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1. ABSTRACT

Matrix metalloproteinases (MMPs) are involved
in the pathogenesis of several diseases of the CNS, that
share common pathophysiological processes, such as
blood-brain barrier (BBB) disruption, oxidative stress,
remodeling of the extracellular matrix (ECM) and
inflammation. In ischemic brain injury, MMPs are
implicated in various stages of the disease. Early after the
onset of ischemia, MMPs contribute to the disruption of the
BBB leading to vasogenic edema and to the influx of
leucocytes into the CNS. The ability of MMPs to digest the
basal lamina of capillaries increases the risk of hemorrhagic
transformation of the ischemic tissue. During the acute
ischemic phase, maintenance of the ECM is essential for
neuronal survival. However, ECM degradation and its
reconstitution are critical to tissue recovery. MMPs as a key
modulator of ECM homeostasis play a role in the cascades
leading to neuronal cell death and tissue regeneration.  This
pleiotropic implication of MMPs in brain injury has open
new areas of investigation, which should lead to innovative
therapeutic strategies. Yet MMPs may have a detrimental
or beneficial role depending on the stage of brain injury.
Simple therapeutic strategies based on MMP inhibition
have thus little chance to favorably alter prognosis.

2. REGULATION OF MATRIX
METALLOPROTEINASES (MMPs) IN THE
CENTRAL NERVOUS SYSTEM

   Mat rix metalloproteinases (MMPs) belong to a
family of Zn2+- and Ca2+-dependent endopeptidases
including more than 20 members (1-3). Most MMPs are
structurally organized into three domains; an aminoterminal
propeptide, a catalytic domain and a hemopexin-like
domain at the carboxy-terminal. In most cases, MMPs are
secreted in the interstitial space as an inactive zymogen. A
subclass of MMPs is membrane-bound (MT-MMP) and
features a transmembrane domain and a short cytoplasmic
C-terminal end or a hydrophobic region with a specific
function (4). The regulation of MMP expression and
activity appears to be a very complex and tightly controlled
process. Tissue expression of most MMPs is low under
normal conditions and is induced when remodeling of ECM
is necessary. MMP gene expression is mostly regulated at
the transcriptional level, but modulation of mRNA stability
has been described for stromelysin, collagenase and
gelatinase A (MMP-2) in response to growth factors and
cytokines (5, 6) and for gelatinase B (MMP-9) in response
to nitric oxide (NO) (7). The promoter gene sequence of
several MMPs such as MMP-1, -3, -7, -9, -10, -12 and -13
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contains an AP-1 site  and an NF-κB site is identified on
the promoter region of MMP-9 (8). Stimulation or
repression of these growth factor-cytokine-redox
responsive MMP genes results in major changes in mRNA
and protein levels. On the other hand, the human gelatinase
A promoter does not contain any cytokine responsive
element but only an AP-2 site and behaves as a
housekeeping promoter (9), leading to an extensive
expression of MMP-2 under normal circumstances, with a
low responsiveness to inflammatory stimuli.

   What should be kept in mind, regarding MMP
regulation, is that cells do not indiscriminately release these
enzymes. MMPs are secreted and anchored to cell
membranes acting thereby on specific substrate located in
the peri-cellular space. For example, gelatinase A binds to
the integrin avß3 (10), gelatinase B to CD44 (11), and
matrilysin to surface proteoglycans (12). Since MMPs are
secreted as latent enzymes, physiological or
pathophysiological activation becomes a critical control
point. The classic mechanism of MMP activation, "the
cysteine switch mechanism", consists of the disruption of
the interaction between a zinc molecule on the active site
and a cysteine in the pro-domain, leading to the auto-
proteolytic cleavage of the zymogen and the production of
the mature active form of the enzyme (13). Chemical
agents such as p-chloromercuribenzoate (14) or sodium
dodecyl sulfate are able to generate active zymogen by
exposing the zinc active site. Other agents such as reactive
oxygen species or organomercurials inactivates the cysteine
residue (15-17). Early description of factors in conditioned
cell culture medium activating human proMMP-1 with no
modification of the enzyme molecular weight (18)
suggested that non-proteolytic mechanisms of MMP
activation could exist in biological systems. In addition, S-
nitrosylation or N-glycosylation of gelatinase B can also
modify its activity (19, 20). Alternatively, proteolytic
enzymes (14)  may cleave the propeptide ahead of the
cysteine, which will be removed afterwards autocatalytic
digestion to produce a stable activated MMP. Among many
proteases, plasmin and urokinase-type plasminogen
activator (uPA) and tissue-type plasminogen activator
(tPA) are known to serve as important physiological
activators of MMPs (21). Metalloproteinases may also
interact with each other and further promote activation as it
has been described for MMP-3 or MMP-2 activation of
gelatinase B (4, 22). In this regard, MMP-2 is activated by
membrane-type MMPs (MT-MMPs). MT1-MMP, MT2-
MMP, MT3-MMP, and MT4-MMP are expressed at low
levels in many cell types. Although, MT1-MMP, which is
regulated by cytokines, is the most predominant MT-MMP
(23), both MT2-MMP and MT3-MMP share with MT1-
MMP the ability to initiate the activation of pro-MMP-2. In
contrast, MT4-MMP has no ability to process proMMP-2
into its active form. In addition to the activation of
proMMP-2, MT1-MMP is responsible for the activation of
proMMP-13 (15). Processing of proMMP-13 occurs via a
56 kDa intermediate and a final 48 kDa form.

