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The relationship(s) between viral virulence and matrix metalloproteinase (MMP) expression in the central
nervous system (CNS) of mice undergoing lethal and sublethal infections with neurotropic mouse hepatitis
virus was investigated. Lethal infection induced increased levels of MMP-3 and MMP-12 mRNAs as well as
that of tissue inhibitor of matrix metalloproteinases 1 (TIMP-1) compared to sublethal infection. Increased
induction of MMP, TIMP, and chemokine expression correlated with increased virus replication but not with
inflammatory cell infiltration. Infection of immunosuppressed mice suggested that expression of most MMP,
TIMP, and chemokine mRNA was induced primarily in CNS-resident cells. By contrast, MMP-9 protein
activity was associated with the infiltration of neutrophils into the CNS. These data indicate an association
between the magnitude of inflammatory gene expression within the CNS and viral virulence.

Inflammatory responses are a double-edged sword. They are
essential for clearing invading pathogens but also have the
capacity to damage both infected and bystander cells. This is of
particular relevance within the central nervous system (CNS),
where neuronal networks are limited in their ability to recover
from injury. The CNS is also isolated from peripheral com-
partments by vascular endothelial cells joined by continuous
tight junctions (41). These endothelial cells are in turn covered
by a basal lamina and the perivascular end feet of surrounding
astrocytes to form the blood-brain barrier, which limits CNS
parenchymal access by blood-borne pathogens as well as leu-
kocytes. However, during CNS infection or loss of self-toler-
ance to CNS antigens, rapid infiltration by inflammatory cells
occurs, often resulting in immune-mediated pathology (1, 17).
Thus, understanding the mechanisms which regulate CNS in-
flammation is crucial to comprehending the balance between
effective antimicrobial immunity and immune-mediated tissue
damage.

Matrix metalloproteinases (MMPs) and their inhibitors, the
tissue inhibitors of metalloproteinases (TIMPs), are normally
involved in maintenance of the extracellular matrix. Although
substrates vary between individual MMPs, as a group, MMPs
are capable of breaking down all protein components of the
extracellular matrix. Thus, MMPs and TIMPs are crucial in
regulating leukocyte migration into infected or damaged tis-
sues (16, 21) and have been implicated in numerous inflam-
matory diseases, such as rheumatoid arthritis (19) and asthma
(25). In the CNS, MMP expression is associated with the in-
flammatory demyelinating diseases multiple sclerosis (2) and
experimental autoimmune encephalitis (36). In particular,
MMP-1, -2, -3, -7, and -9 and TIMP-1 have been detected in
inflammatory infiltrates as well as activated astrocytes and mi-
croglia within acute multiple sclerosis lesions, suggesting that

they play either a direct or an indirect role in CNS plaque
formation (2, 3, 26, 28). These proteases are secreted into the
extracellular space by a wide range of cell types, including
endothelial cells, infiltrating inflammatory cells, and CNS-res-
ident cells (2, 3, 26, 28).

While the mechanisms which initiate and promote leukocyte
migration have been studied extensively, the relationship(s)
between viral infection, subsequent inflammation, and MMP
expression is less well understood (12, 13, 21, 22, 50). Infection
of the CNS with mouse hepatitis virus (MHV) JHM strain
(JHMV) induces an acute encephalomyelitis associated with
chronic demyelination in surviving mice and has proven to be
a useful model for studying both acute inflammatory responses
and immune-mediated pathology within the CNS (31, 49). A
variety of JHMV variants with different pathological outcomes
have provided insight into the role of virulence in altering the
outcome of CNS disease (30, 31, 37, 40). Two such JHMV
variants with distinct pathological outcomes were used in this
study to compare inflammatory processes associated with dis-
tinct clinical outcomes. DM is a plaque morphology variant
which mimics the pathogenesis of parental JHMV, producing
a fatal infection in adult mice associated with extensive en-
cephalomyelitis (46). The 2.2-V-1 variant (referred to as V-1
for brevity) was derived by selection for resistance to neutral-
izing monoclonal antibody (MAb) J.2.2 (10). V-1 induces sub-
lethal infections of adult mice associated with an increased
incidence of demyelinating lesions in chronically infected ani-
mals (10).

In this study, the relationships between virulence, inflamma-
tion, and the induction of MMP and TIMP expression during
acute lethal and sublethal infections of the CNS were com-
pared. The lethal DM variant replicated to higher titers than
the sublethal V-1 variant and was associated with a more ex-
tensive infection of CNS cells and inflammation. Expression of
genes for inflammatory proteins, including MMPs, TIMPs, and
most chemokines, was enhanced during lethal infection com-
pared to sublethal infection and peaked in conjunction with
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virus replication, in contrast to inflammatory cell infiltration.
Analysis of immunocompromised mice suggests that expres-
sion of most MMP, TIMP, and chemokines genes is associated
with CNS-resident cells during early stages of acute infection.
An exception was the MMP-9 protein, which was produced by
inflammatory cells, and its enzymatic activity was associated
with neutrophil infiltration into the CNS. These data suggest
that increased expression of MMP-3, MMP-12, and TIMP-1 is
a consequence of CNS viral infection as opposed to being a
result of CNS inflammatory cell infiltration.

