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Abstract
Background: Matrix metalloproteinases (MMPs) are thought to mediate cellular infiltration in
central nervous system (CNS) inflammation by cleaving extracellular matrix proteins associated
with the blood-brain barrier. The family of MMPs includes 23 proteinases, including six membrane
type-MMPs (MT-MMPs). Leukocyte infiltration is an integral part of the pathogenesis of
autoimmune inflammation in the CNS, as occurs in multiple sclerosis and its animal model
experimental autoimmune encephalomyelitis (EAE), as well as in the response to brain trauma and
injury. We have previously shown that gene expression of the majority of MMPs was upregulated
in the spinal cord of SJL mice with severe EAE induced by adoptive transfer of myelin basic proteinreactive T cells, whereas four of the six MT-MMPs (MMP-15, 16, 17 and 24) were downregulated.
The two remaining MT-MMPs (MMP-14 and 25) were upregulated in whole tissue.
Methods: We used in vivo models of CNS inflammation and injury to study expression of MT-MMP
and cytokine mRNA by real-time RT-PCR. Expression was also assessed in microglia sorted from
CNS by flow cytometry, and in primary microglia cultures following treatment with IFNγ.
Results: We now confirm the expression pattern of MT-MMPs in the B6 mouse, independent of
effects of adjuvant. We further show expression of all the MT-MMPs, except MMP-24, in microglia.
Microglia isolated from mice with severe EAE showed statistically significant downregulation of
MMP-15, 17 and 25 and lack of increase in levels of other MT-MMPs. Downregulation of MT-MMPs
was also apparent following CNS injury. The pattern of regulation of MT-MMPs in
neuroinflammation showed no association with expression of the proinflammatory cytokines
TNFα, IL-1β, or IFNγ.
Conclusion: CNS inflammation and injury leads to downregulation in expression of the majority
of MT-MMPs. Microglia in EAE showed a general downregulation of MT-MMPs, and our findings
suggest that MT-MMP levels may inversely correlate with microglial reactivity.

Page 1 of 9
(page number not for citation purposes)

Journal of Neuroinflammation 2007, 4:24

Background
Matrix metalloproteinases (MMPs) are proteinases implicated in all diseases involving neuroinflammation,
including multiple sclerosis [1,2]. MMPs are thought to
facilitate cellular infiltration of the central nervous system
(CNS) by degrading extracellular proteins present in the
neurovascular unit, which is composed of endothelial
cells connected by tight junctions, and the glia limitans.
Inhibition of MMP activity with broad-spectrum synthetic
inhibitors alleviates symptoms of experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis [3-6].
MT-MMPs are implicated in tumor development by promoting angiogenesis and invasion across basement membranes [7,8]. MT-MMPs are expressed in most cancer types
and are in many cases linked to malignant parameters
[9,10]. Several studies have demonstrated the importance
of MMPs in animal models of cancer, but so far MMP
inhibitors not been successful in clinical cancer trials [11].
This is likely because the broad-spectrum inhibitors used
failed to specifically target detrimental effects of MMPs,
and also inhibited beneficial effects [12]. This illustrates
the potential importance of understanding the differences
between individual MMPs in greater depth.
There are 23 MMPs identified in mice (including two
forms of MMP-1). Of these, six (MMP-14, 15, 16, 17, 24,
and 25) are referred to as membrane type-MMPs (MTMMPs) [13]. MMP-17 and 25 are glycosylphosphatidylinositol (GPI)-anchored whereas the other four MT-MMPs
are type 1 transmembrane proteins with short cytoplasmic
domains of about 20 amino acids. Like secreted MMPs,
MT-MMPs can cleave extracellular matrix molecules, as
well as chemokines, cytokines and growth factors [9,14].
MT-MMPs are generally thought to play important regulatory roles because of their ability to cleave substrates in
the immediate vicinity of the cell membrane, where the
cleaved products can interact with cell-surface receptors.
In addition, MT-MMPs are known to cleave and activate
secreted MMPs, which was first described for activation of
MMP-2 by MMP-14 through interaction with tissue inhibitor of metalloproteinases-2 (TIMP-2) [15,16].
The particular roles and substrate specificities of MTMMPs have not been described in detail, and the role of
MT-MMPs in neuroinflammation is unclear. We previously showed that MT-MMPs are downregulated in spinal
cord of mice with adoptively transferred EAE (AT-EAE) at
peak disease, except for MMP-14 and MMP-25 which are
upregulated [17]. The downregulation of the majority of
MT-MMPs contrasts with the general upregulation of
secreted MMPs. Similar results were obtained by Weaver
et al. in actively induced EAE [18]. The functional conse-
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quence of this specific pattern of MT-MMP expression is
unknown.
In this study, we describe MT-MMP expression by microglia in EAE. We also investigate the relationship between
MT-MMP regulation, leukocyte infiltration, and expression of the proinflammatory cytokines TNFα, IL-1β, and
IFNγ in three models of neuroinflammation: EAE, pertussis toxin (PTx)-induced parenchymal CNS infiltration in
transgenic (Tg) mice expressing the chemokine CCL2 in
the CNS, and after CNS injury induced by a cortical stab
lesion.