   After activation, MMP catalytic activity is
regulated by the tissue inhibitors of metalloproteinases
(TIMPs). Four TIMPs are identified so far: TIMP-1, -2, -3,

and -4. They interact with the active site plus a site in the
carboxyl terminal hemopexin-like region of MMPs. The C-
terminal region of TIMPs interacts with the C-terminal
region of the enzyme, increasing the rate of association
many fold. TIMP-1, the natural inhibitor of MMP-9,
prevents pro-MMP-9 activation. Furthermore, the pro-
MMP-9-TIMP-1 complex can interact with MMP-3 and
then dissociate into free pro-MMP-9 and the TIMP-1–
MMP-3 complex. TIMP-2, the natural inhibitor of MMP-2,
plays a dual role by also interacting with this gelatinase.
Indeed, when TIMP-2 complexes with proMMP-2, cell
surface-mediated activation of the enzyme is facilitated,
whereas interaction of TIMP-2 with the active enzyme
resulted in its inhibition (24-28).

3. MMPs IN THE ADULT BRAIN

  The expression of MMPs is very low in the
normal adult brain. MMP expression varies depending on
the different brain regions, cell populations and state of
development, as recently reviewed by Dzwonek et al (29).
MMP-2 was identified in the cortex, cerebellum,
hippocampus, mainly in astrocytes, but also in some
neurons such as Purkinje cells or cortical neurons (30-33).
MMP-9 was found in the cortex, cerebellum, and the
hippocampus, while MMP-3 was present in the cerebellum
(30-33). TIMPs were also found under normal conditions in
different brain regions and cell types (29).

4. MMPs IN CNS PATHOLOGIES

4.1. Ischemic brain injury and multiple sclerosis
   Experimental in vivo studies, investigating the
role of MMPs in stroke, have shown that gelatinase
expression was induced during experimental focal
ischemia. Studies, conducted in spontaneously hypertensive
rats resulted in some skepticism regarding the role of
MMPs in the early phase of ischemic brain injury, since
these studies could not show any up-regulation or
activation of the enzymes during the first hours after
permanent middle cerebral artery occlusion (MCAO) (34,
35). Later studies, using permanent or transient models of
MCAO in mice, showed,  however, that gelatinase B was
already up-regulated 1 to 2 hours after ischemia (36, 37).
Gelatinase B up-regulation was rapidly followed by the
appearance of the active form of gelatinase B (37, 38). One
study, conducted in baboons, showed an early up-
regulation of gelatinase A (39). As a corollary to these
experimental studies, in human ischemic stroke, MMP-9
expression was mainly increased in acute ischemic lesions
(less than 1 week after stroke onset) while MMP-2 and
MMP-7 (matrilysin) were increased in chronic lesions
(more than 1 week after stroke onset) (40, 41). The
oxidative unbalance induced by ischemia-reperfusion or
mechanical brain injury was shown to be a key event in
MMP-9 over-expression (42, 43).