MATERIALS AND METHODS

Mice and viruses. Male BALB/c (H-2d) mice were purchased from the Na-
tional Cancer Institute (Frederick, Md.) and were maintained within an accred-
ited animal facility at the University of Southern California. All mice were used
at between 6 and 8 weeks of age. To produce a sublethal infection, mice were
infected intracerebrally with 1,000 PFU of the 2.2-V-1 (V-1) variant of JHMV
(10) in a volume of 30 �l of sterile endotoxin-free Dulbecco’s phosphate-buffered
saline (DPBS). To produce a lethal encephalomyelitis, mice were infected with
100 PFU of the DM variant of JHMV (46). Clinical scores were graded as
described previously (27). Viruses were propagated and quantitated by plaque
assay using the murine DBT astrocytoma cell line as previously described (46).
Sham-infected mice were injected intracerebrally with 30 �l of DPBS. For im-
munosuppression, mice were irradiated with 850 rads from a 137Cs gamma
vertical beam source 24 h prior to infection. Mice were perfused via intracardiac
injection of 50 ml of PBS prior to analysis.

CNS viral titers. Viral titers were determined from brain homogenates as
described previously (46). Briefly, one half-brain from each of three or more
individual mice per time point were homogenized in 4 ml of DPBS (pH 7.4) using
Tenbroeck tissue homogenizers. Homogenates were clarified by centrifugation
for 7 min at 800 � g at 4°C. Supernatants were stored at �70°C until assayed for
infectious virus by plaque assay on DBT cell monolayers as described previously
(46).

Histology. Histopathological analysis was performed as previously described
(48). Briefly, tissues were fixed for 3 h in Clark’s solution (75% ethanol, 25%
glacial acetic acid) and embedded in paraffin. Distribution of JHMV antigen was
examined by immunoperoxidase staining (Vectastain-ABC kit; Vector Labora-
tory, Burlingame, Calif.) with an anti-JHMV MAb, J.3.3, specific for the viral
nucleocapsid protein followed by counterstaining with hematoxylin (47, 51). The
extent of inflammation and viral antigen were determined in a blinded fashion.

Isolation of CNS-infiltrating cells. Infiltrating cells were isolated from the
CNS of perfused JHMV-infected mice as described previously (5). Briefly, brains
were removed, washed twice with RPMI 1640 medium supplemented with 25
mM HEPES (pH 7.2) and 1% fetal bovine serum, and homogenized in Tenbro-
eck tissue homogenizers. Cells were suspended in 30% Percoll (Pharmacia,
Piscataway, N.J.) and concentrated onto a 1-ml cushion of 70% Percoll by
centrifugation at 1,300 � g for 20 min at 4°C. Cells were collected from the
interphase and washed twice prior to analysis.

Flow cytometry analysis. Surface marker expression on cells was determined
by staining with MAbs specific for CD8 (53-6.7), CD4 (GK1.5), CD11b (M1/70),
Ly-6G (RB6-8C5), CD45 (30-F11), CD19 (1D3), pan-NK (DX5), and F4/80. All
MAbs were purchased from BD PharMingen (San Diego, Calif.), except F4/80,
which was purchased from Serotech (Raleigh, N.C.). Nonspecific binding was
minimized by blocking with purified rat anti-mouse FcIII/IIR MAb (2.4G2; BD
PharMingen) and naive mouse serum in PBS containing 0.5% bovine serum
albumin (Sigma, Saint Louis, Mo.) for 10 min prior to staining. Cells were stained
for 30 min on ice, washed twice with PBS containing 0.5% bovine serum albumin,
and analyzed using a FACStar flow cytometer and Cellquest Pro software (Bec-
ton Dickinson, Mountain View, Calif.).

RNA isolation and RPA. RNA was prepared from brains of naive and JHMV-
infected mice by using TRIzol reagent (GIBCO BRL, Rockville, Md.) in accor-
dance with the manufacturer’s protocol. Plasmids containing MMP and TIMP
RNase protection assay (RPA) probes (35) were gifts from Iain Campbell
(Scripps Research Institute, La Jolla, Calif.). A murine chemokine RPA kit was
obtained from BD PharMingen. RPA probes were synthesized using an in vitro
transcription kit (BD PharMingen) to generate [�-32P]UTP-labeled probes ac-
cording to the manufacturer’s protocol. Probes were hybridized with 10 �g of
RNA, and RPA was performed as described by Pagenstecher et al. (35). Briefly,
RNA samples were hybridized with 32P-labeled probes at 56°C overnight, fol-
lowed by digestion with a mixture of RNase A and RNase T1 for 45 min at 30°C.

