
Neurobiology

Cleavage of Osteopontin by Matrix
Metalloproteinase-12 Modulates Experimental
Autoimmune Encephalomyelitis Disease in C57BL/6
Mice

Angelika Goncalves DaSilva,* Lucy Liaw,†

and V. Wee Yong*
From the Department of Clinical Neurosciences and Hotchkiss

Brain Institute,* University of Calgary, Calgary, Alberta, Canada;

and Maine Medical Center Research Institute,† Scarborough, Maine

A role for osteopontin (OPN) in promoting disease
activity of multiple sclerosis or its animal model ex-
perimental autoimmune encephalomyelitis (EAE) has
recently been suggested. As the biological activity of
OPN is heavily influenced by posttranslational pro-
cessing, we investigated the capacity of matrix metal-
loproteinase (MMP)-12 to cleave OPN and determined
whether this influenced disease activity. We found
that OPN mRNA and protein expression in the spinal
cord increased with EAE disease in C57BL/6 mice con-
currently with MMP-12 expression. A Western blot of
EAE and control spinal cords revealed different OPN-
immunoreactive bands, with a pattern that was simi-
lar to MMP-12 cleavage of recombinant OPN in vitro.
In addition, OPN fragments in the spinal cord of EAE-
afflicted mice were reduced in MMP-12�/� mice com-
pared with wild-type controls. However, examination
of OPN�/� mice in short- and long-term experiments
revealed no difference in EAE outcomes from wild-
type animals. OPN/MMP-12 double null mice were
generated, and it was revealed that MMP-12�/� mice
had a worsening of disease compared with wild-type
mice, which returned to wild-type levels in the OPN/
MMP-12 double null mice. These results suggest that
EAE disease activity may be modulated by the cleavage
of OPN by MMP-12. (Am J Pathol 2010, 177:1448–1458;
DOI: 10.2353/ajpath.2010.091081)

Multiple sclerosis (MS) is a disease in which peripheral T
cells infiltrate the central nervous system (CNS), where
they become re-activated by presentation of CNS anti-
gens by local antigen-presenting cells including micro-

glia and dendritic cells to result in demyelination.1–4 In
attempts to find putative antigens and mediators of dis-
ease, studies using gene array analyses revealed that
osteopontin (OPN) was highly up-regulated in lesions
from patients with MS compared with control subjects.5

This result has prompted the investigations of OPN ex-
pression and function in MS and experimental autoim-
mune encephalomyelitis (EAE).

OPN, also known as early T cell activation gene 1
(Eta-1), is a calcium binding phosphorylated acidic gly-
coprotein.6,7 OPN has pluripotent activity and is involved
in various biological roles such as extracellular matrix
remodeling, tumor invasion, angiogenesis, cell-mediated
immunity, and the regulation of urokinase and matrix
metalloproteinase (MMP) production.8 Chabas et al5

found that OPN was expressed during EAE in various cell
types and that OPN�/� mice had reduced EAE clinical
disease, which was associated with a shift toward a Th2
cytokine profile. Jansson et al9 also found that OPN�/�

mice had reduced mean maximal score, fewer days of
paralyzing disease, and no spontaneous relapses on
proteolipid protein-induced EAE. In that study, OPN�/�

mice showed reduced production of pro-inflammatory
cytokines, interferon-� (IFN-�), and tumor necrosis fac-
tor-�. In contrast to these studies, Blom et al10 found no
difference between OPN�/� and wild-type mice for EAE
outcomes.

The EAE results sparked an interest in the expression
of OPN in MS. Increased levels of OPN protein is reported
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in the serum and plasma in patients with relapsing-remit-
ting MS compared with controls,11–14 particularly during
relapses, and in their cerebrospinal fluid.15,16 However,
there is little evidence for a genetic link between OPN and
MS disease susceptibility and disease course.11,13,17–20

Elevated OPN levels have also been documented by
immunohistochemistry around MS lesions21,22 although
this was not observed by others.23 The role that OPN
plays in EAE and MS remains uncertain, but a prevailing
view is that OPN plays a destructive role during EAE
since it reduces apoptosis of effector T cells and be-
cause the exogenous administration of recombinant OPN
exacerbates EAE clinical disease.24

The biological functions of OPN are heavily influenced
by posttranslational modifications such as phosphoryla-
tion, glycosylation, sulfation, and proteolytic cleav-
age.25,26 Currently, there is very little knowledge about
the role that proteolytic cleavage of OPN has on MS and
EAE. In other disease states, the cleavage of OPN by
MMPs and thrombin alters the biological functions of
OPN.27,28 For example, OPN that is cleaved by MMP-3
and MMP-7 significantly increases adhesion of tumor
cells compared with full length OPN.29 Recombinant
MMP-12 has been demonstrated to cleave OPN, a pro-
tein that strongly influences osteoclasts activities, includ-
ing attachment, spreading, and resorption.30

The family of MMPs is implicated in MS and EAE as
several MMP members are elevated in biological sam-
ples from these conditions. These include MMP-2, -3, -8,
-9, -10, -11, -12, -13, -14, and -25.31–38 Although the
majority of these MMP members appear to have detri-
mental roles in MS and EAE,39–41 MMP-12 is unique
since its absence causes an exacerbation in EAE dis-
ease scores that is associated with up-regulation of pro-
inflammatory cytokines.31,42 Since the MMP-12�/� mice
phenotype is opposite to the reduced levels of pro-in-
flammatory cytokines in OPN�/� mice with EAE,5 we
considered the possibility that MMP-12 and OPN are
inversely associated. In this article, we have tested the
hypothesis that MMP-12 processes OPN to reduce its
pro-inflammatory potential in EAE. We describe OPN
mRNA and protein expression during EAE and have used
a combination of MMP-12 and OPN single and OPN/
MMP-12 double null mice to profile their EAE phenotypes.