   As mentioned earlier, MMPs are expressed at low
levels in resident cells of the normal brain. Under
pathological conditions, the exact cellular source of the
MMPs involved in BBB disruption is not known. Recently,
Gidday et al. (44) identified recruited leucocytes, as a key
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cellular source of MMP-9 in the early phase following
experimental focal ischemia. Earlier studies (34) examined
the expression of MMP-1 and MMP-3 (by western blotting)
after permanent MCAO. These studies failed to show any
expression of these proteins. Rosenberg et al. (45) could
not find any MMP-3 immunostaining in normal cerebral
cortex of spontaneously hypertensive rats, but they
observed positive immunoreactivity for MMP-3 in
activated microglia and ischemic neurons, 24h after
reperfusion, using a model of transient MCAO (45).
Inconsistent results were also found for TIMP-1 expression.
While some studies showed an over-expression of TIMP-1
at the mRNA and protein level starting at 12 hours after the
ischemic insult and reaching a peak at 48 hours (46, 47),
others could not find any modulation of TIMP-1 expression
during the first 24 hours (34, 37). On the other hand,
Nguyen et al. (48) demonstrated that TIMP-1–independent
activated MMP-9 was produced in endothelial cells,
implying a more intricate intracellular regulation of the
enzyme than previously thought (48).

   The inconsistent results between studies observed
regarding the expression of MMPs and TIMPs in brain
ischemia may be related to methodological particularities
of the experimental models, to variations in MMP
measurement techniques and to species related specificities.
In multiple sclerosis (MS), immunohistochemistry of brain
tissue demonstrated that the expression of MMP-1, -2, -3, -
7, -9 by astrocytes, microglia, endothelial cells and non
resident cells such as T-cells and macrophages, was
increased in and around plaques (40, 49, 50). During the
development of experimental autoimmune
encephalomyelitis (EAE), the increase of MMP-7 and -9 in
brain tissue  peaked at the time when clinical symptoms
became evident (51). In human encephalitis, MMP-9 levels
were increased in cerebrospinal fluid (CSF), whereas
MMP-2, -3 and -7 levels were unaltered (52, 53). While
MMP-9 CSF levels were similarly increased in MS patients
with acute relapses and those in clinically stable phases of
disease (53), MMP-9 serum levels appeared to increase
during clinical relapses and high levels correlating with an
increased number of gadolinium-enhancing MRI lesions
(54) or with the risk to develop new gadolinium-enhancing
lesions (55). Several studies have consistently shown that
serum levels of MMP-9 were significantly higher in MS
patients, compared to healthy control subjects (54-56).
Accordingly, MMP-9 protein levels in peripheral blood
mononuclear (PBMC) of active MS were significantly
higher compared to controls (57). Furthermore, TIMP-1
was found to be up-regulated in chronic plaques (58), while
concentrations of this inhibitor were low in CSF and
plasma of MS patients (54, 57, 59-61); the level of TIMP-1
increased after treatment with interferon-beta (IFN-beta).

4.2. Traumatic brain injury
Over-expression of MMP-2 and MMP-9 has also

been noted following traumatic and viral brain injury, as
well as after kainate treatment (32, 62-64). MMP-9 was
found to contribute to the pathophysiology of traumatic
brain injury. In this regard, MMP-9 knockout mice were
shown to have less motor deficits than wild-type mice after
controlled cortical impact (64). At 7 days, traumatic brain

lesion volumes on Nissl-stained histological sections were
significantly smaller in MMP-9 deficient animals. In the
course of kainate-induced seizure, early expression of
MMP-9 (6-24h) was seen in the hippocampal dentate gyrus
and neocortex. MMP-9 expression was observed in
neuronal cell bodies as well as in dendritic layers (65).
Several studies also showed that not only MMP-9 was
increased, in the hippocampus following seizures, but
TIMP-1 levels were increased as well (66, 67).

4.3. Bacterial infection
Bacterial meningitis is another example of

inflammatory disease, where infectious organisms trigger a
host inflammatory response. It is not surprising that up-
regulation of MMPs was consistently observed in the
course of bacterial meningitis (52, 68, 69). MMP-9 and
MMP-8, were shown to be up-regulated in the CSF from
children with bacterial meningitis, whereas MMP-2, -3
were not present (70). CSF levels of MMP-9 were
significantly higher in patients who developed neurological
sequelae than in those who recovered (70). CSF
concentration of TIMP-1 increased with MMP-9, but
remained elevated when the level of MMP-9 dropped.
Experimental rat models of pneumococcal meningitis
showed a dramatic induction of MMP-3, -8, -9, -12, -13,
and -14, but not MMP-2 and -7, in brain parenchymal
tissue. In cells found in the CSF, MMP-8 and -9 mRNA
were significantly increased, while MMP-2 and -7 mRNA
remained at basal levels (71, 72).

