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Abstract
During the course of murine neurocysticercosis (NCC), disruption of the unique protective barriers
in the central nervous system (CNS) is evidenced by extravasation of leukocytes. This process varies
according to the anatomical sites and diverse vascular beds analyzed. To examine mechanisms
involved in the observed differences, the expression and activity of eight matrix metalloproteinases
(MMPs) were analyzed in a murine model of NCC. The mRNA expression of the MMPs studied
was upregulated as a result of infection, and active MMPs were mainly detected in leukocytes
migrating into the brain. Polarized expression and gelatinolytic activity of several MMPs were
identified in immune cells extravasating pial vessels as early as 1 day post infection. In contrast,
leukocytes expressing active MMPs and extravasating parenchymal vessels were not observed until
5 weeks post infection. In ventricular areas, most of the MMP activity was detected in leukocytes
traversing the ependyma from leptomeningeal infiltrates. In addition, immune cells continued to
express active MMPs after exiting vessels suggesting that enzymatic activity of MMPs is not just
required for diapedesis. These results correlate with our previous studies showing differential kinetics
in the disruption of the CNS barriers upon infection and help document the important role of MMPs
during leukocyte infiltration and inflammation.
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1. INTRODUCTION
Neurocysticercosis (NCC), a parasitic disease of the CNS is accompanied by disruption of the
BBB that can lead to significant morbidity and mortality [61]. Our studies in a mouse model
of NCC have revealed differential breakdown of the BBB and the blood-cerebrospinal fluid
barrier (BCB) dependant upon the vascular bed, accumulation of blood derived leukocytes,
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production of inflammatory cytokines and differential expression of MMP-9 [2–4]. Many of
these pathophysiological conditions have been described in other CNS disorders, and MMPs
have been linked to associated mechanisms [28,43,63].

MMPs are an expanding family of endopeptidases that serve as effectors of cell migration,
cytotoxicity and tissue remodeling via degradation of extracellular matrix (ECM) components
[40]. MMPs are highly regulated in their expression, secretion and activity [29]. Generally,
they are expressed at low or undetectable levels; however, expression is rapidly induced at
times of active tissue remodeling. Neutrophils, macrophages, glial cells, vascular smooth cells,
and T cells among others are able to produce MMPs upon stimulation [28]. MMPs are
commonly transcribed and secreted by the constitutive secretory pathway, except in the case
of immune cells such as neutrophils and macrophages where they are stored in secretory
granules and released upon stimulation [32]. MMPs are secreted in response to exogenous
insults and inflammatory cytokines such as TNF-α [10] and IL-1β [56]. Additionally, cell
contact dependent signaling may drive MMP up-regulation [27,37]. MMP secretion is down-
regulated by diverse cytokines including IFNγ, IL-4 and IL-10 [16,36,60], although the
regulation of secretion is cell- and stimulus-specific. Upon infection the challenged host
immune system must recruit leukocytes to the site of infection, eliminate the pathogen and then
downregulate the response to allow resolution of the inflammatory process. MMPs play an
important role in these processes both by degrading components of the ECM and by modulating
cytokine and chemokine activity [19].

In the normal adult CNS, most MMPs are expressed at intermediate to low levels. RNase
protection and polymerase chain reaction assays have shown constitutive expression of
MMP-2, -3, - 7, -8, -9, -11, -13, -14, -15, -16, -17, -19, -20, -21 and -23 in rodents [15,54,58].
In normal rat brain, MMP-2 expression has been described in astrocyte endfeet [45].
Upregulation of MMPs has been reported in multiple sclerosis, stroke, HIV-dementia, bacterial
meningitis, Alzheimer’s disease and brain tumors [43,46,47,63]. Animal models used to study
distinct CNS disorders have concentrated on the use of MMP inhibitors or MMP deficient
animals to evaluate the lack of MMPs in the progression of the disorder [7,24,28,29,35,43].
Studies in humans have focused on detection of MMPs in serum, CSF or post-mortem
specimens, and in general the data obtained correlates positively with the severity of the
disorder [5,14,22,26,33,48]. However, measurement of MMP expression and activity has
rarely been evaluated in vivo. In addition, changes in BBB and BCB permeability associated
with MMP expression have not addressed the different vascular beds or the complex anatomy
of the CNS.

Thus, the aim of this study was to evaluate the mRNA and protein expression of MMPs in mice
infected with Mesocestoides corti which is closely related to Taenia solium, the cestode that
causes NCC in humans. Particular emphasis was given to the expression of MMPs in leukocytes
extravasating different types of vasculature as the kinetics of infiltration differs among distinct
areas of the mouse brain [2–4]. Total mRNA isolated from brains after different post infection
times was analyzed using a macroarray specific for MMPs. In situ zymography and
immunofluorescence microscopy were performed in brain cryosections to analyze the active
expression of MMPs in leukocytes invading the CNS. A wide variety of MMPs are upregulated
upon infection, and most of the activity of these enzymes was detected in leukocytes invading
the CNS through leptomeninges, parenchyma and ventricles. In addition, the extent and timing
of MMP activation differ among pial, parenchymal and ventricular vessels. The findings
suggest that differential activation of multiple leukocyte MMPs is required to support the
anatomical heterogeneity of immune cell extravasation and migration in infected brain.
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2. RESULTS
MMP specific RNA is upregulated in parasite infected brain

As an initial screen to determine if MMPs are upregulated in a murine model of NCC, brain
levels for a number of MMP specific RNAs were compared with mock infected controls.
Macroarray analysis of samples obtained from mock infected animals showed relatively low
levels of mRNA for most of the MMPs analyzed except for MMP16 (MT3-MMP) and TIMP-2
(Fig 1). Upregulation of MMP mRNAs during the infectious process was observed for most
of the MMPs analyzed (Fig 1). It was generally characterized by a maximum level of expression
at 1 wk of infection followed by downregulation at 3 and 5 wk (Fig 1), except for MMP-8 and
-9 which exhibited maximum expression at 3 wk (Fig 1). MMP-2 and -3 were only slightly
upregulated (Fig 1) but have been described in the pathogenesis of other CNS disorders [23,
63].