Materials and methods
Mice
Wild-type (WT) SJL/J (SJL) and C57BL/6J (B6) were
obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA) or from Charles River Canada (St. Constant,
Quebec, Canada). Transgenic mice expressing the chemokine CCL2 under the control of a myelin basic protein
(MBP) promoter [19] were originally obtained from Bristol-Myers Squibb (New Brunswick, New Jersey) and maintained as colonies at the Montreal Neurological Institute,
and at University of Southern Denmark. A colony of
IFNγR-/- mice on the SJL/J background was derived from
mice generously provided by Dr. David Willenborg (Canberra Hospital, Australia). For EAE, female mice 6–12
weeks old were used. Mice subjected to cortical lesion
were females weighing 20–25 grams. Animal breeding,
maintenance and all experimental protocols were performed in accordance with Canadian Council for Animal
Care guidelines as approved by the McGill University Animal Care Committee, or protocols approved by the Danish Ethical Animal Care Committee
Actively induced EAE
B6 mice were immunized subcutaneously at the base of
the tail with 100 µl of an emulsion containing 100 µg
myelin oligodendrocyte glycoprotein (MOG)35–55 (Sheldon Biotechnology, Montreal, Quebec, Canada) and 500
µg of Mycobacterium tuberculosis H37 RA (Difco, Detroit,
Michigan, USA) in Freund's incomplete adjuvant (Difco)
and boosted in the flanks 7 days later with the same emulsion. PTx (15 µg/kg) was administered intraperitoneally
on day 0 and 2. SJL mice were immunized subcutaneously
at the base of the tail with 100 µl of an emulsion containing 100 µg proteolipid protein (PLP)139–151 (Sheldon Biotechnology) and 200 µg of Mycobacterium tuberculosis H37
RA (Difco) in Freund's incomplete adjuvant (Difco) and
boosted in the flanks 7 days later. Mice were weighed and
monitored daily for clinical signs of EAE, scored as: 1,
flacid tail; 2, hind limb weakness and poor righting ability; 3, one hind limb paralyzed; 4, both hind limbs paralyzed with or without forelimb paralysis; 5, moribund.
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Adoptive transfer EAE
AT-EAE in SJL mice was induced by passive transfer of
MBP-reactive T cells as described previously [17]. AT-EAE
in B6 mice was induced by passive transfer of MOG35–55
reactive T cells. B6 mice were immunized as for active EAE
and lymph node cells were cultured in the presence of 10
µg/ml MOG35–55 (Sheldon Biotechnology) and 5 U/ml IL2 (Biosource, Nivelles, Belgium). Otherwise, culture conditions were as described for SJL AT-EAE. 10 × 106 lymphoblasts were transferred into the tail vein. Recipient
mice received 15 µg/kg PTx ip on day 0 and 2 after transfer, and were monitored and scored as described for active
EAE.
Administration of pertussis toxin to CCL2 Tg mice
PTx-induced parenchymal CNS infiltration in CCL2 Tg
has been described previously [20]. Briefly, PTx (10 µg/
kg) (Sigma, Oakville, Ontario, Canada) in Hank's balanced salt solution (Invitrogen Life Technologies,
Carlsbad, California, USA) was injected intraperitoneally
at day 0. Mice were monitored and weighed daily until
sacrifice at day 5.
Cortical lesion
Under anesthesia, B6 mice were placed into a stereotactic
apparatus (Kopf, Tujunga, California, USA) for wireknife
transection of axons in the entorhinal cortex as previously
described [21]. This induces a cortical stab injury. Twentyfour hours following surgery, mice were perfused with
phosphate buffered saline, the cortex was dissected, and
approximately 2 mm of tissue surrounding the wireknife
lesion was collected. For uninjured controls, the entorhinal cortex was dissected from either the contralateral hemisphere of the brain or from unmanipulated mice.
Flow cytometry and cell isolation
Cells from whole CNS or isolated entorhinal cortex of
mice were prepared for flow cytometry as described
[17,21]. Flow cytometry data were analyzed using CellQuest Pro software (BD Biosciences, San Jose, California,
USA).
Quantitative real-time RT-PCR
RNA from whole tissue and sorted cells was purified using
Trizol RNA isolation reagent (Invitrogen Life Technologies) according to the manufacturer's protocol. RNA (3
µg) from each tissue sample was incubated with M-MLV
reverse transcriptase (RT) (Invitrogen Life Technologies)
according to the manufacturer's protocol using random
hexamer primers. RNA from sorted cells was incubated
with SuperScript II RT (Invitrogen Life Technologies)
according to the manufacturer's protocol using random
hexamer primers. Quantitative real-time PCR was done
using ABI Prism 7000 or 7300 Sequence Detection Systems (Applied Biosystems, Foster City, California, USA).
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Probe and primer sequences for MT-MMPs [22], IFNγ
[23], and TNFα and IL-1β [24] were described previously.
Expression of 18S rRNA (primers and probes from
Applied Biosystems) in cDNA samples diluted 1/1000
was used to control for differences in the extraction and
reverse transcription of total RNA. Each reaction was performed in 25 µl with 50% TaqMan 2× PCR Master Mix
(Applied Biosystems), 100 nM each of the forward and
reverse primer, and 200 nM of probe. Conditions for the
PCR were 2 min at 50°C, 10 min at 95°C, and then 40
cycles, each consisting of 15 s at 95°C, and 1 min at 60°C.
Arbitrary cDNA values of individual samples were determined using standard curves obtained from a 4-fold serial
dilution of a reference cDNA sample. Relative expression
values were calculated by dividing the expression level of
the target gene by the expression level of 18S rRNA.
Isolation and culturing of microglia
Female SJL WT or IFNγR-/- mice (8–10 weeks old) were
perfused with 20 ml ice-cold phophate buffered saline,
then brains and spinal cords were dissected and collected
in Hank's balanced salt solution. The tissue was dissociated through a 70 µm cell strainer (BD Biosciences
Pharmingen) and suspended in 70% isotonic Percoll
(Amersham Biosciences, Baie d'Urfe, Quebec, Canada).
Myelin was removed after centrifugation through a Percoll
gradient, and cells were collected at the interface between
30 and 37% Percoll. Cells were washed and resuspended
in RPMI 1640 (Gibco, Burlington, Ontario, Canada) supplemented with 10% FCS (Sigma), 50 µM β-mercaptoethanol (Sigma), 2 mM L-glutamine (Gibco), 100 U/ml
penicillin and 100 µg/ml streptomycin (Gibco). Finally,
cells were diluted to 1 × 106 cells/ml and plated in a 96
well culture plate (Nunc, Roskilde, Denmark) at a density
of 2 × 105 cells per well. Approximately 2.5 × 105 microglia
were obtained per mouse. An aliquot of cells stained for
verification of CD45dim CD11b+ microglia, showed that
purity was ≥ 94%. Microglia were left overnight to settle
and thereafter treated with mouse recombinant IFNγ
(Sigma) for 16 hours. The supernatant was removed and
microglia were lysed in Trizol for RNA isolation.
Statistical analysis
One-way ANOVAs with Bonferroni's post test, or twotailed unpaired t-tests were applied to analyze results
using the GraphPad Prism software (GraphPad Software
Inc., San Diego, California, USA). p ≤ 0.05 was considered
significant. Error bars represent standard error of the
mean.