Materials and Methods

Disease Induction and EAE Analysis

OPN�/� mice on the C57BL/6 strain have been previ-
ously described.43 Wild-type C57BL/6 mice were pur-
chased from Charles River (Montreal, QC). These two
lines were crossed to produce heterozygote (OPN�/�)
breeders, which were expanded in house, and the off-
springs (�F10 generation) were used in the experiments
while MMP-12�/� mice on the C57BL/6 strain44 were
purchased from Jackson Laboratory (Bar Harbor, MA)
and expanded in house. OPN/MMP-12�/� mice on the
C57BL/6 strain were generated from breeding OPN�/�

and MMP-12�/� mice to produce a stable line of OPN/

MMP-12�/� mice (� F5 generation). Genotyping con-
firmed the identity of the wild-type, OPN�/�, MMP-12�/�,
and OPN/MMP-12�/� mice (see Supplemental Figure S1
at http://ajp.amjpathol.org). In previous work, we found
that the levels of all MMP members analyzed did not differ
between naïve wild-type or MMP-12�/� mice.45

EAE was induced in female wild-type, OPN�/�, MMP-
12�/�, or OPN/MMP-12�/� mice on C57BL/6 back-
ground, aged 8 to 9 weeks, by subcutaneously injecting
100 �g myelin oligodendrocyte glycoprotein (MOG)35–55

in Complete Freund’s Adjuvant (Difco Laboratories, De-
troit, MI). Intraperitoneal pertussis toxin (0.4 �g/200 �l;
List Biological Labs, Hornby, ON) was administered on
days 0 and 2.

Mice were assessed by a blinded observer daily by
using a 15-point disease score scale,31,46 replacing the
more commonly used 5-point scale, since the former
allowed individual limbs to be tabulated separately to
contribute to the overall score. All mice were handled
in accordance with the policies outlined by the Cana-
dian Council for Animal Care and the University of
Calgary.

Groups of mice were sacrificed at the following time
points after immunization with MOG: (1) presymptomatic
mice (disease score of 0) were sacrificed 5 days after
MOG immunization and before clinical signs of disease;
(2) disease onset mice (disease score 1 to 3; mostly tail
involvement) were sacrificed during the first clinical signs
of disease; (3) disease progression (score 4 to 6; involv-
ing the tail and hindlimbs) mice were sacrificed during
the rise of clinical disability; (4) disease peak (score 7 or
more, with forelimb involvement as well) mice were sac-
rificed during peak clinical disease; and (5) disease sta-
bilization mice were sacrificed postpeak when symptoms
were stabilized at a score for 5 days. Other mice were
used for long-term behavioral studies and were sacri-
ficed at the end of either 20 or 60 days of observation.

Genotyping of Wild-Type, OPN�/�, MMP-12�/�,
and OPN/MMP-12�/� Mice

All mice were genotyped to determine their genetic back-
ground. Pups from breeders were genotyped by isolating
DNA from ear samples. A total of 1 �g of DNA in 4 �l was
added to 46 �l of PCR master mix (10� PCR buffer, 10 mmol/L
dNTP, 25 mmol/L MgCl2, 20 �mol/L Neo1360 primer � 5�-
CGTCCTGTAAGTCTGCAGAA-3�, OPIn3 primer � 5�-CC-
ATACAGGAAAGAGAGACC-3�, OPIn4 primer � 5�-
AACTGTTTTGCTTGCATGC-3�, ddH2O, and 1.25 U Taq
polymerase). The PCR was run by using the following
conditions: 95°C for 1 minute, 40 cycles of 95°C for 30
seconds, 53°C for 30 seconds, and 72°C for 1 minute,
72°C for 10 minutes, and 4°C. The PCR products were
resolved on a 1.5% agarose gel with the following mo-
lecular weights: OPN�/� 600 bp, OPN�/� 600 bp, and
500 bp and OPN�/� 500 bp (Supplemental Figure S1 at
http://ajp.amjpathol.org).

For MMP-12 genotyping a total of 5 ng of DNA in 2 �l
was added to 12 �l of PCR master mix (10� PCR
buffer, 10 mmol/L dNTP, 50 mmol/L MgCl2, 20 �mol/L
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oIMR0297 5�-CACGAGACTAGTGAGACGTG-3�, 20 �mol/L
oIMR3207 5�-GCTAGAAGCAACTGGGCAAC-3�, 20 �mol/
L oIMR3208 5�-ACATCCTCACGCTTCATGTC-3�, ddH2O,
and 1.25 U Taq polymerase). Two separate PCR reac-
tions were preformed to determine the MMP-12�/�

(oIMR3208 and oIMR3207) and MMP-12�/� (oIMR3208
and oIMR0297) PCR products. The PCR was run by using
the following conditions: 94°C for 3 minutes, 35 cycles of
94°C for 30 seconds, 65°C for 1 minute, and 72°C for 1
minute, followed by 72°C for 2 minutes. The PCR prod-
ucts were resolved on a 1% agarose gel with the follow-
ing molecular weights: MMP-12�/� 1064 bp, MMP-12�/�

1064 and 1500 bp, and MMP-12�/� 1500 bp fragments
(see Supplemental Figure S1 at http://ajp.amjpathol.org).