Leukocytes express active MMPs in a polarized fashion when exiting pial vessels early in
the infection

During the course of murine NCC, leukocytes first extravasate through pial vessels located in
the external and internal leptomeninges [2]. MMP-9 expression and activity has been
demonstrated in this process [4], but upregulation of multiple MMPs upon infection (Fig 1)
may indicate that simultaneous activity of different MMPs is necessary to support leukocyte
extravasation into the CNS. To test this hypothesis we studied both the expression and potential
enzymatic activity of distinct MMPs in leukocytes exiting pial vessels of mock and parasite
infected animals. In mock infected control animals, relatively little expression and gelatinolysis
activity were found in the few leukocytes detected after multiple sections were analyzed (Table
1 and Fig 3). An example of MMP-2 is shown in Fig 2A to 2C. In contrast, collagenolysis
activity in leukocytes was mostly undetectable in these animals (Table 1). This is consistent
with our previous studies in which few leukocytes could be found infiltrating into the CNS of
control or mock infected animals [2,4]. It is probable that some degree of MMP activity in the
form of gelatinolytic activity is required for leukocytes extravasating into the CNS under
normal physiological conditions.

Leukocytes traversing pial vessels of animals infected for 1 and 3 days exhibited upregulation
of multiple MMPs with most of the enzymatic activity associated with gelatinolysis (Table 1
and Fig 3). Importantly, the gelatinolytic activity of leukocytes exiting pial vessels was
polarized from the lumen of the vessel towards the nervous tissue strongly suggesting its role
in directionality of cell movement. MMP-2 (Fig 2D to 2F), -9 (Fig 2G to 2I), and -8 (Fig 2J to
2L) were most evident in this polarized pattern of both expression and gelatinolytic activity.
MMP-7 expression was hardly detected in early infiltrating cells, but it was highly upregulated
in pial vessels although the potential substrate remains undefined (Fig 2M to 2O). In infected
animals, polarized activity of MMPs was less evident when collagen was used as the substrate
for ISZ. In addition, collagenolysis in general was found at lower levels than gelatinolysis in
cells infiltrating the brain at days 1 and 3 post infection (Table 1).

Active MMPs continue to be expressed in leptomeningeal inflammatory infiltrates
From our previous studies, immune cells continue to accumulate in the internal and external
leptomeninges for several weeks [2,12], so MMP expression and activity was studied at later
post infection times in these areas. At 1, 3 and 5 wk post infection; the expression and apparent
activity of multiple MMPs were present in infiltrates using either substrate although to varying
degrees (Table I, Fig 3). Examples of specific MMPs at different time points using gelatin or
collagen are shown in Figs 4 and 5 respectively. Leukocyte infiltration and expression of active
MMPs increased after 1 wk of infection (Table 1,Fig 4A–C). An antibody to CD11b which
detects myeloid cells was also used in conjunction with ISZ using gelatin as substrate (Fig 4D–
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F). The results indicate a large portion of the cells extravasating pial vessels and exhibiting
gelatinolytic activity are macrophages. In murine NCC there is a moderate infiltration of
neutrophils [2], MMP-9, -8, -3, -2 and -12 were also detected in cells displaying neutrophil-
like morphology. At the later post infection times of 3 and 5 wks, there were increased amounts
of infiltrates surrounding vessels and accumulating in leptomeninges (Figs 4G–O, Fig 5D–L).
Importantly, the majority of cells present in large infiltrates continue to exhibit MMP activity
indicative of their role in both diapedesis and migration through the ECM. This was particularly
evident for MMP-8 (Fig 4M–O, Fig 5D–F) and MMP-16 (Fig 5D–F). Also evident at the later
time points was an increase in collagen cleavage compared to earlier time points.

Upregulation of MMP-7 in pial vessels with unknown substrate activity was also found at later
times post infection (Fig 4J–L). In addition, MMP-3 was expressed in pial vessels (Fig 4G)
and moderate gelatin degradation was observed (Fig 4G–I). Also of interest, astrocyte endfeet
opposing the pia had increased expression of some MMPs although they were inactive in terms
of gelatin and collagen cleavage. Increased expression in astrocyte endfeet was most
pronounced with MMP-2 (Figs 4A–4C), -3, -8 (Figs 4M, 4O and 5J), -9, -12 (Figs 5A–5C),
-13 (Figs 5G–5I) and -16.

Leukocytes infiltrating through parenchymal vessels express active MMPs
Unlike pial vessels in leptomeninges that display leukocyte infiltration by day 1 of infection,
in recent studies we have shown that leukocytes exiting parenchymal vessels do not occur until
5 wks after infection [2]. In addition, we showed that MMP-9 is an important player in this
process using MMP9 −/− mice [4]. To further understand the role of MMPs in the breakdown
of parenchymal vessels, the expression and potential enzymatic activity of additional MMPs
were studied. Extravasation of serum proteins such as fibronectin has been used as a marker
of BBB disruption [2,38,39]. To correlate BBB disruption with MMP activity, cleavage of
gelatin and fibronectin leakage were studied simultaneously in parenchymal vessels at distinct
post infection times. It was found that overt leakage of fibronectin correlates with MMP
activity, but neither were detected in parenchyma until the fifth week of infection (Fig 6A to
6C)[2]. Examples of leukocytes expressing MMP-2 and MMP-8 with gelatinolytic activity are
shown in Fig 6D-F and Fig 6G-I respectively, and examples of MMP-13 and MMP-16 with
collagenolytic activity in Fig 6J–L and Fig 6M–O. Similar to observations in pial vessels of
the leptomeninges, a relatively large proportion of cellular infiltrates expressed MMP-8 and
MMP-16 with colocalized enzymatic activity. Moreover, there was no evidence for a distinct
pattern of MMP expression or activity that could explain differences in the timing of leukocyte
infiltration when comparing parenchymal and pial vessels.