Results
MT-MMP expression in EAE
We previously found that MMP-15, 16, 17 and 24 are
downregulated in spinal cord of SJL mice with MBPinduced AT-EAE, whereas the remaining two MT-MMPs
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(MMP-14 and 25) are upregulated [17]. The expression of
all six MT-MMPs has now been studied in both actively
induced and adoptively transferred MOG35–55 EAE in B6
mice with severe (grade 4) disease (Fig. 1). Some differences in fold regulation were observed compared to ATEAE in SJL mice, but statistically significant downregulation of MMP-15, 16, 17 and 24 was observed in both
models, as well as upregulation of MMP-14 and 25. Similar results for actively induced EAE in B6 mice have been
reported previously [18]. Taken together, this shows that
the pattern of MT-MMP regulation in severe EAE is independent of mouse strain, myelin antigen, and use of adjuvant in disease induction.
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MMP transcripts, many of which are regulated upon activation in vitro [26]. We investigated microglial MT-MMP
expression at peak disease (Fig. 2). Microglia were defined
as CD45dim CD11b+ cells and sorted using flow cytometry.
We observed a statistically significant downregulation of
MMP-15, 17 and 25 by microglia in EAE (Fig. 2B, D and
2E) compared to control microglia from unmanipulated
mice. This confirms results for MMP-15 published previously [17]. Microglial expression of MMP-14 and 16 (Fig.
2A and 2C) were not significantly altered in EAE. MMP-24
was not expressed by sorted microglia.

