that cells of this lineage were responsible for
producing MMP-12. Previous studies of SCI have documented
an increase in macrophage infiltration with peak elevation of 3–7
d after injury (Dusart and Schwab, 1994); this time frame corre-
sponds with what we have observed here. Also, other studies have
reported that macrophages are a tremendous source of MMP-12
(Banda and Werb, 1981; Shapiro et al., 1993).

Before this study, the functional significance of MMP-12 in
SCI had not been addressed. MMP-12 has been studied in other
diseases, notably emphysema (Hautamaki et al., 1997; Horton et
al., 1999) and abdominal aortic aneurysms (Curci et al., 1998), in
which the overexpression of MMP-12 by macrophages leads to
tissue destruction and formation of fibrosis. Recently, MMP-12
was studied in CNS pathology, including MS (Vos et al., 2003)
and stroke (Power et al., 2003). With respect to MS, Vos et al.
(2003) showed that a high number of MMP-12-positive phago-
cytic macrophages were present in lesions but not in control
tissue. In an animal model of intracerebral hemorrhage, Power et
al. (2003) demonstrated that the reduction of MMP-12 resulted
in improved neurobehavioral outcomes. Although both papers
implied that MMP-12 overexpression contributes to disease pa-
thology, our current study provides strong evidence that
MMP-12 expression is detrimental after SCI.

What are the mechanisms by which MMP-12 is harmful in
SCI? First, we observed reduced blood–spinal barrier permeabil-
ity in the MMP-12 null mice compared with WT mice, suggesting
that MMP-12 activity impairs the integrity of the blood–spinal
barrier. Several papers have reported a functional role for
MMP-9 in the disruption of the blood– brain barrier (Lo et al.,
2002; Noble et al., 2002; Rosenberg, 2002), and MMP-12 may
now be added to this list. A second potential mechanism of
MMP-12 in SCI is its role in the infiltration of macrophages into
the injured CNS because macrophage migration has been corre-
lated with expression of MMP-12 (Shipley et al., 1996; Hauta-
maki et al., 1997; Lanone et al., 2002) Infiltrated macrophages
may be harmful because the reduction of macrophage infiltration
resulted in significant recovery from SCI (Giulian and Robertson,
1990; Blight, 1994; Popovich et al., 1999; Mabon et al., 2000).
Thus, the lack of MMP-12 in SCI may reduce the influx of mac-
rophages and their toxic potential. This contention is borne out
by the decreased frequency of Iba1-stained rounded cells, likely
macrophages, in the vicinity of the injury site in MMP-12 null
versus WT animals (Fig. 6C,F). This decreased macrophage in-
filtration is rather selective because the incidence of neutrophils
in SCI is not different between MMP-12 null and WT mice (data
not shown); neutrophil immigration appears to be a function of
MMP-9 activity in some conditions (D’Haese et al., 2000).

A third mechanism by which MMP-12 may contribute to SCI
pathophysiology is its mechanism within the CNS. Although we
have no evidence of MMP-12 having direct central activity, in its
presence, more microglia cells are activated (Fig, 6B). Thus,
MMP-12 could be activating, either directly or indirectly, micro-
glia cells. Microglia are the endogenous inflammatory cells of the
CNS, and they respond rapidly after trauma (Morioka et al.,
1991; Kreutzberg, 1996). Activated microglia are known to pro-
duce various toxic molecules, such as free radicals (Rogove and
Tsirka, 1998), which can contribute to injury, and they also pro-