Following RNase inactivation via treatment with proteinase K for 15 min at 37°C,
protected fragments were separated on 5% acrylamide denaturing gels contain-
ing 7 M urea. The intensities of protected fragments were quantitated with a
PhosphorImager and Imagequant 5.0 software (Molecular Dynamics, Sunnyvale,
Calif.).

Zymography. Cells isolated from the CNS were disrupted by suspension in
lysis buffer (1.0% Triton X-100, 300 mM NaCl, 50 mM Tris, pH 7.4). Lysates
prepared from 2 � 105 cells were separated on a 10% acrylamide gel containing
1% gelatin (Bio-Rad, Hercules, Calif.) in the absence of reducing agents. Fol-
lowing electrophoresis, gels were washed at room temperature for 20 min in
washing buffer (Bio-Rad). The gels were placed in developing buffer (Bio-Rad)
for 20 min at room temperature prior to overnight incubation at 37°C. Gels were
stained with a solution of 0.25% Coomassie brilliant blue R-250 and destained
with 10% acetic acid and 10% methanol until bands became evident. Relative
band intensities were quantitated using a Fluor-S imaging system (Bio-Rad).

Statistical analysis. Results generated from three or more samples per time
point are represented as the mean � the standard deviation and were analyzed
using Student’s t test. Results generated from experiments involving paired
samples are given as the mean � the range of the individual data points.

RESULTS

Pathogenesis of lethal and sublethal JHMV infections. In-
fection of BALB/c mice with the DM isolate of JHMV resulted
in a lethal infection in which almost all mice were dead or
moribund by 6 days postinfection (p.i.) and none survived
longer than day 8 p.i. (Fig. 1A). By contrast, more than 80% of
mice survived infection with the neutralizing MAb-resistant
JHMV variant V-1. Levels of virus replication were below the
limit of detection at day 1 p.i. and were nearly identical at day
2 p.i. (�5 � 103 PFU/g) (Fig. 1B). However, in accordance
with the divergent clinical outcomes, by day 4 p.i. virus repli-
cation within the CNS of mice infected with the lethal variant
was approximately 10-fold higher than that in mice infected
with the sublethal V-1 variant (P � 0.05). By day 6 p.i. the
lethal variant peaked at 107 PFU/g, approximately 15-fold
higher than in mice infected with the sublethal variant (P �
0.01). Infectious V-1 virus was reduced to near the limit of
detection by day 12 p.i., as previously reported (30). These data
confirm previous observations with C57BL/6 mice indicating
that the lethal DM variant replicates to higher titers within the
CNS than the sublethal V-1 variant (37) and that infection with
V-1 produces a sublethal infection in which infectious virus is
cleared from the CNS by immune effector mechanisms (27, 31,
38, 40).

Brains from mice infected with the lethal and sublethal

FIG. 1. Mortality (A) and CNS virus replication (B) following le-
thal (DM) and sublethal (V-1) JHMV infections. Three or more mice
from each group were sacrificed at the indicated time points. Error
bars represent standard deviations from the means �, P � 0.05; ��, P
� 0.01.
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JHMV variants were compared to correlate virus replication
with pathological changes. Inflammatory cells were detected
rarely at day 2 p.i. However, both inflammatory foci and
perivascular mononuclear cells were clearly evident by day
4 p.i. and increased at day 6 p.i. following either viral infection.
At all time points examined, increased numbers of inflamma-
tory cells were found in the CNS of lethally infected mice
compared to mice with a sublethal infection (data not shown),
which was confirmed by flow cytometry (see below). JHMV
antigen was detected at day 2 p.i. and also increased with time
p.i. Both viruses caused rare demyelinating lesions at day 6 p.i.
and infected a variety of CNS cell types, including oligoden-
drocytes, microglia, and astrocytes (Fig. 2). Viral antigen was
also detected in neurons of mice during lethal infection at day
6 p.i., although less frequently than in glial cells. By contrast,
viral antigen was more prevalent in oligodendrocytes following
sublethal V-1 infection. Consistent with the increased virus
replication in the CNS of lethally infected mice, virus antigen
was more prevalent in the CNS of lethally infected mice than
in those of mice undergoing sublethal infection at all time
points examined (Fig. 2), suggesting a greater rate of replica-
tion and/or dissemination.