Microglial MT-MMP expression in EAE
Macrophages are known to be major producers of MMPs
[17,25]. Microglia share a common myeloid lineage with
macrophages, and are considered to be CNS-resident macrophages. Human microglia express a wide spectrum of

Figure 1 gene expression in active and AT-EAE in B6 mice
MT-MMP
MT-MMP gene expression in active and AT-EAE in
B6 mice. Gene expression levels of MT-MMPs in spinal cord
from unmanipulated B6 mice and mice with severe (grade 4)
EAE were measured by real-time PCR. EAE was induced
either by immunization with MOG35–55 in CFA (active) or
adoptive transfer of MOG35–55 specific T cells (AT-EAE). Values on the Y-axis are relative to expression of 18S rRNA,
and normalized to the expression level of the unmanipulated
group. The values are arbitrary and cannot be compared
between panels. n = 4 or 5. Unm.: unmanipulated; Act.:
active; *: p ≤ 0.05.

Figure 2 mRNA expression in microglia sorted from CNS
MT-MMP
MT-MMP mRNA expression in microglia sorted from
CNS. Microglia were sorted from whole CNS preparations
based on flow cytometric detection of the surface markers
CD45dim CD11b+. Values on the Y-axis are relative to
expression of 18S rRNA, and normalized to the expression
level of the unmanipulated microglia. The values are arbitrary
and cannot be compared between panels. n = at least 4 in
each group; NS: not significant; Unm.: unmanipulated; *: p ≤
0.05.
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Expression of MT-MMPs is unchanged by PTx-induced
parenchymal infiltration in CCL2 Tg mice
To investigate the relationship between the general process of leukocyte infiltration of the CNS, and the pattern of
MT-MMP expression, we used a model of neuroinflammation that we have previously described [20]. Leukocytes
spontaneously accumulate in the perivascular space in the
CNS of transgenic mice which express the chemokine
CCL2 under control of a truncated MBP promoter [19].
Systemic administration of PTx causes parenchymal infiltration in CCL2 Tg mice [20]. Expression in brain was not
significantly altered for any of the MT-MMPs following
administration of PTx to CCL2 Tg mice (data not shown).
In contrast to the MT-MMPs investigated in this study, we
previously found that secreted MMPs were upregulated
upon PTx injection in CCL2 Tg mice [20], suggesting
involvement of MMPs in leukocyte migration, while
emphasizing the distinction between secreted MMPs and
MT-MMPs.
MMP-15, 17 and 25 are downregulated after CNS stab
injury
In contrast to the CCL2 Tg mouse, which represents chemokine-driven leukocyte entry to the CNS, cortical stab
injury induces both leukocyte infiltration and glial activation [27,28]. We studied MT-MMP expression following a
stab lesion to the entorhinal cortex. Twenty-four hours
after stab lesion in the cortex, we observed considerable
infiltration of CD45high cells (Fig. 3). The majority of the
infiltrating cells were macrophages or granulocytes,
defined as CD45high CD11b+ (Fig. 3A, upper right quadrants), and a smaller proportion were T cells defined as
CD45high TCRβ+ (Fig. 3B, inserted boxes). MMP-15, 17
and 25 were statistically significantly downregulated following stab lesion, whereas no significant change in
expression of MMP-14, 16 and 24 was noted (Fig. 4A–F).
MT-MMP regulation in neuroinflammation does not
relate to expression of the proinflammatory cytokines
TNFα, IL-1β, and IFNγ
Expression of MT-MMPs can be regulated by growth factors and cytokines [13,29]. We considered the proinflammatory cytokines TNFα, IL-1β, and IFNγ as possible
candidates for regulators of MT-MMP expression. Both
TNFα and IL-1β were upregulated in EAE and after cortical
lesion (Fig. 5), as well as after PTx-induced parenchymal
infiltration in CCL2 Tg mice [20]. By contrast, IFNγ, which
is absent from unmanipulated CNS, was only upregulated
in EAE and not after cortical lesion (Fig. 5C). Unmanipulated CCL2 Tg mice showed a basal level of IFNγ expression in brain, but this was unchanged by systemic
administration of PTx (data not shown). Since TNFα and
IL-1β showed similar regulation in all three in vivo models
used, they seemed unlikely candidates to account for the
differences seen in MT-MMP expression. We therefore
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Figure
Flow
lowing
cytometric
lesion
3
analysis of cells in the entorhinal cortex folFlow cytometric analysis of cells in the entorhinal
cortex following lesion. A: Flow cytometry profiles showing CD45high CD11b+ macrophages and granulocytes (upper
right quadrants) in uninjured control entorhinal cortex (left
panel) and 24 hours after stab injury (right panel) in B6 mice.
B: Equivalent analysis of CD45high TCRβ T cells (inserted
boxes). The result shown for one mouse in each group is
representative of four mice in both groups.