Real-Time PCR of cDNA from Thoracic Spinal
Cords of EAE C57BL/6 Mice

Mice were sacrificed via an overdose of ketamine/xyla-
zine (Bimeda-MTC Animal Health Inc., Cambridge, ON)
and bled by an incision to the atrium of the heart. Imme-
diately after bleeding, the thoracic spinal cord was re-
moved and placed into 1 ml of TRIzol (Invitrogen, Missi-
sauga, ON), homogenized via syringe, flashed frozen in
liquid nitrogen, and stored at �80°C until further RNA
processing as described by the manufacturer. Only sam-
ples with an A260/280 ratio �1.60 were used for subse-
quent analysis. A total of 1 �g of RNA was used from
each sample evaluated and cDNA was made. RNA was
treated with RQ1 RNase-Free DNase at 37°C for 45 min-
utes and 65°C for 10 minutes. After DNase treatment, the
cDNA master mix (5� first strand buffer, 0.1 M DTT, 5
mmol/L dNTPs, random primers (d(N)6), 40 U/ml RNAsin/
RNase out, and 200 U/ml superscript reverse transcrip-
tase) was added to each sample. Samples were incu-
bated by using the following protocol: 37°C for 11⁄2
hours, 70°C for 5 minutes, and then 4°C. cDNA was
diluted to a final volume of 100 �l and stored at �20°C
until further use.

Real-time PCR reactions were performed by using
SYBR green, and relative fold expression values were
calculated based on housekeeping genes (glyceralde-
hyde-3-phosphate dehydrogenase [GAPDH]) by using
the comparative CT method for relative quantization using
2���CT. For each sample, 5 �l of cDNA was added to 20
�l of the PCR master mix (40 mmol/L Tris-HCl pH 8.4, 100
mmol/L KCl, 6 mmol/L MgCl2, 400 �mol/L dGTP, 400
�mol/L dTTP, 400 �mol/L dCTP, 400 �mol/L dATP, 10%
Glycerol, 0.1% Tween 20, SYBR Green I [1/50,000], Flu-
orescein [1/10,000], 5 �mol/L primer mix, and Taq poly-
merase) and was incubated by using the following con-
ditions: 95°C for 5 minutes, 45 cycles of 95°C for 30
seconds, 55°C to 60°C for 30 seconds, and 72°C for 30
seconds, 72°C for 5 minutes followed by a melt curve
gradient. OPN forward: 5�-ATTTGCTTTTGCCTGTTTGG-
3�; OPN reverse: 5�-CCTTTCCGTTGTTGTCCTGA-3�.
GAPDH forward: 5�-GGCATTGCTCTCAATGACAA-3�;
GAPDH reverse: 5�- TGTGAGGGAGATGCTCAGTG-3�.

Histology of Tissue from Control and EAE Mice

Mice were sacrificed, bled by aortic puncture for 5 min-
utes while the heart was pumping, and whole spinal
cords were removed and fixed by submersion in 10%
buffered formalin (Surgipath Canada Inc., Winnipeg, MB)
for 24 hours. Spinal cords were divided into thoracic and
lumbar sacral portion and embedded in paraffin blocks.
Thoracic cords were cut longitudinally on a microtome
and four adjacent 6-�m thick sections were placed on
glass slides (Fisher, MI) for a total of four series of 48
sections from each animal. The first series of sections
was then processed for H&E and Luxol fast blue.

For histology, slides were warmed at 60°C for 1 hour,
deparaffinized through a series of ethanol steps and then
placed in luxol fast blue (solvent 38; Sigma, St. Louis,
MO) at 60°C for 3 hours. Slides were then placed in 95%
ethanol, followed by water and then 0.05% lithium car-
bonate before being placed in 70% ethanol. Once the
appropriate myelin color differentiation was achieved,
slides were placed in hematoxylin (EMD, San Diego, CA)
for 4 minutes. Slides were then sequentially dipped in 1%
acid alcohol and ammonia water, with water washes in
between, and then rinsed in water again, followed by
70% ethanol and 95% ethanol before being dipped in
alcoholic eosin (EMD). Slides were then passed through
a series of ethanol steps before being coverslipped by
using acrytol (Surgipath Canada Inc.). Images were cap-
tured by using an Olympus BH-2 microscope (Olympus,
Port Moody, BC) and QCapture Pro software (version
5.1.1.14; Media Cybernetics Inc., Bethesda, MD).

For semiquantitative assessment of the extent of in-
flammation in the spinal cord, all stained longitudinal
sections from the same coded mouse were first evalu-
ated by using the scoring system outlined in Goncalves
DaSilva and Yong.42 In this regard, the location (pial
versus parenchymal) and number of inflammatory aggre-
gates per section were documented, with parenchymal
inflammation and larger and higher number of aggre-
gates being ascribed greater inflammation scores.

Finally, the number of inflammatory lesions/aggregates
was counted per longitudinal section. Six different sections
per animal were examined by a blinded observer and the
average number of lesions per section was documented.

Protein Extraction from Lumbar Sacral Spinal
Cords of Mice

Protein was isolated from lumbar sacral spinal cords by
using a lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L
NaCl, 1 mmol/L EGTA, 1% NP-40, 0.5% sodium deoxy-
cholate, and 1% proteinase inhibitors [Roche, Missis-
sauga, ON]) and homogenized. Samples were spun
down at 3000 rpm and supernatants were removed. Pro-
tein content in the supernatants was measured by the
Bradford assay and 20 �g was used for western blots;
these extracts are referred to as crude protein extracts. In
other experiments, a total of 1500 �g of crude protein
extract was used for further glycoprotein extraction via
wheat germ agglutinin (WGA) beads. WGA beads were
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equilibrated in lysis buffer for 30 minutes at 4°C by rota-
tion before adding protein homogenates. The homoge-
nate-WGA slurry was then incubated via rotation over-
night at 4°C. The following day, samples were spun down
at 3000 rpm, and supernatants were removed and washed
three times with Tris-buffered solution containing 0.1% Tri-
ton-X 100 and protease inhibitors. After the final wash, pro-
teins were eluted after incubation at 4°C via rotation for 10
minutes in Tris-buffered solution containing 0.1% Triton-X
100, 0.3M N-acetyl-glucosamine, and protease inhibitors.