Differences in the expression of certain MMPs were detected in the astrocyte endfeet
ensheathing parenchymal vessels vs. those opposing the pia. After 1 wk of infection and at
later post-infection times, substantial expression of various MMPs, as described above, were
detected in astrocyte endfeet opposing the pia. Those in vicinity of parenchymal vessels only
expressed detectable levels of MMP-2 (Fig 6D). However, the MMPs expressed by these two
different populations of astrocytes were inactive in terms of gelatin and collagen cleavage.

Active MMPs are expressed in leukocytes infiltrating ventricular areas
Leukocytes can access the CNS by entry into ventricles through the choroid plexuses (CPs).
In fact, this is the normal entry point in the uninfected brain. We have recently shown that
leukocytes predominately access the ventricles during infection by disruption of pial vessels
in the subependymal area followed by migration of leukocytes into ventricles through a
compromised ependymal lining, the epithelial layer that surrounds the ventricle [3]. Therefore,
we evaluated the expression and activity of MMPs to assess their involvement in leukocyte
migration into ventricles. Among the MMPs expressed in the ependyma of mock infected
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animals, MMP-8 (Fig 7A) and MMP-3 showed a higher expression, but these MMPs were
mostly inactive in control animals (Fig 7A). Relatively low levels of inactive MMP-2, -9, -12
and -16 were also detected in ependyma, whereas no expression of MMP-7 and -13 was
observed (Table 1).

Infected animals exhibited scarce activity of MMP-8 and MMP-3 at days 1 and 3 of infection
(data not shown). Expression of MMP-2, -9, -12 and -16 was similar to mock infected controls.
By 1 wk of infection, there was an increase of infiltrates in the subependyma exhibiting
gelatinolyitc and collagenolytic activity (Fig 7B–E). Some of these infiltrating cells colocalized
with MMPs and examples of MMP-8, -12, -16, and -9 are shown in Fig 7B–E, respectively.
Later post infection times of 3–5 wks showed increasing numbers of leukocytes expressing
active MMPs (Table 1). Consistent with our previous results indicating infection-induced
breaks in the ependyma as a source of inflammatory infiltrates in ventricles[3], Fig 7F shows
large numbers of CD11b+ cells (presumably macrophages) that have appeared to cross through
the ependymal lining (demarcated by cadherin staining) into the ventricle. Also shown is the
active expression of MMP-12 (Fig 7G), MMP-8 (Fig 7H), and MMP-2 (Fig 7I).

Leukocyte extravasation through the CPs is relatively low during murine NCC [2,3]. Of the
cells that appear to be exiting the CPs, expression of MMP-12 (Fig 7C) and MMP-16 was
found mainly exhibiting collagen activity, and to a lesser extent MMP-3 exhibiting gelatin
cleavage. Finally, the presence of MMP-2 and -9 noted above in the astrocyte endfeet opposing
the pia were also upregulated in the astrocyte endfeet in contact with ependyma. However, in
contrast to the lack of activity next to the pia and parenchymal vessels, gelatin cleavage was
detected in periventricular areas as shown in Fig 7E and Fig 7I.

3. DISCUSSION
MMP function has been classically associated with remodeling of the ECM, but their role in
leukocyte recruitment and processing of cytokines, chemokines, defensins and adhesion
molecules is increasingly apparent [19,63]. These multifunctional capabilities suggest that
several members of this family are involved in the inflammatory process, and our results
showing upregulation of multiple MMPs at the RNA level support this hypothesis albeit
distinguishing between pro- and active MMPs is essential. Infiltrating leukocytes have been
shown to be a major source of MMPs in distinct CNS disorders [21,25,31,55,59]. However,
studies in this area have generally focused on a particular MMP and enzymatic activity, mostly
cleavage of gelatin. In this study, the activity of multiple MMPs was assessed at various times
post infection by both gelatin and collagen cleavage using ISZ so that MMP expression and
activity could be studied at the single cell level. Increased expression of several MMPs was
noted in astrocytic endfeet in proximity to areas of inflammation as discussed below. However,
the vast majority of increased expression and activity of the 8 MMPs analyzed here were
associated with infiltrating immune cells. Although CD11b was the only cell surface marker
shown, we know from our previous studies that multiple cell types are present in the infiltrates
[2,12], and many CD11b negative cells are expressing active MMPs. Therefore CD11b positive
cells, presumably macrophages/microglia, are an important source of MMPs, but it is likely
that all immune cells that exit CNS vessels express MMPs in order to extravasate.