To confirm that higher levels of virus replication and viral

antigen within the CNS correlated with increases of inflamma-
tion, cells were recovered from the brains of mice undergoing
lethal and sublethal infections at various time points p.i. Anal-
ysis of CD45 expression allowed infiltrating inflammatory cells
(CD45hi), to be distinguished from resident CNS microglia
(CD45int) (Fig. 3A) (11, 44). Inflammatory cells were detected
as early as 1 day p.i. with both viruses (Fig. 3B). CD45hi cells
were rare in the CNS of uninfected mice, accounting for �5 �
104 cells/brain at day 1 following sham infection (data not
shown). Consistent with histological examination, lethal infec-
tion induced increased infiltration of CD45hi inflammatory
cells into the CNS compared to sublethal infection at all times
through day 4 p.i. (Fig. 3B). Inflammatory cells declined
slightly in lethally infected mice as they began to develop
severe clinical symptoms and succumb to infection at day 6 p.i.
By contrast, infiltrating CD45hi cells continued to increase
through day 6 p.i. in the CNS of sublethally infected mice (Fig.
3B). The inflammatory cells recovered from sublethally in-
fected mice declined by approximately 80% between days 6
and 12 p.i., coinciding with the decline in infectious virus (data
not shown).

Induction of MMP expression following JHMV infection. To
determine correlations of MMP and TIMP mRNA expression

FIG. 2. CNS distribution of viral antigen. Viral antigen in brains of DM (A and C)- and V-1 (B and D)-infected mice was detected with a MAb
specific for the JHMV nucleocapsid protein and counterstained with hematoxylin. The insets in panels C and D show high-power magnifications
of an infected neuron (C) and an oligodendrocyte (D) identified morphologically. The bars in the insets are scaled to represent 20 �m.
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with viral virulence and inflammation, RNA was isolated from
brains of mice infected with both the lethal and sublethal
JHMV variants and analyzed by RPA. The mRNAs encoding
MMP-2, -9, -11, and -14 were expressed constitutively in the
CNSs of BALB/c mice, with no apparent differences among
naive, sham-infected, and infected mice (Fig. 4 and data not
shown). Although constitutively expressed, MMP-14 (also re-
ferred to as membrane type 1 MMP) mRNA was expressed at
a higher level than MMP-2, -9, or -11 mRNA, possibly due to
its role as an activator of MMP proenzymes (8, 43). By con-
trast, expression of MMP-3 mRNA, which was not detectable
within the CNS of sham-infected mice, was rapidly induced
following both infections (Fig. 4A and B). MMP-3 mRNA
expression was detected as early as day 2 p.i. and increased
throughout the course of the lethal infection, peaking at day
6 p.i., the last time point examined. In sublethally infected mice
MMP-3 mRNA was transiently expressed, peaking at day 4 p.i.
at approximately 30% of the level detected during lethal in-
fection. MMP-3 mRNA subsequently declined to undetectable
levels by day 12 p.i. following sublethal infection (data not
shown). The decline in MMP-3 mRNA correlated with clear-
ance of infectious virus from the CNS. Similar to that of
MMP-3 mRNA, MMP-12 mRNA expression was not detected
within the CNS of sham-infected mice but rapidly increased
following both infections (Fig. 4B). During lethal infection,

MMP-12 mRNA expression was initially detected at day 2 p.i.
and increased throughout infection, peaking at almost twice
the level of expression observed in mice undergoing a sublethal
infection at day 6 p.i. (Fig. 4B). In contrast to MMP-3 expres-
sion, MMP-12 mRNA expression in the CNS of sublethally
infected mice remained relatively unchanged to day 30 p.i.
(data not shown), well after clearance of infectious virus.
Therefore, these data suggest that MMP-3 and MMP-12 mR-
NAs are induced following JHMV infection and that the level
of expression correlates with the severity of infection.

To determine the contribution of CNS-resident cells to
MMP expression following viral infection, mice were immuno-
suppressed by irradiation prior to infection. Irradiation re-
sulted in a �95% reduction in CNS CD45hi inflammatory cells
at day 4 p.i. (data not shown). Preliminary experiments dem-
onstrated a �1-log-unit difference in virus replication in in-
fected irradiated mice compared to controls at day 4 p.i. (6.2 �
0.2 versus 5.7 � 0.2 PFU/g of brain [log10], respectively). The
mRNA levels of MMP-2, -9, -11, and -14, all expressed in naive
and sham-infected mice, remained unchanged in immunosup-
pressed mice at day 4 p.i. (data not shown), suggesting that
these genes are constitutively expressed by CNS-resident
and/or vascular endothelial cells. Furthermore, neither
MMP-3 nor MMP-12 mRNA was detected in naive or sham-
infected immunosuppressed mice, suggesting that these genes
were not induced by irradiation (data not shown). MMP-3
mRNA increased to nearly identical levels in both immuno-
competent and immunosuppressed mice following infection
(Fig. 4C), suggesting that MMP-3 mRNA was derived primar-
ily from CNS-resident cells. By contrast, immunosuppression
inhibited MMP-12 mRNA expression by approximately 50%
(P � 0.05) (Fig. 4C). The decline in MMP-12 mRNA suggests
either that MMP-12 was produced by both infiltrating inflam-
matory and CNS-resident cells or that uncontrolled virus rep-
lication in immunocompromised mice down-regulated
MMP-12 mRNA expression by CNS-resident cells. Neverthe-
less, these data indicate that CNS-resident cells are responsible
for the majority of inducible MMP mRNA expression follow-
ing virus infection.