Samples (approximately 20 �g) were run on a re-
ducing 12% SDS-acrylamide gel, and the proteins
were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore Inc., Bedford, MA). The PVDF
membranes were probed with primary antibodies
against mouse OPN (R&D Systems, Burlington, ON; 0.5
�g/ml). Secondary peroxidase-conjugated donkey an-
ti-goat IgG (Jackson ImmunoResearch, West Grove,
PA; 1/10,000) together with enhanced chemilumines-
cence (ECL) chemiluminescence (Amersham Bio-
sciences, Piscataway, NJ) was used for the detection
of the primary antibodies. All blots were also examined
for nonspecific reactivity via the use of secondary an-
tibody controls, and by the omission of the primary
antibody.

In Vitro Examination of OPN Cleavage by
MMP-12

Purified human osteopontin (100 ng; Chemicon, Te-
mecula, CA) was incubated with 5 �l activated full length
human hemopexin containing MMP-12 (hemo-MMP-12;
R&D Systems) in reaction buffer containing 50 mmol/L
Tris-HCL pH 7.6, 150 mmol/L NaCl2, 10 mmol/L CaCl2,
and 0.01 mmol/L ZnCl2 for either 15 minutes, 1 hour, 3
hours, or 24 hours at 37°C. Alternatively, another set of
identical reactions was run under the same conditions as
outlined above with the exception of the addition of 1
�mol/L of BB94, a metalloproteinase inhibitor, to each
condition (British Biotech, Morristown, NJ). The reactions
were fractionated on a reducing 12% SDS-acrylamide gel
and the proteins were transferred to PVDF membranes
(Millipore Inc.). The PVDF membranes were probed with
primary antibodies against both human and mouse OPN
(0.5 �g/ml, R&D Systems). Secondary peroxidase-conju-
gated donkey anti-goat IgG (1/10,000; Jackson Immuno-
Research) together with ECL chemiluminescence (Amer-
sham Biosciences) was used for the detection of the
primary antibodies.

EDMAN Sequencing

OPN cleavage by MMP-12 was preformed as described
above, and samples were isolated and submitted for
EDMAN sequencing at a commercial facility (Sainte-Foy,
Quebec). N-terminal sequencing was performed on the
MMP-12 cleaved OPN fragments and major amino acids
were identified, which were then used to design OPN
peptides that were added to human peripheral blood
mononuclear cells in culture (see next section).

Examination of OPN Peptide Fragments for
Their Ability to Influence T Cells

Blood samples were collected in heparinized tubes from
healthy donors. Blood samples were mixed (1:1) with
PBS and then layered on top of Ficoll (GE Health Care
Bioscience, Uppsala, Sweden). The buffy layer contain-
ing the peripheral blood mononuclear cells was re-
moved and washed two times in PBS before plating
onto �CD3 precoated flat bottom plates (10 ng/ml) at a
density of 200,000 cells/100 �l in medium containing
1% human serum (Invitrogen). At the time of plating, 2
�mol/L SVVYG or IPVKQ was added to the cells, which
were then incubated for 72 hours at 37°C and 5% CO2.
Conditioned medium was removed and used directly for
human interleukin (IL)-17 (Biosource, Belgium) and IFN-�
(Invitrogen) enzyme-linked immunosorbent assay as de-
scribed by the manufacturers.

RNase Protection Assay

Multiprobe RNase protection assay was done to analyze
simultaneously the expression of several MMP members
during EAE. We used the thoracic spinal cord of EAE
MMP-12�/� and MMP-12�/� mice. After RNA extraction,
5 �g of total RNA was used for each sample. The mouse
MMP multiprobe set was obtained from PharMingen (Mis-
sissauga, ON). RNase protection assay was performed
as described previously in Larsen.47

Statistical Analysis

Statistical analysis was performed by using Prism 5 (ver-
sion 5.0; GraphPad Software Inc., San Diego, CA). Sta-
tistical differences between groups with respect to dis-
ease onset, mean peak score, mean average disease
score, mean cumulative disease, and histopathology
were evaluated by using a nonparametric analysis Mann-
Whitney U-test. Statistical differences between groups
with respect to daily clinical disease were evaluated by
using repeated measures two-way analysis of variance
and Bonferroni posthoc analyses. Statistical differences
between groups with respect to OPN protein expression
were evaluated by using repeated measures one-way
analysis of variance and Tukey’s posthoc analyses. Sig-
nificance was set at P � 0.05.

Results

OPN Expression during EAE in Female C57BL/6
Mice

Female wild-type C57BL/6 mice were induced for EAE
with MOG35–55 and the temporal expression of OPN in the
spinal cord was examined. OPN mRNA levels increased
with EAE particularly at the progression phase and it
resolved thereafter (Figure 1A).28,42 MMP-12 transcript
was also determined and since we have described its
elevation in the spinal cord of EAE in another article
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that focused on MMP-12 activity in EAE,48 we have
outlined the changes of MMP-12 here (Figure 1A,
dashed line);42,48 the data show that the elevation of
MMP-12 and OPN mRNA expression in the spinal cord
coincided temporally.

The protein expression of OPN in the spinal cord was
also determined. OPN (�65 kDa) was readily apparent in
EAE-induced wild-type mice even at the presymptomatic
stage; smaller fragments (�46 and �37 kDa) were also
seen in EAE (Figure 1, B and C).42,48 OPN-immunoreac-
tive bands were most abundant at peak disease, trailing

the peak in OPN mRNA (Figure 1A)42,48 that is seen at the
progression phase of EAE.