Figure 5. Blood–spinal barrier permeability is reduced in MMP-12 null mice. Blood–spinal
barrier integrity was assessed using IgG immunostaining. Blinded analysis of a representative
section from each of 11 mice used a ranking system in which 11 was the most permeable and 1
was the least permeable. There was a significant reduction in blood–spinal barrier disruption in
MMP-12 null mice compared with WT controls ( p � 0.05). The black line represents the
median score for the groups.
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duce various cytokines (e.g., interleukin 1� and tumor necrosis
factor �) and proteases, which regulate and maintain an inflam-
matory response (Giulian and Corpuz, 1993; Giulian and Vaca,
1993; Rothwell et al., 1996; Kim and Ko, 1998). Furthermore,
previous in vivo and in vitro experiments have correlated the
activation of microglia to ischemic and excitotoxic neuronal
death (Giulian and Corpuz, 1993; Giulian and Vaca, 1993; Kim
and Ko, 1998; Rogove and Tsirka, 1998; Yrjanheikki et al., 1998,
1999), and parenchymal microglia have been reported to contribute
to the delayed secondary enlargement of ischemic lesions (Giulian
and Vaca, 1993; Dirnagl et al., 1999).

Finally, it remains to be determined whether MMP-12 is di-
rectly toxic when upregulated within the CNS. Some MMPs have
been shown to be directly cytotoxic in vitro (Vos et al., 2000;
Johnston et al., 2001), and this may be the case for MMP-12 as well.
Alternatively, MMP-12 may be important for macrophage infiltra-
tion into the CNS parenchyma, and, once there, the cells produce a
myriad of other harmful molecules (described above), which subse-
quently potentiate tissue destruction.

It is relevant to emphasize that although there was a significant

reduction in both macrophage infiltration
and microglial activation in the MMP-12
null mice, the responses were not com-
pletely abolished. This may be important
because several aspects of inflammation
are believed to be beneficial after injury.
For instance, although several papers sug-
gest a detrimental role of macrophages in
SCI (Giulian and Robertson, 1990; Blight,
1994; Popovich et al., 1999; Mabon et al.,
2000), macrophages may also facilitate re-
covery (Guth et al., 1994; Rapalino et al.,
1998; Batchelor et al., 1999). Also, the im-
plantation of activated macrophages into
the lesion site after SCI in rats has resulted
in significant recovery (Rapalino et al.,
1998). Macrophages are capable of pro-
ducing both toxic molecules (Giulian et
al., 1993) and beneficial ones (i.e., growth
factors; Batchelor et al., 1999). It may be
postulated that too much macrophage in-
filtration is detrimental, whereas some de-
gree is required for appropriate clearance
of injury debris and recovery. Similarly,
there is evidence that microglia may also
exert beneficial roles after injury. In vitro
studies have revealed that media from mi-
croglial cultures promote survival and dif-
ferentiation of various neuronal cultures
(Nagata et al., 1993; Jonakait et al., 1996).
Other studies have demonstrated that
thrombospondin derived from microglia
promotes neurite growth (O’Shea et al.,
1991; Nagata et al., 1993; Chamak et al.,
1994; Arber and Caroni, 1995; Jonakait et
al., 1996). Furthermore, recent in vivo
work has shown that the implantation of
cultured microglial cells into spinal cord
lesions also enhanced neurite outgrowth
(Rabchevsky and Streit, 1997).

The question of whether MMP-12 pro-
tease amplifies additional secondary dam-
age or retards endogenous recovery has

not been definitively answered in these experiments. Analysis of
gross lesion sizes at 5 and 28 d indicated that there were no sig-
nificant differences between the groups (data not shown), but
these did not differentiate between white and gray matter. Fur-
thermore, gross histological assessments of lesion volumes
cannot detect alterations in axonal integrity or function. Future
experiments assessing spinal cord physiology using electrophys-
iological techniques as well as retrograde labeling using fluoro-
gold may provide more relevant information.