Also lacking in previous studies is the location of inflammatory infiltrates as it relates to MMP
expression, and this is critical given the complex anatomy and distinct barrier functions
associated with different types of brain vasculature. We recently found that in murine NCC,
BBB disruption and leukocyte migration occurs through pial vessels within days but in
parenchymal vessels, it takes up to 5 weeks [2]. In the study shown here, we found expression
of multiple, enzymatically active MMPs within the population of leukocytes extravasating pial
vessels as early as 1 day after infection. These findings suggest that leukocytes extravasating
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early in the infection require activity of multiple MMPs to migrate through the junctional
complex proteins of pial vessels and through the complexity of molecules associated with the
basal lamina normally present to protect the brain in the absence of disease. Importantly, many
of the MMPs analyzed in this study i.e: MMP-2, -3, -7 and -9, are known to degrade junctional
complex proteins such as occludin, claudin-5, ZO1 and VE-cadherin [6,13,62]. MMP-8, -16
and those previously named were actively expressed by leukocytes and pial vessels, indicating
a correlation with our previous results of the timing of BBB disruption and the discontinuous
expression of junctional complex proteins in CNS vessels [2,4]. It is also possible that distinct
subsets of leukocytes differ in the predominant MMPs utilized for extravasation.

Interestingly, the enzymatic activity of MMPs detected at these very early time points involved
gelatin degradation more so than collagen activity. At these early time points, the main event
being analyzed is likely the diapedesis process as opposed to migration through the
leptomeninges. Thus, it appears that gelatinolytic activity is more important for exiting the
vessel itself. This is consistent with the more polarized activity associated with gelatin
degradation compared with collagen. As the infection ensues, there is a progressive
accumulation of infiltrating leukocytes in the leptomeninges, and enzymatic activity of
multiple MMPs for both gelatin and collagen degradation is apparent. Movement of leukocytes
within the perivascular and Virchow-Robin spaces requires active MMPs to remodel the ECM
in these areas which is a hyaluronate-rich matrix composed of proteoglycans (e.g. neurocan,
aggrecan), glycoproteins (e.g. laminin and fibronectin), and numerous others factors such as
agrin and polysialic acid [11,42]. In addition, direct contact between leukocytes accumulated
in these infiltrates can induce additional expression of MMPs [17]. Moreover, MMPs also
modulate the expression and secretion of cytokines and chemokines that promote or restrict
further leukocyte extravasation and immune cell interaction in inflammatory infiltrates [19,
30,34]. As the immune infiltrates found during the course of murine NCC are composed of a
heterogeneous population of immune cells including macrophages, γδ T cells, αβ T cells,
neutrophils, and B cells [2,12], mechanisms that upregulate or downregulate the overall
immune response via cleavage of cytokine, chemokine and adhesion molecules could be
accomplished by the multiple expression of MMPs. Thus, enhanced expression of various
MMPs in inflammatory infiltrates of animals infected with M. corti likely sustains
accumulation of additional leukocytes by facilitating further extravasation through vasculature
as well as through the ECM. In particular, the high expression and activity of MMP-8 in this
model contrasts reports from most of the findings in other CNS disorders where MMP-2, -3
and -9 appear to be the main players in the pathological process [1,21,28,62,63]. In murine
NCC, MMP-8 cleaved both gelatin and collagen, and it was detected in most of the areas
analyzed, indicating its crucial role during the course of this infectious disease.

Leukocyte infiltration in parenchyma is a process directly associated with the kinetics of BBB
disruption, which is generally delayed during neuroinflammation compared with
leptomeninges [2,41]. Expression of active MMP-9 in parenchymal vessels correlates with the
timing of leukocyte infiltration, but its absence does not completely abrogate this process [4].
In the present study, expression of other MMPs was not detected around parenchymal vessels
until the fifth week of infection providing a direct correlation with the timing of leukocyte
infiltration and with the changes in expression of junctional complex proteins in this type of
vasculature that we reported previously [2,4]. Differential kinetics of leukocyte infiltration
between pial and parenchymal vessels may be explained in part by the distinct pattern of
adhesion molecules and extent of endothelium activation that have been described in these two
types of vessels [9,41]. Also, additional barriers in the parenchyma provide a likely explanation
of why immune cell infiltration through parenchymal vessels is delayed and why expression
of multiple MMPs may be a requirement. Leukocytes that have moved through parenchymal
vessels first cross the endothelial basal lamina but then need to traverse the parenchymal
basement membrane followed by membranes of the astrocytic endfeet processes. Pial vessels
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are not ensheathed by astrocytes nor do they have a parenchymal basement membrane. The
parenchymal basement membrane contains laminins, α1 and α2, compared with the endothelial
basal lamina that only contains laminin α4 [49,57] suggesting a more complex barrier.
Additionally, the parenchymal basement membrane is linked to the astrocytic endfoot
membrane through interactions with ECM components present on both sides [51,52].
Dystroglycan, which is exclusively expressed on the astrocytic endfoot membrane [53,64]
participates in these interactions, and it is known to be a substrate of MMP-2 and -9 [1]. In
light of these findings, the delay in leukocyte extravasation is likely the result of increased
barriers that serve to protect endothelial cells of parenchymal vessels of the necessary signals
for leukocyte diapedesis which includes activation of functional MMPs. However, the
leukocytes that exit and accumulate outside of pial and parenchymal vessels display the same
multiple MMPs with both gelatinolytic and collagenolytic activity. Although the determination
of specific substrates will be crucial, no evidence was found indicating that the differential
kinetics of leukocyte infiltration between pial and parenchymal vessels was the result of a
particular MMP exhibiting gelatinolytic or collagenolytic activity.