asked whether IFNγ played a regulatory role with respect
to MT-MMP expression. This was tested by inducing EAE
in IFNγ-/- mice, and assessing MT-MMP expression in the
spinal cord using real-time PCR. However, when IFNγ-/mice with grade 4 EAE were compared to unmanipulated
WT mice, we observed the same pattern of MT-MMP
expression as in WT mice with grade 4 EAE (data not
shown). Thus, absence of IFNγ did not lead to different
regulation of MT-MMP expression in EAE spinal cord.
IFNγ does not regulate microglial MT-MMP expression in
vitro
To directly test if IFNγ regulates MT-MMP expression by
microglia, we isolated microglia from CNS of adult WT
and IFNγR-/- SJL mice and pooled cells from each group.
Cell preparations were determined by FACS to contain
94% CD45dim CD11b+ microglia. The microglia were then
treated with varying concentrations of recombinant IFNγ.
WT microglia responded to IFNγ by upregulating TNFα,
whereas IFNγR-/- microglia did not (Fig. 6A). However,
no statistically significant change in expression by microglia of MMP-15 (Fig. 6B), or any other MT-MMP (data not
shown) was observed in response to IFNγ treatment.

Discussion
The downregulation of certain MT-MMPs in neuroinflammation does not correspond well with a simple interpretation of MMPs solely as pro-inflammatory mediators.
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Figure
Gene
expression
4
of MT-MMPs after brain stab lesion
Gene expression of MT-MMPs after brain stab lesion.
Real-time PCR analysis of MT-MMP expression in entorhinal
cortex. Samples were from B6 mice 24 after stab lesion, or
from control entorhinal cortex tissue. Values on the Y-axis
are relative to expression of 18S rRNA, and normalized to
the expression level of the control group. The values are
arbitrary and cannot be compared between panels. Significance of comparisons was determined using a two-tailed ttest. n = 6 for C, and 5 for Stab. C: control; NS: not significant; *: p ≤ 0.05.

However, given that the specific substrates of individual
MT-MMPs remain ill-defined, it is not possible to clearly
explain the consequences of the downregulation. One
may speculate that microglia downregulate certain MTMMPs in the process of activation, such as is the case for
the innate immune receptor TREM-2 [30,31]. The func-
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EAE expression
Gene
Figure
5
of cytokines after brain stab lesion and in
Gene expression of cytokines after brain stab lesion
and in EAE. Real-time PCR analysis of cytokine expression
in entorhinal cortex (left side of graphs) and in spinal cord
(right side). Entorhinal cortex samples were from B6 mice 24
after stab lesion, or from control entorhinal cortex. Spinal
cord samples were from B6 mice with grade 4 AT-EAE
induced by MOG35–55 specific T cells, or from unmanipulated
controls. IFNγ was only detected in one of 5 stab samples
(Panel C). Values on the Y-axis are relative to expression of
18S rRNA, and normalized to the expression level of the
control entorhinal cortex group (except for IFNγ). The values are arbitrary and cannot be compared between panels. n
= 4–6. ND: not detected; Unm.: unmanipulated; C: control;
NS: not significant; *: p ≤ 0.05.

tional consequence of upregulation of MMP-14, MMP-25
or secreted MMPs in neuroinflammation can be interpreted simply to reflect expression of proteinases by infil-
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the inflammatory process by cleaving bioactive molecules
[14,32].
We confirmed that the previously established pattern of
MT-MMP regulation in EAE spinal cord: downregulation
of MMP-15, 16, 17 and 24, and upregulation of MMP-14
and 25 is independent of mouse strain, myelin antigen,
and use of adjuvant. In microglia sorted from the CNS of
mice with EAE, MMP-15, 17 and 25 were downregulated.
This corresponds with the change in whole spinal cord for
MMP-15 and 17. For MMP-25, the change on the whole
spinal cord level was in the opposite direction, which
illustrates that changes in gene expression in individual
cell types can be masked by changes at the whole tissue
level. In this case, the discrepancy is likely due to infiltration of MMP-25 expressing leukocytes. MMP-25 is also
known as leukolysin and is expressed by neutrophils
[26,33].
Some caution must be exercised in interpreting results
that show a small downregulation of mRNA at the whole
tissue level in an organ that is undergoing infiltration. We
have previously determined the proportion of CD45high
infiltrating cells at peak AT-EAE in SJL mice to be 34% in
CNS isolates [17]. If such infiltrating cells did not express
a particular gene which is expressed by endogenous cells
in the unmanipulated CNS, then the influx of these cells
alone would lead to an overall downregulation in expression of that gene per cell at the whole tissue level, even
though the expression level in individual resident cells did
not change. We analyzed microglia from both unmanipulated mice and mice with EAE for direct comparison of
this cell type in a disease state with the normal state.