Posttranslational Modification of OPN by MMP-
12 in Vitro

Given the correspondence of temporal expression of
transcripts encoding MMP-12 and OPN in the spinal cord
of EAE mice, there is the possibility that MMP-12 could
process OPN in vivo. Thus, we examined whether OPN
was a substrate for MMP-12 cleavage. To address this,
we resorted first to biochemical reactions in vitro, and
specifically examined whether hemo-MMP-12 (contain-
ing the hemopexin domain) could cleave recombinant
human OPN in a time-dependent manner. After 1 hour of
incubation with hemo-MMP-12, OPN was degraded into
two smaller molecular weight fragments (Figure 2). It was
observed that the cleaved products of OPN by MMP-12 in
vitro were similar in molecular size to those observed in
vivo (Figure 1)42,48 during EAE. By 3 hours we found that
hemo-MMP-12 cleaved OPN further, whereas at 24 hours
there was complete degradation of OPN with no frag-
ments visible. The cleavage of OPN by hemo-MMP-12
was completely inhibited in the presence of BB94, an
inhibitor of MMP activity.

We addressed whether other MMPs could also cleave
OPN. Using the above biochemical reaction, we found
that MMP-3 could cleave OPN to produce fragments that
are of similar sizes to those produced by MMP-12; in
contrast, we could not obtain evidence of reproducible
processing of OPN by MMP-1, -2, -7, -9, -10, and -13
(data not shown).

Properties of Altered OPN Fragments in Culture

To investigate whether the cleavage of OPN by MMP-12
produced fragments that have functions for immune cell
subsets, we first collected the products of OPN cleavage
for mass spectrometry. We identified fragments corre-
sponding to short peptide sequences (see Supplemental

Figure 1. The expression of OPN in EAE is disease-stage dependent and
different protein forms occur with EAE progression. A: Expression of tran-
scripts encoding OPN. Values are mean 	 SEM of expression of transcript
normalized to that of a house keeping gene, GAPDH, using the comparative
CT method for relative quantification using 2���CT. There are five C57BL/6
mice per histogram. The average disease score (mean 	 SEM) of mice at
presymptomatic stage, onset, progression, peak, and stabilization were re-
spectively 0, 1.6 	 0.9, 4.8 	 0.8, 8.8 	 0.8, and 8.0 	 0.0. Note that the
increase in OPN transcripts follows a profile that is similar to that which we
have reported for MMP-12 (shown here as a dashed line).42,48 B: Western
blot of mouse spinal cord detects three OPN-immunoreactive bands (ar-
rows) during EAE from WGA extracted samples. All three bands are up-
regulated during EAE compared with control samples. Two samples per
disease stage are displayed in the gel in B, and the bars in C represent the
mean 	 SEM of these two specimens, and two additional mice/disease stage
from another experiment (final N 
 4 mice per group). The y-axes for the
plots in C are relative densitometry reading.

Figure 2. The incubation of recombinant human OPN with human MMP-12
results in the formation of two major cleavage products in a time dependent
manner. After 1 hour incubation with MMP-12 (containing hemopexin and
catalytic domains), two fragments (arrow) of approximately equal sizes to
those of Figure 1 appear; after 24 hours incubation, the full-length protein
and all fragments have been digested. The cleavage of OPN is inhibited in the
presence of 1 �mol/L BB94. This is a representative blot of five separate
experiments. We note that although the size (kDa) of the fragments appears
identical to that from the EAE spinal cords in Figure 1, we have no evidence
that the fragments from human and mouse specimens are indeed identical,
given the relatively crude nature of sizing by molecular weight ladders in gel.
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Figure S2 at http://ajp.amjpathol.org) and two of the se-
quences (SVVYG and IPVKQ) were synthesized and ap-
plied to human T cells when left unactivated, or activated
with anti-CD3 antibody. After 3 days, while levels of IFN-�
were unaltered, IL-17 was increased by the peptide se-
quences. IL-17 is a cytokine associated with a pro-inflam-
matory T helper 17 subset. These results suggest that
processing of OPN by MMP-12 resulted in fragments with
immune-stimulating effects.

Altered Processing of OPN in MMP-12�/� Mice

To determine whether OPN expression and subsequent
cleavage by MMP-12 occurred in vivo, we examined if
there were any changes in OPN expression in EAE-af-
flicted MMP-12�/� compared with EAE-wild-type mice.
We found that OPN mRNA expression did not differ sig-
nificantly in MMP-12�/� mice during EAE in comparison
with wild-type mice (Figure 3A). Similarly, we did not find
significant changes in the protein content of the full length
OPN in either the crude protein extract or the WGA ex-
tract of spinal cords from EAE-afflicted wild-type or MMP-
12�/� mice (Figure 3, B and C). However, the 46, 37, and
28 kDa bands were all significantly reduced in the MMP-
12�/� samples compared with wild-type mice.

Besides the full length 65 kDa species, we were only
able to detect another form of OPN in the WGA extract:
the 58 kDa band. The latter was significantly higher in
MMP-12�/� mice during EAE compared with wild-type,
which was not observed in analyses of the crude protein
extract. Overall, these results suggest that there is less
processing of OPN into fragments during EAE in the
context of MMP-12 deficiency.