We note that TIMP-1 is the only endogenous inhibitor of
MMPs that is altered early after SCI, indicating that TIMP-2, -3,
and -4 are not playing a regulatory role during this time. Further-
more, the expression of TIMP-1 is highest 24 hr after injury, with
mRNA levels increasing 64-fold over uninjured controls and de-
creasing to 60- and 34-fold at 48 hr and 5 d, respectively. Al-
though the expression of TIMP-1 at 5 d is significantly different
from control levels ( p � 0.001), the fact that levels are decreasing
at a time when MMP-12 levels are increasing leads one to postu-
late that TIMP-1 is not a prominent inhibitor of MMP-12 in this
system and that there is an overall increase in proteolytic activity

Figure 6. Microglia/macrophage activation and infiltration is reduced in MMP-12 null mice. Mononuclear phagocytes (micro-
glia/macrophages) were visualized using Iba1. Blinded analysis of tissue sections revealed significant differences in the morphol-
ogy and density of these cells between WT and MMP-12 null mice (G; p �0.05). A, D, Representative sections from normal WT and
MMP-12-deficient mice, respectively, demonstrating that there are no obvious differences in microglial staining in normal unin-
jured spinal cord tissue. B, E, Representative sections from WT and MMP-12 null mice, respectively, 5 d after spinal cord compres-
sion. Note that in tissue adjacent to the lesion, there was increased density of cells in the WT tissue, as well as a more amoeboid
morphology characteristic of activation ( B). In contrast, in MMP-12 null mice ( E), the density of microglial/macrophages was
reduced, and many microglia, whereas demonstrating morphological changes indicative of activation (i.e., shortened and thick-
ened processes; inset), did not progress as much as in WT animals (B, inset). Insets in A, B, D, and E are higher magnifications of
representative microglia at rest (A, D) and after trauma (B, E). In C and F, which are Iba1-stained rounded cells apposed to the lesion
site (likely macrophages), there was decreased density in MMP-12 null mice compared with the WT animals.
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after SCI. However, this would need to be proven more formally
in future experiments.

Of all the MMPs studied, MMP-10 is most highly upregulated
in SCI after MMP-12. Further discussion of this MMP family
member seems warranted. Twenty-four hours after injury,
mRNA levels were increased 130-fold. MMP-10, also known as
stromelysin 2, is capable of degrading various components of the
extracellular matrix and basement membrane and has functions
in the activation of other pro-MMPs, including pro-MMP-1, -7,
-8, and -9 (Nicholson et al., 1989; Windsor et al., 1993; Knauper
et al., 1996; Nakamura et al., 1998). The overexpression of
MMP-10 has been implicated in corneal pathology in diabetes as
well as head, neck, and lung carcinomas (Muller et al., 1991;
Saghizadeh et al., 2001). With respect to the CNS, MMP-10 has
been found in astrocytomas, spontaneous medulloblastomas,
and primitive neuroectodermal tumors (Bodey et al., 2000a,b).
The precise role of MMP-10 in all of these cases as well as in SCI
remains to be determined.

Although the present work indicates a detrimental role of in-
creased MMP-12 activity in SCI, some of the MMPs expressed
after injury may be important for reparative processes (Yong et
al., 2001). In normal CNS tissue, MMPs have been implicated in
oligodendrocyte process extension (Oh et al., 1999), axonal elon-
gation (Pittman, 1985; Sheffield et al., 1994), and guidance (Webber
et al., 2002), as well as the migration of precursor cells through the
ECM (Frolichsthal-Schoeller et al., 1999). These actions would also
be critical in any processes promoting regeneration and repair of the
injured cord. It is likely that some of the other MMPs that are up-
regulated after SCI may function in this way.

In summary, we have demonstrated high upregulation of
MMP-12 in SCI. This metalloproteinase contributes to the sec-
ondary injury because, in its absence, mice recovered better from
the insult. We attribute the mechanism of MMP-12 pathophysiol-
ogy to blood–spinal barrier disruption and to the increased fre-
quency and activation of mononuclear phagocytes within the CNS.
Other mechanisms, such as a direct role of MMP-12 in producing
neurotoxicity, cannot be excluded at this point. Our results suggest
that the inhibition of metalloproteinase activity after SCI may facil-
itate the recovery from this devastating condition.
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