vitro
Figure
TNFα and
6 MMP-15 expression by microglia stimulated in
TNFα and MMP-15 expression by microglia stimulated in vitro. Microglia isolated from 12 WT and 8 IFNγR-/
- mice were pooled separately and dispersed at 2 × 105 cells
per well. Cultured microglia were stimulated with IFNγ in
media at varying concentrations, or media only as control.
Each bar graph represents results from three identically
treated wells. Values on the Y-axis are relative to expression
of 18S rRNA, and normalized to the expression level of the
each control group, respectively. The values are arbitrary
and cannot be compared between panels. U: units; NS: not
significant; *: p ≤ 0.05.

trating cells, enabling them to cross the blood-brain
barrier into the CNS by cleaving extracellular matrix proteins. This is most likely not the complete explanation,
since MMPs have many other substrates than matrix proteins, and MMPs are likely also involved in regulation of

In EAE spinal cord, we found two up and four downregulated MT-MMPs. In the injured entorhinal cortex, we
found that MMP-15, 17 and 25 were downregulated, with
no change of the remaining MT-MMPs. After PTx-induced
parenchymal CNS infiltration in CCL2 Tg mice, we noted
no change in MT-MMP expression. The different regulation of MT-MMP expression in these three in vivo models
of neuroinflammation could potentially be due to different involvement of glial responses and cytokine levels. We
investigated whether regulation of proinflammatory
cytokines could account for the differences seen in MTMMP expression. It was previously shown that a stab
injury in the cortex lead to induction of IL-1β and TNFα,
but not IFNγ[34], and we confirmed this. Comparing the
models, TNFα and IL-1β were both significantly upregulated in all three models (Fig. 5A and 5B; and), whereas
effects on IFNγ levels differed: IFNγ was absent from
unmanipulated CNS, but upregulated in EAE; unmanipulated CCL2 Tg mice showed a basal level of IFNγ, which
was unchanged following administration of PTx; and
IFNγ was absent, except for a low level in one out of five
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samples, following cortical lesion. However, in vivo experiments in IFNγ-/- mice revealed that absence of IFNγ did
not change the regulation of MT-MMP expression in EAE.
Likewise, IFNγ did not change MT-MMP expression by
microglia in vitro.

Conclusion
We describe a general trend to downregulation of MTMMPs across in vivo models of neuroinflammation. The
downregulation of MT-MMPs was generally reflected in
microglia, and might be part of an intrinsic component in
the microglial response to inflammation and injury. Our
findings suggest that downregulation of MT-MMPs occur
independently of expression of the proinflammatory
cytokines TNFα, IL-1β, and IFNγ.

http://www.jneuroinflammation.com/content/4/1/24

2.
3.

4.

5.

6.

7.

List of abbreviations
ANOVA: analysis of variance; AT-EAE: adoptive transfer
experimental autoimmune encephalomyelitis; B6:
C57BL/6J; CCL: CC chemokine ligand; CNS: central nervous system; EAE: experimental autoimmune encephalomyelitis; IFN: interferon; IL: interleukin; MBP: myelin
basic protein; MMP: matrix metalloproteinase; MOG:
myelin oligodendrocyte glycoprotein; MT-MMP: membrane type-matrix metalloproteinase; PTx: pertussis toxin;
RT: reverse transcriptase; Tg: transgenic; TNF: tumor
necrosis factor; WT: wildtype

8.
9.
10.

11.
12.

Competing interests
The author(s) declare that they have no competing interests.

13.
14.

Authors' contributions
HT-H and TO conceived the study, and wrote the manuscript. HT-H carried out the experiments and analyzed the
results, with the following exceptions: AAB performed
entorhinal cortex lesions, and prepared RNA samples
from entorhinal cortex. AAB also did flow cytometric
analysis of lesioned entorhinal cortex, as well as of cultured microglia. JMM induced EAE in IFNγ-/- mice, and
prepared RNA samples from the spinal cords. All authors
read and approved the final manuscript.

15.

16.

17.

18.