Our previous report45 revealed that the levels of all
MMP members analyzed did not differ between naïve
wild-type or MMP-12�/� mice, or when these mice were
subjected to an intracerebral hemorrhage insult. We de-
termined if this was also the case in EAE-afflicted mice.
Using the spinal cord of mice with different degrees of
EAE clinical severity, and RNase protection assay to
detect multiple MMPs as well as their tissue inhibitors of
metalloproteinases, we found no evidence of obvious
alteration of levels of MMPs (MMP-7, -8, -9, or -13) or
tissue inhibitors of metalloproteinases (tissue inhibitor of
metalloproteinase-1, -2, and -3), with the exception of
MMP-3, which was elevated in wild-type but not MMP-
12�/� mice (see Supplemental Figure S3 at http://ajp.
amjpathol.org). That MMP-3 was not elevated in MMP-
12�/� mice during EAE is important because MMP-3 can
also cleave OPN as noted above, but its absence in EAE
in MMP-12�/� mice indicates that it was not able to
compensate for loss of MMP-12.

Chronic EAE in OPN�/�, MMP-12�/�, and
Double Null Mice

We evaluated the phenotype of EAE in mice of different
genotypes. In our first experiment, chronic EAE was in-
duced in female mice by using MOG35–55 and mice were
observed for 20 days. There was no significant difference

between the wild-type and OPN�/� mice in the overall
clinical disease course (Figure 4A), time of onset of clin-
ical signs (Figure 4B), peak disease score attained by
individual mice (Figure 4C), and the cumulative score per
mouse over the course of the 20 days (data not shown).

We examined the thoracic spinal cords from OPN�/�

and OPN�/� mice sacrificed at day 20 by using Luxol fast
blue and H&E to determine whether there were any dif-
ferences in pathology. Using a semiquantitative classifi-
cation system,42 we found that the lesions between the

Figure 3. The expression of OPN in MMP-12�/� and MMP-12�/� mice
changes slightly with EAE. A: Expression of transcripts encoding OPN.
Values are mean 	 SEM of expression of transcript normalized to that of a
house keeping gene, GAPDH. There are four C57BL/6 mice per control
histogram and six C57BL/6 mice per EAE histogram. Samples were collected
from mice at peak disease (clinical score of �8). There was no statistical
significant difference in OPN transcripts between MMP-12�/� and MMP-
12�/� mice. B: A representative Western blot for OPN in crude extract of
EAE-afflicted spinal cord at peak disease from a wild-type or MMP-12�/�

mouse. C: Quantification of some of the bands (crude protein extract, top six
panels; WGA extract, bottom two panels) detected by the anti-OPN antibody
in B, across four mice per genotype and where spinal cord samples were
obtained at peak disease. Although several bands were apparent in crude
protein extracts, where only some were quantitated to highlight differences
between genotypes, WGA extract of OPN showed only two dominant bands
with the 58 kDa band changing significantly between groups. Values are
mean 	 SEM. *P � 0.05, t-test.
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OPN�/� and OPN�/� mice were similar in appearance
and that there was no significant difference in the aver-
age number of lesions (Figure 5A)42 or extent of inflam-
mation (Figure 5B)42 between the groups. Thus, in agree-
ment with the clinical score, we found there was no
significant histological difference between wild-type and
OPN�/� mice.

Although the above work documents that the absence
of OPN alone does not affect EAE clinical disease in
short-term experiments, we addressed if this were also
the case in chronic experiments. Moreover, it was of
interest to address whether EAE activity in OPN�/� mice
could be altered in the background of MMP-12 defi-
ciency, given that MMP-12 can process OPN into frag-
ments (Figures 2 and 3). Thus, we examined the EAE
phenotype of OPN�/�, MMP-12�/�, and OPN/MMP-12
double null mice after MOG35–55 immunization, and mice
were examined daily for 60 days. We found that all ge-
notypes commenced disease around the same time (Fig-
ure 6, A and B). MMP-12�/� mice reached a significantly
higher peak disease severity (11.3 	 0.5) compared with
OPN�/� (9.2 	 0.4), OPN/MMP-12�/� (8.1 	 0.8), and
wild-type (9.3 	 0.6) mice (Figure 6C). In agreement with
our previous report,42 we also found that MMP-12�/�

mice had significantly higher mean clinical disease
scores and cumulative disease score (6.6 	 0.3; 415.7 	
19.3, respectively) compared with OPN�/� (5.7 	 0.3;
371.9 	 19.1), OPN/MMP-12�/� (3.0 	 0.5; 193.8 	
30.6), and wild-type (4.6 	 1.0; 289.3 	 61.6) mice
(Figure 6, A and D). Interestingly, we found that the

absence of both OPN and MMP-12 resulted in a greater
reduction in the average and cumulative score than for
either single null alone. Thus, in the absence of MMP-12
there is an exacerbation of EAE, which is abated in the
OPN/MMP-12 double null mice.

It is important to note that for the EAE experiment
depicted in Figure 6, we used a large group of mice born
at a similar time and for which EAE was induced without
prior knowledge of the animal’s genotype. Only after the
EAE experiment was completed (day 60) was the geno-
typing performed. This approach was taken to minimize
bias and to maximize randomization. One outcome was
that the size of each group could not be controlled re-
sulting in an unequal group size of 5 to 19 for the geno-
types when unblinding occurred.

Histological examination of tissue taken from mice on
the 60th day of EAE showed a trend toward a decrease in
the lesion number and the inflammatory score in the
OPN/MMP-12�/� mice, but this was not significantly dif-
ferent from the other groups (Figure 7, A and B).

Discussion

We found that during EAE, the increase in OPN mRNA
corresponded with the expression of MMP-12 transcript.
Furthermore, there was altered protein expression for

Figure 4. Wild-type and OPN�/� mice have similar EAE profiles over 20
days of observation. A: Daily average EAE score. Repeated measures two-
way analysis of variance and posthoc Bonferroni tests did not show differ-
ences between the OPN�/� (n 
 18) and OPN�/� (n 
 21) mice. B: Disease
onset, where no significant difference between wild-type and OPN�/�

mice was found. C: Peak disease score, showing that there is no signifi-
cant difference between the two groups. Values are mean 	 SEM. Non-
parametric Mann-Whitney test was used in B and C (OPN�/� mice, N 

18; OPN�/�, N 
 21).