In murine NCC, leukocytes infiltrating ventricular spaces mainly come from pial vessels of
the subependyma and to a lesser amount, migrate through the CPs [2,3]. In this report, the
activity of multiple MMPs was studied in the ependyma, choroid plexus and leukocytes
infiltrating these areas. Immune cells coming from subependymal pial vessels expressed
multiple active MMPs using both substrates when they were sub-adjacent to the ependyma or
traversing it. The composition of the subependyma basal lamina opposing leptomeninges
remains to be fully investigated, but in contrast with the pial vessel basal lamina, hyaluronic
acid is not detected [8]. In addition, in normal mice the expression of tight junction proteins
such as claudin-1, -3 and -5 is not detected in ependyma [3] indicating that the barrier properties
of this structure are less restrictive compared with CNS vessels. Moreover, the junctional
complex proteins expressed in ependyma appear discontinuous or undetectable during
infection [3]. Expression of MMP-2, -3, -8 and 12 in the ependyma of infected animals was
upregulated compared with mock infected animals suggesting that this epithelium may be able
to support leukocyte migration by activating chemokines and/or adhesion molecules during
infection. Taken together, the ependyma located in proximity to leptomeninges and its basal
lamina appear to be less restrictive for cell migration due to the unique expression of MMPs
in this epithelium, to the high expression of active MMPs in inflammatory leukocytes and to
its less intricate junctional complexity and ECM composition.

In contrast to the multiple MMPs found in ependymal cells and leukocytes moving through
this cellular layer, the choroid plexus and the cells extravasating it showed a more limited
expression of MMPs. Moderate upregulation in the expression of MMP-3, -12, and -8 and low
enzymatic activity was detected by ISZ. These findings complement a recent report showing
the lack of structural changes in junctional complexes of the CPs of animals infected with M.
corti [3]. These results are consistent with previous observations in an in vitro model showing
that exposure to pro-inflammatory cytokines increased MMP-9 secretion by the choroidal
epithelium and led to functional differences in permeability but not structural changes of the
junctional complexes [50] although the permeability changes in this model may have been
more notable. The ability to maintain the integrity of junctional complex proteins together with
the more limited activity of MMPs in the CPs helps to explain why the CPs are a limited source
of inflammatory cells in the CNS during infection.

Previous studies have shown that MMP action upon CNS injury is due to intrinsic expression
and activation of astrocytes and microglia [20,44]. As mentioned above, upregulation of MMP
expression was mainly found in infiltrates but was also noted in astrocytic endfeet adjacent to
areas of inflammation. Interestingly, as a result of infection astrocytic endfeet that comprise
the glia limitans adjacent to the pia and leptomeninges exhibit upregulation of most of the
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MMPs analyzed, and they were inactive in terms of gelatin and collagen cleavage. The
astrocytic endfeet opposing the ependyma also display increase expression of various MMPs,
but with active gelatin cleavage in the case of MMP-2 and MMP-9. Both of these sites of
inflammation are characterized by more permissive areas of cellular infiltration upon infection.
In contrast, the astrocytic endfeet or glia limitans that surround parenchymal vessels, the least
permissive environment for cellular migration, exhibited upregulation of mainly inactive
MMP-2 and MMP-9. Therefore, astrocytes may also play an important role in barrier disruption
during disease, an area that warrants further study.

Finally, this is the first study covering in situ, the multiple and active expression of various
MMPs during a neuroinflammatory process. The assessment of all these enzymes in different
areas of the CNS correlated with the changes in permeability and cellular infiltration in the
various anatomical beds and vascular beds analyzed. The data suggest that multiples MMPs
are required to support the complex nature of leukocyte infiltration and immunopathology
observed in this model. Studies designed to block the activity of various MMPs and further
define substrates will help to gain a better understanding of these processes.

4. EXPERIMENTAL PROCEDURE
Animals

Female BALB/c mice 3–5 wk old were purchased from the National Cancer Institute Animal
Program (Bethesda, MD). Animal experiments were conducted under the guidelines of the
University of Texas System, The U.S. Department of Agriculture, and the National Institutes
of Health.

Parasites and inoculations
M. corti metacestodes were maintained by serial intraperitoneal inoculation of 8 to 12 wk old
female BALB/c mice. Intracranial inoculations were performed as described previously [12].
For i.c. inoculations, parasites were aseptically collected from the peritoneal cavity and
extensively washed in HBSS. Then, metacestodes (50 larvae) were suspended in 50 μl of HBSS
and injected intracranially into 3–5-wk-old female mice using a 25-gauge needle [12,18]. The
needle was inserted to a 2-mm depth at the junction of the superior sagittal and the transverse
sutures. This allows insertion of the needle into a protective cuff avoiding penetration of the
brain tissue. Control mice were injected with 50 μl sterile HBSS using the same protocol.
Before intracranial inoculation, mice were anesthetized intramuscularly with 20 μl mouse
mixture containing 100 mg/ml ketamine and 20 mg/ml rompum (Laboratory Animal Resource,
University of Texas Health Science Center, and San Antonio, TX). Animals were sacrificed
at 1 d, 3 d, 1 wk, 3 wk and 5 wk after inoculation and analyzed for parasite burden and immune
cell infiltration. As previously reported, parasites were detected in meningeal, parenchymal
and ventricular areas [2,3,12]. Before sacrifice, animals were anesthetized with 25 μl of mouse
mixture and perfused through the left ventricle with 15 ml of cold PBS. Five or more animals
were analyzed for each post-infection time with multiple sections analyzed per animal.