TIMPs are specific inhibitors of MMP activity, and induction
of MMP expression is often associated with a coordinate in-
duction of TIMP-1 mRNA expression. By contrast, expression
of TIMP-2 and TIMP-3 mRNAs is less responsive to increases
in MMP expression (14, 45). To determine whether TIMP
gene expression correlated with viral replication and/or inflam-
mation, RNAs from the brains of naive, sham-infected, and
infected mice were examined by RPA. TIMP-2 and -3 mRNAs
were expressed constitutively in the CNSs of naive or sham-
infected mice, and expression was not altered by infection with
either variant (Fig. 5A). By contrast, TIMP-1 mRNA, which
was not detectable in the CNS of naive and sham-infected
mice, was rapidly up-regulated following JHMV infection (Fig.
5A and B and data not shown). TIMP-1 mRNA was detected
at days 2, 4, and 6 p.i. following both infections. Similar to
induction of MMP-3 and -12 mRNA expression, TIMP-1
mRNA induction was higher during lethal infection than dur-
ing sublethal infection (Fig. 5B). TIMP-1 mRNA was ex-
pressed transiently following sublethal infection, peaking at
day 6 p.i. and returning to undetectable levels by day 12 p.i.,
similar to MMP-3 mRNA (Fig. 5B and data not shown).

FIG. 3. CNS inflammatory cell infiltration following infection.
(A) Flow cytometric analysis of CD45-expressing cells isolated from
the CNS of perfused mice at day 4 p.i. (B) Quantitation of CD45hi cell
accumulation within the infected CNS. Data are representative of
those from three separate experiments.

VOL. 76, 2002 MHV-INDUCED MMP AND TIMP EXPRESSION IN THE CNS 7377



To determine whether TIMP-1 mRNA was expressed pri-
marily by CNS-resident or infiltrating cells, TIMP mRNA ex-
pression in immunosuppressed and immunocompetent mice
was compared at day 4 p.i. following lethal infection. No dif-
ferences in TIMP-2 or -3 expression were detected in immu-
nosuppressed and immunocompetent mice, nor was TIMP-1

mRNA detected following sham infection of immunosup-
pressed mice (data not shown). TIMP-1 mRNA expression
increased over threefold in immunosuppressed mice compared
to immunocompetent mice following infection (Fig. 5C) (P �
0.05), which may reflect uncontrolled virus replication in the
immunosuppressed host (data not shown). These data suggest

FIG. 4. MMP mRNA expression following JHMV infection. RNA prepared from brains of sham-, sublethally (V-1), and lethally (DM) infected
mice was hybridized with probes specific for MMP-2, -3, -7, and -9 and for MMP-10, -11, -12, -13, and -14. (A) RNA hybridized with probes for
MMP-2, -3, -7, and -9. Each lane represents an individual mouse. MMP-3 and MMP-12 mRNA expression was measured in brains of lethally and
sublethally infected mice (B) and lethally infected immunocompetent and immunosuppressed (irradiated [IR]) mice (C). MMP mRNA expression
was normalized to L32 mRNA (B), and the mean expression of the highest relative values was set to 100% (C). (B) Data were collected from two
individual mice for each data point and are representative of those from three individual experiments. (C) Data were collected at 4 days p.i. from
three mice per group and are representative of those from three separate experiments. Error bars represent the range of values for duplicate
samples (B) or standard deviations from the mean (C).
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that MMP-3, MMP-12, and TIMP-1 transcripts detected
within the CNS following JHMV infection are produced pri-
marily by CNS-resident cells and that expression reflects the
severity of infection in contrast to the number of CNS inflam-
matory cells.