Figure 5. The degree of neuropathology is similar between wild-type and
OPN�/� mice at the end of the EAE observation period (20 days). A: The
lesions number, referring to the average number of inflammatory lesions that
are encountered within six longitudinal spinal cord sections of a given
mouse, was similar between wild-type and OPN�/� mice. B: Inflammation
score of the spinal cords of mice, assessed in sections stained with Luxol fast
blue/H&E and scored blindly as described in Goncalves DaSilva and Yong,42

is similar between wild-type and OPN�/� mice. Control naïve spinal cords
from all genotypes were absent of demyelination and infiltrates, and we did
not observe any gross anatomical or myelin structure abnormalities be-
tween the genotypes. Individual values are plotted and the bar represents
the mean for the group. Nonparametric Mann-Whitney tests did not show
significance; P � 0.05. There were 11 wild-type cords analyzed, and 11
from OPN�/� mice.
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different forms of OPN with EAE. We note that there were
more OPN-immunoreactive species detected in the EAE
animals in Figure 3 compared with another batch of EAE
specimens that are shown in Figure 1, likely reflecting
differences between experiments in tissue processing,
the Western blot conditions, the length of exposure to the
detection reagents, and other unknown variables. As the
intent of this article was not to fully resolve all of the pro-
cessed forms of OPN in EAE, but rather whether MMP-12
could process OPN, we await future opportunities to fully
characterize OPN products during neuroinflammation. In
our work, a relationship between MMP-12 and OPN is
supported by the data that (1) OPN is processed by
MMP-12 in vitro (Figure 2), (2) the cleavage products of
OPN following MMP-12 processing are similar in molec-
ular sizes to OPN fragments found in EAE (Figures 1 and
2), (3) EAE-afflicted MMP-12�/� mice have a reduced
amount of OPN fragments in the inflamed spinal cord
(Figure 3), and (4) the exacerbated EAE clinical disease
in MMP-12�/� mice was returned to wild-type control
levels when OPN was simultaneously absent (Figure 6).
These results shed light on the mechanisms by which
MMP-12 is beneficial in EAE, and they highlight the idea
that different forms of OPN expressed in the spinal cord
of EAE afflicted mice may affect disease activity. The
requirement for OPN in EAE is somewhat subtle, since
OPN�/� mice did not have altered susceptibility to EAE
compared with wild-type controls in our experiments.

We note that although the clinical severity of MMP-12
and OPN double null mice was significantly reduced

compared with that of the other groups (Figure 6), the
extent of spinal cord inflammation (Figure 7) only trended
toward a reduction and was not statistically decreased
relative to the histology of the other genotypes. We
believe that this reflects the insensitivity of the inflam-
mation scores since a change of one ordinal does
require substantial alterations to have been incurred in
tissue histology.

OPN has become a molecule of interest in the patho-
genesis of MS and EAE ever since Chabas et al5 found in
microarray analyses of MS plaques that it was the second
most abundantly up-regulated gene product compared
with control samples, after �-B-crystallin. The pathogenic
role of OPN was inferred from EAE experiments, which
showed that although both OPN�/� and wild-type mice
developed EAE, the OPN�/� animals had significantly
less severe disease and a higher percentage of remis-
sion.5 In our examination of OPN�/� mice, however, we
did not find any significant difference in the EAE clinical
disease or histopathology from that of OPN�/� mice (Fig-
ure 4). One explanation for the difference in EAE clinical
disease between our work and that published by Chabas
et al49 could be the nature of the OPN deletion. Our
OPN�/� mice43 had Exon 1–4 of the OPN gene (OPN-L)
removed, whereas the mice used in the Chabas et al5

experiments had Exon 6 of the OPN gene (OPN-R) re-
moved. We note also that another group10 had found no
difference between OPN�/� and wild-type mice. Their
experiments used an OPN�/� mutant in which they de-
leted the OPN gene by using homologous recombination

Figure 6. EAE profiles in wild-type, OPN�/�,
MMP-12�/�, and OPN/MMP-12�/� mice over 60
days of observation. A: OPN/MMP-12�/� double
null mice had reduced disease in comparison with
other groups. Values are mean 	 SEM. Repeated
measures two-way analysis of variance were sig-
nificant (P � 0.05) across the four group compar-
isons. Wild-type, N 
 12; OPN�/�, N 
 19; MMP-
12�/�, N 
 5; and OPN/MMP-12�/�, N 
 8. B:
Disease onset, where there is no significant differ-
ence between wild-type, OPN�/�, MMP-12�/�,
and OPN/MMP-12�/� mice. C: Peak disease score,
where MMP-12�/� mice have a higher score than
OPN/MMP-12�/� mice. D: The higher cumulative
score in MMP-12�/� mice compared with wild-
type level (P � 0.05) is normalized in the OPN/
MMP-12�/� mice. Values are mean 	 SEM. *P �
0.05 (nonparametric one-way analysis of variance
with Dunn’s Multiple Comparison posthoc test).
OPN/MMP-12�/�, N 
 12; OPN�/�, N 
 19;
MMP-12�/�, N 
 5; and OPN/MMP-12�/�, N 
 8.
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of strain 129-derived cells and backcrossed 12 genera-
tion onto a C57BL/10 background.