RNA isolation and gene array analysis
To determine the gene expression of MMPs during the course of infection, brains (n=2 per
infection time) were immediately removed after perfusion and total RNA was extracted using
Trizol (Invitrogen, Carlsbad CA) according to manufacturer’s protocol. Levels of MMP mRNA
were determined in the brain samples by using GEarray Q series mouse ECM and adhesion
molecules gene array (SuperArray, Frederick MD) following manufacturer’s instructions. Four
micrograms of total RNA from each sample were reverse transcribed into cDNA in presence
of α-33P-dCTP using the templates and reverse transcriptase supplied in kits. The cDNA probes
obtained were hybridized to gene specific cDNA fragments spotted on the GEArray
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membranes. The specificity of the reaction was determined using the blank spots or those with
cDNA fragments of the PUC18 plasmid. The radioactive signal from bound probes was
measured using the TyphoonTM 9400 phosphor imaging system (Molecular Dynamics,
Sunnyvale CA). The numerical value corresponding to the intensity of the gene band was
recorded and corrected for the background level of each blot using Image Quant software
(Molecular Dynamics, Sunnyvale CA). The average intensity of each gene was normalized to
the average values recorded for two housekeeping genes, cyclophilin A and rpI13a which were
included in the blot for internal controls. The normalized value represented mRNA expression
for each MMP gene.

Tissue processing and histological analysis
Brains removed from perfused animals were embedded in O.C.T. resin (Sakura, Torrance, CA)
and snap frozen. Serial horizontal cryosections of 10 μm were placed on xylene prep slides
(Sigma-Aldrich, St. Louis, MO). One in every five slides was stained with hematoxylin and
eosin (H&E) to determine the location of parasites and cellular infiltrates. H&E slides were
analyzed with a Leica DMR microscope (Leica Microsystems, Wetzlar Germany). Images
were acquired using a cooled CCD SPOT RT camera (Diagnostic instruments Inc, Sterling
Heights, MI). The images were processed and analyzed using Adobe Photoshop 7.0 (Adobe,
Mountain View, CA). The remainder of the slides was air dried overnight and fixed in fresh
acetone for 20 seconds at rt. Acetone-fixed sections were stored at −80°C or processed
immediately for immunostaining.

Antibodies
Antibodies purchased from Triple Point Biologics (Forest Grove, OR) were all produced in
rabbit and include anti-stromelysin-1 (MMP-3) carboxyterminal end, anti-matrilysin (MMP-7)
animoterminal end of active MMP7, anti-macrophage elastase (MMP-12) carboxyterminal
end, anti collagenase-3 (MMP-13) hinge region and anti-membrane-type MMP-3 (MT3-MMP,
MMP-16) hinge region. Antibodies purchased from SIGMA (St Louis, MI) were also
developed in rabbit and include anti-gelatinase A (MMP-2) hinge region, anti-collagenase 2
(MMP-8) hinge region and anti-gelatinase B (MMP-9). Rat anti-CD11b phycoerithrin(PE)-
conjugated was purchased from BD PharMingen (San Diego, CA). The purified rabbit anti-
fibronectin was purchased from Chemicon International (Temecula, CA). Finally the rabbit
anti-pan-cadherin was purchased from Zymed laboratories (South San Francisco, CA). Anti
MMP antibodies and fibronectin were detected with a RRX-conjugated AffiniPure donkey
anti-rabbit IgG from Jackson ImmunoResearch (West Grove, PA). All antibodies were titrated
with brain sections from 2 wk infected animals to determine optimal concentrations prior to
use. Spleen and liver sections from animals intraperitoneally infected with M. corti were used
as positive controls in titration experiments.

Immunofluorescence microscopy
Immunofluorescence (IF) staining was performed as previously described [2]. Briefly, tissues
were fixed in −20°C acetone for 10 min and then hydrated in PBS. Non-specific
immunoglobulin binding was blocked by 30 min incubation at rt with 10% serum from the
same species that the fluorochrome conjugated antibodies were derived. Sections were
incubated for 40 min with primary antibodies diluted in 3% species specific serum. Sections
were washed 7X for 3 min each after incubation with specified antibodies. Secondary
antibodies were incubated for 30 min at rt when necessary. Then, sections were mounted using
fluorsave reagent (Calbiochem, La Jolla, CA) containing 0.3 μM 4’,6’-diamidino-2-
phenylindole dilactate-DAPI (Molecular Probes, Eugene, OR). Negative controls using
secondary antibodies alone were included in each experiment and found to be negative for
staining. Fluorescence was visualized in a Leica DMR epifluorescent microscope (Leica
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Microsystems, Wetzlar Germany). Photographs were acquired, as described above. Imaging
processing and analysis was done using Image Pro Plus 5.0 (Media Cybernetics, Silver Spring
MD) and Adobe Photoshop 7.0 (Adobe, Mountain View, CA).