Induction of chemokine expression following JHMV infec-
tion. To determine whether induction of other inflammatory
proteins also corresponds to viral virulence, chemokine mRNA
expression in response to infection with the two JHMV vari-
ants was compared, as these genes are also rapidly induced in
the CNS following MHV infection (24). No chemokine mRNA
were detected in sham-infected mice, whereas chemokine
mRNA levels in the CNS of mice infected with both JHMV
variants showed relatively similar patterns of expression and
kinetics (Fig. 6A). CCL2 (MCP-1), CCL3 (MIP-1�), CCL4
(MIP-1	), CCL5 (RANTES), CXCL1 (MIP-2), and CXCL10
(IP-10) mRNAs were all detected as early as day 2 p.i. (Fig.
6B). The CCL2 and CXCL10 results were combined because
these chemokines are not differentiated from one another by

the RPA probe set in BALB/c mice (15). The mRNA levels of
most chemokines continued to increase throughout acute in-
fection and peaked at day 6 p.i. The exception was CXCL1
mRNA, which peaked at day 4 p.i. and then declined. Al-
though chemokine mRNA declined between days 6 and 12 p.i.
in sublethally infected mice, most chemokine transcripts re-
mained detectable at day 12 p.i. (data not shown). Similar to
MMP-3, MMP-12, and TIMP-1 mRNA expression induced
following JHMV infection, peak chemokine mRNA expression
was from approximately 20% (for CCL3) to 200% (for
CXCL1) higher in the CNS of mice infected with the lethal
variant than in those of mice infected with the sublethal vari-
ant. Chemokine mRNA expression, with the exception of
CXCL1, correlated with that of MMP-3, MMP-12, and
TIMP-1 mRNAs.

To determine whether CNS-resident or infiltrating cells
were a primary source of chemokine mRNA during lethal
JHMV infection, chemokine mRNA expression in immuno-
suppressed and immunocompetent mice was compared at day

FIG. 5. TIMP mRNA expression following JHMV infection. (A) RNA from brains of sham-, sublethally (V-1), and lethally (DM) infected mice
was hybridized with probes specific for TIMP-1, -2, and -3. Each lane represents an individual mouse. TIMP-1 mRNA expression was measured
in brains of lethally and sublethally infected mice (B) and lethally infected immunocompetent and immunosuppressed (irradiated [IR]) mice (C).
TIMP-1 mRNA expression was normalized to L32 mRNA (B), and the mean expression of the highest relative values was set to 100% (C).
(B) Data were collected from two individual mice for each data point and are representative of those from three individual experiments. (C) Data
were collected at 4 days p.i. from three mice per group and are representative of those from three separate experiments. Error bars represent the
range of values for duplicate samples (B) or standard deviations from the mean (C).
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4 p.i. No differences were detected when immunosuppressed
and immunocompetent mice were compared for expression of
any of the chemokines induced by JHMV infection, which
included CCL2, CCL3, CCL4, CCL5, CXCL1, and CXCL10
(Fig. 7) (all P values are 
0.4). Similar to the case for MMP
and TIMP expression, these data suggest that infiltration by
peripheral inflammatory cells is not required for chemokine
expression during early stages of infection; rather, expression is
dependent on the severity of infection.

MMP-9 expression by infiltrating cells. The mRNA levels of
MMP-2 and -9, which are associated with activated inflamma-
tory cells, were not altered during JHMV infection. To deter-
mine whether CNS infection altered expression at the post-

transcriptional level, MMP-2 and -9 enzymatic activities were
assessed. No activity was detected in homogenates prepared
directly from the brains of naive, sham-infected, or JHMV-
infected mice (data not shown). However, lysates prepared
from CNS-derived cells isolated at day 4 p.i. exhibited MMP-9
(Fig. 8A) but not MMP-2 (data not shown) enzymatic activity.
Consistent with increased recruitment of inflammatory cells,
MMP-9 activity was threefold higher in lysates of cells derived
from lethally infected mice than in the identical population
derived following sublethal infection (Fig. 8B). MMP-9 activity
was near the limit of detection in CNS cells derived from
sham-infected mice (Fig. 8B). These data indicate that in con-
trast MMP-3, MMP-12, and TIMP-1 mRNA expression, which

FIG. 6. Chemokine mRNA expression following JHMV infection. (A) RNA prepared from brains of sham-, sublethally (V-1), and lethally
(DM) infected mice were hybridized with chemokine-specific probes. Each lane represents an individual mouse. (B) Chemokine expression in
brains of lethally and sublethally infected mice. Chemokine mRNA expression was normalized to L32 mRNA levels. Data were collected from two
individual mice for each data point and are representative of those from three individual experiments. Error bars represent the range of values
for duplicate samples.
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is associated primarily with CNS-resident cells, MMP-9 protein
activity is associated with inflammatory cells.