Acknowledgements
The authors would like to thank Pia Nyborg Nielsen, Dina Dræby, Lyne
Bourbonnière, Maria Caruso and Marie-Hélène Lacombe for excellent
technical assistance. This work was supported by an Interdisciplinary
Health Research Team grant from the Canadian Institutes of Health
Research and grants from the Canadian and Danish Multiple Sclerosis Societies. H.T.-H. would like to thank Lundbeckfonden, Knud Højgaards Fond,
and Civilingeniør Bent Bøgh og Hustru Inge Bøghs Fond for financial support.

References
1.

Rosenberg GA: Matrix metalloproteinases in neuroinflammation. Glia 2002, 39(3):279-291.

19.

20.

21.

Yong VW, Power C, Forsyth P, Edwards DR: Metalloproteinases
in biology and pathology of the nervous system. Nat Rev Neurosci 2001, 2(7):502-511.
Clements JM, Cossins JA, Wells GM, Corkill DJ, Helfrich K, Wood
LM, Pigott R, Stabler G, Ward GA, Gearing AJ, Miller KM: Matrix
metalloproteinase expression during experimental autoimmune encephalomyelitis and effects of a combined matrix
metalloproteinase and tumour necrosis factor-alpha inhibitor. J Neuroimmunol 1997, 74(1-2):85-94.
Gijbels K, Galardy RE, Steinman L: Reversal of experimental
autoimmune encephalomyelitis with a hydroxamate inhibitor of matrix metalloproteases.
J Clin Invest 1994,
94(6):2177-2182.
Hewson AK, Smith T, Leonard JP, Cuzner ML: Suppression of
experimental allergic encephalomyelitis in the Lewis rat by
the matrix metalloproteinase inhibitor Ro31-9790. Inflamm
Res 1995, 44(8):345-349.
Liedtke W, Cannella B, Mazzaccaro RJ, Clements JM, Miller KM,
Wucherpfennig KW, Gearing AJ, Raine CS: Effective treatment of
models of multiple sclerosis by matrix metalloproteinase
inhibitors. Ann Neurol 1998, 44(1):35-46.
Kalebic T, Garbisa S, Glaser B, Liotta LA: Basement membrane
collagen: degradation by migrating endothelial cells. Science
1983, 221(4607):281-283.
Sato H, Takino T, Okada Y, Cao J, Shinagawa A, Yamamoto E, Seiki
M: A matrix metalloproteinase expressed on the surface of
invasive tumour cells. Nature 1994, 370(6484):61-65.
Hernandez-Barrantes S, Bernardo M, Toth M, Fridman R: Regulation of membrane type-matrix metalloproteinases. Semin
Cancer Biol 2002, 12(2):131-138.
Nuttall RK, Pennington CJ, Taplin J, Wheal A, Yong VW, Forsyth PA,
Edwards DR: Elevated membrane-type matrix metalloproteinases in gliomas revealed by profiling proteases and inhibitors in human cancer cells. Mol Cancer Res 2003, 1(5):333-345.
Coussens LM, Fingleton B, Matrisian LM: Matrix metalloproteinase inhibitors and cancer: trials and tribulations. Science 2002,
295(5564):2387-2392.
Overall CM, Kleifeld O: Tumour microenvironment - opinion:
validating matrix metalloproteinases as drug targets and
anti-targets for cancer therapy.
Nat Rev Cancer 2006,
6(3):227-239.
Zucker S, Pei D, Cao J, Lopez-Otin C: Membrane type-matrix
metalloproteinases (MT-MMP). Curr Top Dev Biol 2003, 54:1-74.
Stamenkovic I: Extracellular matrix remodelling: the role of
matrix metalloproteinases. J Pathol 2003, 200(4):448-464.
Strongin AY, Collier I, Bannikov G, Marmer BL, Grant GA, Goldberg
GI: Mechanism of cell surface activation of 72-kDa type IV
collagenase. Isolation of the activated form of the membrane metalloprotease. J Biol Chem 1995, 270(10):5331-5338.
Zucker S, Drews M, Conner C, Foda HD, DeClerck YA, Langley KE,
Bahou WF, Docherty AJ, Cao J: Tissue inhibitor of metalloproteinase-2 (TIMP-2) binds to the catalytic domain of the cell
surface receptor, membrane type 1-matrix metalloproteinase 1 (MT1-MMP). J Biol Chem 1998, 273(2):1216-1222.
Toft-Hansen H, Nuttall RK, Edwards DR, Owens T: Key metalloproteinases are expressed by specific cell types in experimental autoimmune encephalomyelitis. J Immunol 2004,
173(8):5209-5218.
Weaver A, Goncalves da Silva A, Nuttall RK, Edwards DR, Shapiro
SD, Rivest S, Yong VW: An elevated matrix metalloproteinase
(MMP) in an animal model of multiple sclerosis is protective
by affecting Th1/Th2 polarization.
Faseb J 2005,
19(12):1668-1670.
Fuentes ME, Durham SK, Swerdel MR, Lewin AC, Barton DS, Megill
JR, Bravo R, Lira SA: Controlled recruitment of monocytes and
macrophages to specific organs through transgenic expression of monocyte chemoattractant protein-1. J Immunol 1995,
155(12):5769-5776.
Toft-Hansen H, Buist R, Sun XJ, Schellenberg A, Peeling J, Owens T:
Metalloproteinases Control Brain Inflammation Induced by
Pertussis Toxin in Mice Overexpressing the Chemokine
CCL2 in the Central Nervous System. J Immunol 2006,
177(10):7242-7249.
Babcock AA, Kuziel WA, Rivest S, Owens T: Chemokine expression by glial cells directs leukocytes to sites of axonal injury
in the CNS. J Neurosci 2003, 23(21):7922-7930.