In situ zymography
In situ zymography (ISZ) was used to detect and localize gelatinolytic and collagenolytic
activity in brain tissue. Sections that had been stored at −80°C were fixed and hydrated for IF
analyses. A solution containing DQ-gelatin or collagen (Molecular probes, Eugene, OR), which
are MMP substrates heavily labeled with fluorescein and Oregon 488 respectively, were used
to determine activity of MMPs in situ. These substrates are heavily quenched and upon
digestion the increase in fluorescence is proportional to MMP activity. Sections were incubated
40 min at rt with 1 μg/mL of DQ-gelatin in reaction buffer (0.05 M Tris-HCl, 0.15 M NaCl, 5
mM CaCl2, pH 7.6) or with 5 mg/mL of collagen-oregon 488 in PBS 1X, and then washed. IF
staining was analyzed to correlate the levels of active and inactive MMPs in the samples.
Negative controls included pre-incubation with the MMP inhibitor 1, 10-phenanthroline (10
mM) and EDTA (10 mM). Images were acquired, processed and analyzed as previously
described.
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Figure 1. MMP expression is upregulated during the course of murine NCC
Total RNA was isolated from mock and infected controls at different post infection times. After
reverse transcription in presence of α-33P-dCTP, the cDNA probes were hybridized to GEArray
Q series membranes. The levels of mRNA expression of distinct MMPs were calculated in
arbitrary units and normalized to the average of housekeeping genes. Normalized values are
shown in the y-axis and represent the mean of two independent experiments. MMPs are denoted
by their number. T-1 and T-2 represent TIMP-1 and TIMP-2 respectively.
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Figure 2. Extravasation of leukocytes through pial vessels involves expression of active MMPs early
in the infectious process
ISZ and IF were performed in mock and animals infected with M. corti for 1 (1d) and 3 days
(3d). MMPs are labeled red (Rhodamine red X) and their activity, detected as gelatin (gel)
degradation appears green (fluorescein). Nuclear staining (DAPI) is blue. Three images (MMP
+DAPI)-(gel+DAPI)-(MMP+gel) of the same field were included for clarity. (A) Low
expression of MMP-2 in pial vessel (large arrowhead) of mock infected animal. 40X (B) Active
gelatinolysis in leukocytes (arrowheads) located in vicinity of pial vessel (C) Modest
expression of active MMP-2 in leukocytes (small arrowheads) extravasating pial vessel (large
arrowhead) (D) MMP-2 expression in pial vessel (asterisk) and infiltrating cells (arrowheads).
1d - 100X (E) Gelatinolytic activity in cells (arrowheads) traversing pial vessel (asterisk) (F)
Gelatinolysis and MMP-2 expression in cells (arrowheads) extravasating pial vessel (asterisk)
and accumulating in perivascular areas (G) Extravasating cells (arrowheads) showing
polarized MMP-9 expression from the lumen towards the basal lamina in a pial vessel
(asterisk). 1d – 100X (H) Polarized gelatinolysis in cells (arrowheads) traversing pial vessel
(asterisk) (I) Active MMP-9 expression in cells (arrowheads) infiltrating into the CNS through
a pial vessel (asterisk) (J) Extravasating cells (arrowheads) displaying polarized MMP-8
expression from the lumen towards the basal lamina in pial vessel (asterisk). 3d – 100X (K)
Polarized gelatinolysis in cells (arrowheads) traversing pial vessel (asterisk) (L) Active MMP-8
expression in cells (arrowheads) traversing a pial vessel (asterisk) (M) Expression of MMP-7
in pial vessels (arrowheads). 1d - 63X (N) Infiltrating leukocytes (arrowheads) displaying
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gelatinolysis (O) High power view of area marked in M and N, showing lack of gelatinolysis
in MMP-7 positive pial vessels (large arrowheads), and high expression in basal lamina. Gelatin
degradation is seen in MMP-7 negative leukocytes (small arrowheads).
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Figure 3. Kinetics and relative levels of MMP expression in leukocytes extravasating and
infiltrating the CNS during the course of murine NCC
Mice were intracranially inoculated with M. corti and sacrificed at the indicated times. 3
animals were analyzed per each infection time. MMPs (x axis) were determined using the
polyclonal antibodies described in material and methods. The relative number of cells at each
post infection time was arbitrarily assigned a number from 0 to 4 representing absent to
abundant.
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Figure 4. Expression of active MMPs detected by gelatin cleavage in leptomeningeal infiltrates
during the course of murine NCC
ISZ detected as gel (green) degradation and MMP expression (red) were performed in M.
corti infected animals 1 (1w), 3 (3w) and 5 weeks (5w) post-infection. Nuclear staining (DAPI)
is blue. Three images (MMP+DAPI)-(gel+DAPI)-(MMP+gel) of the same field were included
for clarity. High power view insets (2.5X times magnified) of pictures A to L were added to
better illustrate MMP activity. (A) MMP-2 expression in leukocytes extravasating pial vessels
(asterisks) and infiltrating leptomeninges (large arrowheads). Astrocyte endfeet processes
(small arrowheads) also express MMP-2. 1w - 40X (B) Same field as A showing gelatinolysis
(C) Cells extravasating pial vessels (asterisks) and infiltrating leptomeninges (large
arrowheads) express active MMP-2. Astrocyte endfeet (small arrowheads) also express
MMP-2, but lack gelatinolysis (D) CD11b+ leukocytes extravasating pial vessels (asterisks)
and accumulating in internal leptomeninges (arrowheads). 1w - 40X (E) same field as D
showing gelatin degradation (F) CD11b+ infiltrates (arrowheads) actively degrading gelatin
(G) MMP-3 expression in leukocytes infiltrating internal leptomeninges (inset 1) and pial
vessels (inset 2). 3w - 40X (H) same field as G showing gelatin degradation (I) Infiltrates (inset
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1) in internal leptomeninges express active MMP-3, gelatin degradation is also detected in pial
vessels (inset 2) (J) Infiltrating leukocytes (inset 1) and pial vessels (asterisks - inset 2) in
internal leptomeninges expressing MMP-7. 3w - 40X (K) same field as J showing gelatin