To determine whether the increase in MMP-9 activity de-
tected during lethal infection compared to sublethal infection
was attributable to a specific cell type, the composition of the
CD45hi CNS-infiltrating cells were characterized at day 4 p.i.
No distinct differences were observed in CD19� B cells, CD4�

T cells, or CD8� T cells, each of which accounted for �10% of
the infiltrating population in comparisons of lethally and sub-
lethally infected mice (Fig. 9A). Total cell numbers of CD45hi

F4/80� macrophages were nearly equivalent during both infec-
tions (Fig. 9A). By contrast, lethal infection induced approxi-
mately a threefold increase in both neutrophil and NK cell
infiltration into the CNS compared to sublethal infection.
These differences in recruitment suggested that these innate
inflammatory cells could be potential sources of MMP-9. How-
ever, neutrophils store MMP-9 within secretory granules (23).
To determine whether the MMP-9 protein was restricted to
neutrophils, cells were isolated from the inflamed CNS at day
4 p.i. A purified neutrophil population was prepared by sorting
Ly-6G� cells. Purity of the Ly-6G� population was verified by
the distinctive nuclear morphology associated with polymor-
phonuclear granulocytes. Gelatinase activity consistent with

the 92-kDa monomeric form of pro-MMP-9 was detected in
lysates prepared from purified CNS-derived neutrophils (Fig.
9B). Little or no enzymatic activity was detected in lysates
prepared from the neutrophil-depleted (Ly-6G�) population
(Fig. 9B). No MMP-2 activity was detected from either popu-
lation (data not shown). These data indicate that mature neu-
trophils, as defined by surface expression of the Ly-6G marker
and distinctive multilobed nuclear morphology, are a primary
source of MMP-9 within the CNS during acute virus-induced
encephalitis.

DISCUSSION

In contrast to the case for chemokines and cytokines, the
roles of MMPs and their inhibitors during the inflammatory
processes have not been well defined. To investigate the reg-
ulation of these molecules during CNS infection, two JHMV
variants associated with different clinical and pathological out-
comes were analyzed for their ability to influence MMP and
TIMP mRNA expression. DM virus, which induces a lethal
infection in C57BL/6 mice (37, 46), replicated to higher levels
in the CNS than the V-1 virus, which induces a sublethal
infection (10, 37). Lethal infection of BALB/c mice was asso-
ciated with a more vigorous immune response, as demon-
strated by the number of CNS inflammatory cells during early
stages of infection, than the sublethal infection. Kinetic anal-
ysis of MMP and TIMP mRNA expression within the CNS
revealed that both viruses induced similar patterns of gene

FIG. 7. Chemokine expression in infected immunosuppressed
mice. RNA was prepared from brains of individual immunosuppressed
(irradiated [IR]) and immunocompetent mice infected with DM virus
at day 4 p.i. and hybridized with chemokine-specific RPA probes.
Chemokine mRNA expression was normalized to L32 mRNA levels,
and the mean expression of the highest relative values was set to 100%.
Error bars represent standard deviations from the means for at least
three mice per group. Data are representative of those from two
separate experiments.

FIG. 8. Increased MMP-9 enzymatic activity following infection.
Lysates were prepared from 2 � 105 cells isolated from the CNS of
sham-, sublethally (V-1), and lethally (DM) infected mice at day 4 p.i.
(A) Gelatinase activity following electrophoretic separation of cell
lysates. The 92-kDa band representing pro-MMP-9 is shown. (B) Rel-
ative enzymatic activity. The gelatinase activity of lysates prepared
from cells isolated from DM-infected mice was adjusted to 100% for
comparison. Data are representative of those from two separate ex-
periments.
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expression, including induction of MMP-3, MMP-12, and
TIMP-1 mRNA expression. However, increased levels of all
three mRNAs were detected during lethal infection, and peak
expression of MMP-3, MMP-12, and TIMP-1 correlated with
viral load. Analysis of infected immunocompromised mice in-
dicated that MMP-3, MMP-12, and TIMP-1 induction was only
minimally dependent upon infiltrating inflammatory cells, con-
firming the relationship between virus load and gene expres-
sion. The proinflammatory cytokines interleukin-1�, interleu-
kin-1	, and tumor necrosis factor alpha, which are up-regulated
during JHMV infection of both immunocompetent and immu-
nosuppressed mice (37, 39), are likely mediators of MMP in-
duction (7, 18). These cytokines are produced by CNS-resident
cells (29) and are potent inducers of MMP-3 expression (7). By
contrast, beta interferon, which is also up-regulated at the
mRNA level following neurotropic MHV infection (52), has
been associated with up-regulation of TIMP-1 expression in
CNS lesions of multiple sclerosis patients (34). Thus, it is likely
that uncontrolled virus replication in immunocompromised
mice induced increased beta interferon, which in turn induced
the additional up-regulation of TIMP-1 observed in these mice
compared to controls. These data suggest that resident CNS
cells may play a significant role in mediating CNS permeability

via increased MMP expression in response to virus-induced
cytokines.