Although the exact mechanism of action for OPN in MS
and EAE is unknown, there is evidence that OPN may
influence cytokine profiles and T cell survival. In cell
culture, OPN�/� T cells showed increased IL-10 secre-
tion and decreased IFN-� and IL-12 secretion after
MOG35–55 restimulation.5 Jansson et al9 also found that
OPN�/� mice had reduced levels of pro-inflammatory
cytokines in the CNS. Hur et al24 found that OPN acted as
a T cell survival factor since in their OPN�/� mice there
was a reduction in T cell apoptosis in vivo and in vitro. In
these studies, the possible role of posttranslationally
modified OPN was not considered.

As noted earlier, the biological function of OPN is
heavily influenced by posttranslational modifications.25

Currently, there is very little knowledge about the role
proteolytic cleavage of OPN plays in MS and EAE. It is
known that cleavage of OPN by MMPs and thrombin can
alter OPN�s biological functions in other diseases. Throm-
bin cleavage of OPN results in a cleavage product in
which the cryptic SVVYGLR site is exposed; this form of
OPN can stimulate the migration of endothelial cells dur-
ing angiogenesis and is more highly expressed in the
synovial fluid of patients with rheumatoid arthritis.27,28

MMP-3 and -7 can both cleave OPN, significantly in-
creasing adhesion of tumor cells compared with full
length OPN.29 They also found that macrophage migra-
tion toward cleaved OPN was significantly enhanced
compared with full length OPN. For HeLa cells, thrombin
cleaved-OPN produced more adhesion compared with
MMP-3 cleaved-OPN and this was mediated via the un-
masking of new binding sites.29 In other inflammatory
diseases, such as ulcerative colitis, there is increased
OPN and MMP-12 with disease pathogenesis.50 In our
studies, it would appear that the nonprocessed form of
OPN contributes to EAE disease activity since the re-
duced cleavage of OPN when MMP-12 is absent is cor-
related with increased EAE severity (Figure 6A). Alter-
nately, the cleaved forms of OPN may be endowed with
anti-inflammatory properties and the reduced amounts of
these in MMP-12�/� mice contribute to disease worsen-
ing; however, we were unable to find support for this
since two of the sequences (SVVYG and IPVKQ) from
MMP-12 processing of OPN elevated the pro-inflamma-
tory cytokine, IL-17. It is probable that other peptides
generated from OPN processing by MMP-12 are anti-
inflammatory. Future studies should be directed toward
detailed identification of the fragments of OPN following
MMP-12 processing and to address their spectrum of
activity and how their accumulation or clearance
changes disease severity.

On closer examination of the processing of purified
human OPN by MMP-12 (Figure 2), it is noted that there
was some breakdown of OPN even in the presence of the
MMP inhibitor, BB94. An explanation for the small degree
of breakdown of OPN in the presence of BB94 is that
insufficient amount of BB94 was added. Moreover, it is
possible that MMP-12 may set off a cascade of proteo-
lytic activity where other proteases (present within the
MMP-12 enzyme preparation or in inflamed tissue) are
recruited downstream of MMP-12 to further process OPN
or its fragments.

In MS and EAE various MMPs are up-regulated during
disease. For the most part MMPs are considered detri-
mental in MS and EAE promoting an inflammatory milieu
within the CNS, which ultimately results in demyelination
and disease exacerbation.40,51 However, we have docu-
mented that the up-regulated MMP-12 in EAE is unique in
that its absence leads to a worsened EAE disease course
compared with wild-type controls31 (Figure 6A). We
would suggest that the results of this study provide one
mechanism to the benefits of MMP-12 in EAE, which is
the processing of OPN into less pro-inflammatory forms.
It would have been desirable to co-localize MMP-12 and
OPN in the EAE spinal cords, since this would be useful
in interpreting the accessibility of OPN to MMP-12. How-
ever, we were unable to obtain reliable OPN immunohis-
tochemistry in the inflamed spinal cords despite testing a
number of OPN antibodies. Moreover, there is the possi-
bility that processing by other proteases or reduced pro-
tein translation in our MMP-12 null mice may account for
some of our current observations and that this could
differentially influence OPN cleavage.

Although the literature has inferred a pro-inflammatory
and harmful impact of OPN in MS, it is important to point

Figure 7. Analyses of the extent of histopathology. A: Inflammatory lesions
are similar in number between wild-type, OPN�/�, MMP-12�/�, and OPN/
MMP-12�/� mice. B: Inflammation score is also similar across groups al-
though there was a trend toward a lowering in the OPN/MMP-12�/� mice.
Individual values are plotted and the bar represents the mean for the group.
Wild-type, N 
 5; OPN�/�, N 
 5; MMP-12�/�, N 
 3; and OPN/MMP-
12�/�, N 
 4. Nonparametric one-way analysis of variance with Dunn’s
Multiple Comparison Test was used for statistical analysis.
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out that OPN can potentially have other effects in the
disease. In particular, we are alerted to a study that
shows that recombinant OPN stimulates the synthesis of
myelin basic protein and promotes myelin sheath forma-
tion in mixed cortical cultures from embryonic mouse
brain.52 The authors suggest that OPN may act as a novel
regulator of myelination and remyelination. If so, then
antagonizing the effect of OPN may ameliorate neuroin-
flammation but could have adverse effects on repair of
myelin. We have previously implicated a beneficial role
for MMP-12 in myelin formation53 and whether this is tied
to OPN processing remains to be determined.

In conclusion, our results support a disease promoting
role of OPN in MS and EAE. Although the complete
removal of OPN in null mice did not alter EAE outcomes
compared with wild-type controls in our hands, the failure
to process elevated OPN protein in the spinal cord of
MMP-12 null mice during EAE appears contributory to the
worsened phenotype of disease in MMP-12�/� mice.
Although others have proposed inhibiting OPN as thera-
peutic tools in MS,24,54 another strategy that has been
suggested by our data are the cleavage of OPN into
fragments that appear less harmful, or may even be
anti-inflammatory.
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