degradation (L) Active MMP-7 is moderately expressed in infiltrating cells (inset 1). Low
gelatin degradation is detected in pial vessels (asterisks - inset 2) (M) High expression of
MMP-8 in leptomeningeal infiltrate (i). Astrocyte endfeet (small arrowhead) opposed to the
pia also express MMP-8. 5w - 40X (N) same field as M showing gelatinolysis (O) Active
expression of MMP-8 in leptomeningeal infiltrate (i). Astrocyte endfeet lack gelatin
degradation.
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Figure 5. Active MMPs detected by collagen cleavage are present in inflammatory infiltrates of
mice infected with M. corti
ISZ using collagen (col)-oregon 488 (green) as substrate and MMP expression (red) were
performed in M. corti infected animals 1w, 3w and 5w post-infection. Nuclear staining (DAPI)
is blue. Three images (MMP+DAPI)-(col+DAPI)-(MMP+col) of the same field were included
for clarity. High power view insets (2.5X times magnified) were added to better illustrate MMP
activity (A) MMP-12 expressed by leukocytes infiltrating (inset) external leptomeninges and
by astrocyte endfeet (arrowheads). 1w - 40X (B) Same field as A, but showing collagenolysis
(C) Collagen cleavage is detected in MMP-12 expressing leukocytes (inset), but no in astrocyte
endfeet (arrowheads) (D) Leukocytes in inflammatory infiltrates (i) at internal leptomeninges
expressing MMP16. 3w - 40X (E) Same field as D showing collagenolysis (F) Leukocytes (i)
infiltrating internal leptomeninges express active MMP-16 (G) MMP-13 expression in internal
leptomeninges infiltrates (inset) and astrocyte endfeet (arrowheads). 5w - 40X (H) same field
as G, but showing collagen cleavage (I) Active MMP-13 is modestly expressed by some cells
in inflammatory infiltrates (inset), inactive MMP-13 is detected in astrocyte endfeet
(arrowheads) (J) High expression of MMP-8 in internal leptomeninges infiltrates (inset) and
astrocyte endfeet (arrowheads). 5w - 40X (K) Same field as J, showing collagenolysis (L)
Active expression of MMP-8 in leptomeningeal infiltrates (inset), inactive enzyme is detected
in few inflammatory cells and astrocyte endfeet (arrowheads).
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Figure 6. Expression of active MMPs in leukocytes infiltrating CNS parenchyma
ISZ using gel and col(green) combine with IF detection of MMPs (red) were used to determine
the expression of active MMPs in leukocytes extravasating parenchymal vessels 5w post-
infection. Nuclear staining is blue. Three images (MMP+DAPI)-(gel+DAPI)-(MMP+gel) of
the same field were included for clarity. High power view insets (2.5X times magnified) of
pictures D to F and J to L were added to better illustrate MMP activity (A) Fibronectin
extravasation (arrowhead) in parenchymal vessel. 40X (B) same field as A showing gelatin
degradation (C) Active gelatinolysis in parenchymal vessel displaying fibronectin
extravasation (D) MMP-2 expression in leukocytes extravasating parenchymal vessel (large
arrowhead - inset 1), microglia-astrocyte like cells (inset 2) and astrocyte endfeet (small
arrowheads). 40X (E) same field as D showing gelatin degradation (F) Active MMP-2
expression in some of the leukocytes extravasating a parenchymal vessel (large arrowhead-
inset 1) and in microglia-astrocyte like cells (inset 2). MMP-2 expressed in astrocyte endfeet
(small arrowheads) does not cleave gelatin (G) Expression of MMP-8 in leukocytes
extravasating parenchymal vessels (arrowheads). 40X (H) same field as G showing gelatin
degradation (I) Active MMP-8 expression by leukocytes in perivascular infiltrates of
parenchymal vessels (arrowheads) (J) Leukocytes extravasating parenchymal vessel (asterisk)
displayed moderate MMP-13 expression (inset). 40X (K) Same field as J showing collagen
degradation (L) Active collagen degradation is detected in few MMP-13 positive leukocytes
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(inset) extravasating a parenchymal vessel (asterisk) (M) MMP-16 expression in leukocytes
(arrowheads) extravasating a parenchymal vessel. 40X (N) same field as M showing
collagenolysis (O) Active expression of MMP-16 in leukocytes extravasating a parenchymal
vessel.
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Figure 7. MMP expression in ependyma, CP and leukocytes infiltrating ventricle in mice infected
with M. corti
ISZ with gel and col (green) as substrates and IF with polyclonal antibodies against distinct
MMPs (red) were used to determine the expression of active MMPs in ventricular areas during
infection. Panel D shows cadherin expression (red) and CD11b+ cells (green). High power
view insets (2.5X times magnified) were included in some pictures to better illustrate MMP
activity. Nuclear staining is blue. Ventricle (v), ependyma (e) and choroid plexus (cp). (A)
MMP-8 expression and low gelatinolysis is detected in e of mock infected animal. 40X (B)
MMP-8 expression increased in e. Active and polarized expression of this enzyme was found
in leukocytes (inset) traversing this structure. 1w 40X (C) MMP-12 expression was detected
in cp and leukocytes (inset) migrating into the v, active enzyme was only detected in leukocytes
(inset). 1w 40X (D) Active MMP-16 expressed in leukocytes (inset) migrating through e into
v. 1w - 40X (E) Expression of active MMP-9 in cells (large arrowhead – inset 1) moving from
subependyma into ventricles. Subependymal astrocyte endfeet (small arrowheads – inset 2)
also express MMP-9 able to degrade gelatin. 1w - 40X (F) High infiltration of CD11b+ cells
into ventricle through holes (arrowheads) in the e labeled with pan-cadherin antibody. 3w -
63X (G) Active gelatinolysis by MMP-12 was detected in leukocytes (arrowheads - inset)
located under e. Moderate upregulation of inactive MMP-12 was detected in e. 3w - 40X
(H) Active MMP-8 expression in leukocytes (arrowhead – inset) located under e. Moderate
upregulation of inactive MMP-8 is detected in e. 3w - 40X (I) Subependymal astrocyte endfeet
(large arrowheads - inset) expressed MMP-2 displaying gelatinolytic activity. No MMP-2
expression was detected in cp or in cells extravasating the cp (small arrowheads). 3w - 40X
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