The gelatinases MMP-2 and -9 are produced by most in-
flammatory cells and catalyze the breakdown of proteins which
make up the basal laminae surrounding epithelial linings (re-
viewed in reference 33). Thus, these gelatinases are involved in
mediating blood vessel permeability during inflammatory cell
extravasation (42). Interestingly, mRNA levels for these gela-
tinases remained unchanged following JHMV infection. How-
ever, analysis of enzymatic activity within lysates prepared
from CNS-derived cells demonstrated that MMP-9 protein,
but not MMP-2 protein, was increased following JHMV infec-
tion, and the level of protein expression correlated with lethal-
ity. Analysis of the infiltrating populations revealed that during
lethal infection a higher frequency of infiltrating neutrophils
and NK cells were recruited into the CNS during sublethal
infection. Neutrophils produce MMP-9 in the absence of
MMP-2 whereas mononuclear cells produce both MMP-2 and
MMP-9 (32). Analysis of neutrophils purified from the infected
CNS confirmed that neutrophils are the primary source of
MMP-9 activity detected during JHMV infection. MMP-9 pro-
tein induction was not associated with an increase in MMP-9
mRNA levels (Fig. 8 and 4, respectively). These discordant
results may be attributed to the observation that neutrophils
prepackage MMP-9 in granules prior to activation (32). By
contrast, MMPs synthesized by mononuclear inflammatory
cells and tissue-resident cells are secreted immediately follow-
ing translation (32). Thus, MMP-9 protein is unique among the
MMPs examined in that it may be present without detectable
de novo synthesis during inflammatory responses involving
neutrophils.

The relationship between enhanced mRNA expression from
inflammatory genes and increased virulence was confirmed by
examining the relative induction of a second family of inflam-
matory proteins, the chemokines. Similar to MMP and TIMP
mRNA expression, chemokine mRNA expression was also en-
hanced during lethal infection compared to sublethal infection.
Similar correlations between chemokine induction and viru-
lence have been reported following CNS infection with Sindbis
virus (20). A difference in the kinetics of chemokine induction
during lethal and sublethal JHMV infection was detected for
expression of CXCL1, a potent neutrophil chemoattractant
(4). CXCL1 expression peaked at a higher level (
3-fold)
during lethal infection than during sublethal infection, suggest-
ing that CXCL1 may play a significant role in recruiting neu-
trophils into the CNS during lethal infection.

Analysis of MMP and TIMP mRNA expression during JHMV
infection indicated that three genes, those for MMP-3, MMP-
12, and TIMP-1 were specifically up-regulated within CNS-
resident cells, whereas MMP-9 activity was associated with the
inflammatory infiltrate. These results are similar to two CD4�

T-cell models of CNS inflammatory diseases. During experi-
mental autoimmune encephalitis, expression of mRNAs for
MMP-2, -3, -9, -12, and -14 is up-regulated (36), whereas
MMP-1, -2, -3, -7, and -9 have been associated with CNS
lesions of multiple sclerosis (2, 9, 28). Although induction of
fewer types of MMPs was detected during JHMV infection,
these data suggest that specific MMPs, particularly MMP-3
and MMP-9, may play prominent roles in the pathogenesis of
these three distinct CNS inflammatory diseases. In contrast to

FIG. 9. MMP-9 activity is associated with neutrophils. (A) Fre-
quencies of CD4� T cells, CD8� T cells, CD19� B cells, macrophages
(F4/80�), NK cells (pan-NK�), and neutrophils (Ly-6Ghi, CD11b�)
within the CD45hi inflammatory cell population isolated from brains of
infected mice at day 4 p.i. Data were collected from cells pooled from
three or four mice per group and are representative of those from two
separate experiments. (B) MMP-9 activity in purified neutrophils iso-
lated from the infected CNS at day 4 p.i. Neutrophils were obtained by
cell sorting after staining with MAb Ly-6G. Lysates prepared from
both the Ly-6G � and Ly-6G � populations were analyzed for MMP-9
enzymatic activity by zymography.
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JHMV, which infects primarily glial cells (10), canine distem-
per virus infects primarily neurons (6) and is associated with
expression of MMP-14 and TIMP-1 mRNAs as well as de-
creased levels of MMP-9 mRNA, whereas MMP-3 and MMP-7
expression is unaffected by canine distemper virus (22). These
data suggest that distinct patterns of MMP expression may be
linked to cellular tropisms and/or the composition of the in-
flammatory processes occurring within the CNS.

In conclusion, increased virus replication during lethal in-
fection was associated with increased levels of MMP, TIMP,
and chemokine gene expression compared to sublethal infec-
tion. Whether specific genes are up-regulated as a direct result
of viral infection or as result of chemokine- or cytokine-medi-
ated signaling remains to be determined. However, these data
indicate that increased inflammatory gene expression by CNS
cells is predominantly due to uncontrolled viral replication, as
opposed to elevated numbers of inflammatory infiltrates re-
sponding to infection.
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