Page 8 of 9
(page number not for citation purposes)

Journal of Neuroinflammation 2007, 4:24

22.
23.

24.

25.

26.

27.
28.
29.
30.

31.

32.
33.

34.

http://www.jneuroinflammation.com/content/4/1/24

Wells JE, Rice TK, Nuttall RK, Edwards DR, Zekki H, Rivest S, Yong
VW: An adverse role for matrix metalloproteinase 12 after
spinal cord injury in mice. J Neurosci 2003, 23(31):10107-10115.
Millward JM, Caruso M, Campbell IL, Gauldie J, Owens T: IFNgamma-induced chemokines synergize with pertussis toxin
to promote T cell entry to the central nervous system. J
Immunol 2007, 178(12):8175-8182.
Babcock AA, Wirenfeldt M, Holm T, Nielsen HH, Dissing-Olesen L,
Toft-Hansen H, Millward JM, Landmann R, Rivest S, Finsen B, Owens
T: Toll-like receptor 2 signaling in response to brain injury:
an innate bridge to neuroinflammation. J Neurosci 2006,
26(49):12826-12837.
Bar-Or A, Nuttall RK, Duddy M, Alter A, Kim HJ, Ifergan I, Pennington
CJ, Bourgoin P, Edwards DR, Yong VW: Analyses of all matrix
metalloproteinase members in leukocytes emphasize
monocytes as major inflammatory mediators in multiple
sclerosis. Brain 2003, 126(Pt 12):2738-2749.
Nuttall RK, Silva C, Hader W, Bar-Or A, Patel KD, Edwards DR, Yong
VW: Metalloproteinases are enriched in microglia compared
with leukocytes and they regulate cytokine levels in activated microglia. Glia 2007, 55(5):516-526.
Ghirnikar RS, Lee YL, Eng LF: Inflammation in traumatic brain
injury: role of cytokines and chemokines. Neurochem Res 1998,
23(3):329-340.
Stoll G, Jander S, Schroeter M: Detrimental and beneficial effects
of injury-induced inflammation and cytokine expression in
the nervous system. Adv Exp Med Biol 2002, 513:87-113.
Borden P, Heller RA: Transcriptional control of matrix metalloproteinases and the tissue inhibitors of matrix metalloproteinases. Crit Rev Eukaryot Gene Expr 1997, 7(1-2):159-178.
Schmid CD, Sautkulis LN, Danielson PE, Cooper J, Hasel KW, Hilbush
BS, Sutcliffe JG, Carson MJ: Heterogeneous expression of the
triggering receptor expressed on myeloid cells-2 on adult
murine microglia. J Neurochem 2002, 83(6):1309-1320.
Takahashi K, Rochford CD, Neumann H: Clearance of apoptotic
neurons without inflammation by microglial triggering
receptor expressed on myeloid cells-2. J Exp Med 2005,
201(4):647-657.
McCawley LJ, Matrisian LM: Matrix metalloproteinases: they're
not just for matrix anymore! Curr Opin Cell Biol 2001,
13(5):534-540.
Kang T, Yi J, Guo A, Wang X, Overall CM, Jiang W, Elde R, Borregaard N, Pei D: Subcellular distribution and cytokine- and
chemokine-regulated secretion of leukolysin/MT6-MMP/
MMP-25 in neutrophils. J Biol Chem 2001, 276(24):21960-21968.
Rostworowski M, Balasingam V, Chabot S, Owens T, Yong VW:
Astrogliosis in the neonatal and adult murine brain posttrauma: elevation of inflammatory cytokines and the lack of
requirement for endogenous interferon-gamma. J Neurosci
1997,
17(10):3664-3674.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9
(page number not for citation purposes)