5. ROLE OF MMPs IN CNS PATHOPHYSIOLOGIC
RESPONSES

     MMPs are up-regulated in most of CNS
pathologies inducing an inflammatory response. Since
MMPs are not only key modulators of the ECM, but also
critical effectors for the cleavage or shedding of various
molecules (to their active or inactive forms) including pro-
inflammatory cytokines such as IL-1beta (73) and Fas
ligand (FasL) that are implicated in many inflammatory
processes, MMPs appear to be involved at many different
pathophysiologic levels in various brain pathologies.

5.1. MMPs in ischemic brain injury and disruption of
the blood brain barrier

The main causes of early neurological
deterioration and mortality following ischemic stroke are
brain edema (74) and hemorrhagic transformation (75). The
common pathophysiologic pathway leading to these
complications is the disruption of the BBB. The role of
BBB is to preserve the neuronal microenvironment, which
is essential for cell survival and the normal function of the
brain. BBB disruption is observed in experimental and
clinical ischemic stroke (37, 76), after only a few hours
following the ischemic event BBB disruption leads to
vasogenic edema formation. Ischemia also rapidly triggers
a pro-inflammatory cascade at the blood-vascular-
parenchymal interface (77) that is further exacerbated by
reperfusion (78). Free radical formation is an early and
central event in the pathophysiology of brain ischemia-
reperfusion (79). Among other stimuli, oxidative stress
triggers proinflammatory cytokines such as TNFalpha and
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IL-1beta, which were increased within a few hours of the
insult (80); accordingly, post-reperfusion treatment with
anti-TNFalpha neutralizing antibody reduced brain infarct
volume and cerebral edema, as well as cerebral MMP-9
over-expression (81). These events signal vascular and
leucocyte activation, leading to the appearance or increase
of adhesion molecules for leucocytes on the surface of
microvascular endothelial cells (82, 83) followed by
endothelial-leucocyte adhesion and finally leucocyte
penetration across the BBB into the ischemic tissue.
Transmigrated leucocytes will further promote brain injury
by releasing oxygen free radicals and various proteolytic
enzymes. As a functional entity, BBB includes several cell
types and the extracellular matrix (ECM). The endothelial
basal lamina represents the non-cellular component of the
BBB. Basement membrane proteins are synthesized by
endothelial cells; the basal lamina is a specialized ECM
composed of type IV collagen, fibronectin, laminin and
various proteoglycans (84). The ECM components interact
with endothelial cells via integrins and regulate distinct
biological events such as cellular differentiation, survival,
morphology, adhesion and gene expression (85-88). During
cerebral ischemia-reperfusion, the ECM is disrupted. Major
components of the endothelial basal lamina such as
laminin, type IV collagen and fibronectin start to disappear
as soon as 2 hours after the onset of ischemia (89). The first
signs of BBB leakage were consistently observed between
2 to 8 hours after the onset of ischemia (37, 46, 90, 91). By
24 hours of experimental ischemia-reperfusion, dissolution
of microvascular structures led to clear evidence of
microvessel interruption (89, 92, 93) with local hemorrhage
(92, 93). Thus, proteolysis seems to be a critical process of
stroke related to BBB disruption.

   All of the endothelial basal lamina components
can be digested by MMPs. Among the MMPs, gelatinase A
and gelatinase B specifically digest type IV collagen in the
basal lamina. Rosenberg et al. (46) confirmed the role of
MMPs in BBB disruption by demonstrating the ability of
the non-selective MMP inhibitor BB-1101 (British
Biotechnology, UK) to reduce early BBB leakage
following transient focal ischemia. Asahi et al. (94) used
knockout mice to demonstrate that among the MMPs,
MMP-9 was the main MMP contributing to BBB
disruption in experimental focal cerebral ischemia, while
MMP-2 has no influence on brain injury (95). Recently,
Fukuda et al. (96) formally demonstrated the role of
activated proteases in vascular degradation.

   The possible mechanism accounting for MMP-
mediated BBB alteration is explained by the disruption of
the endothelial basal lamina that prevents the anchorage of
the endothelial cells onto the ECM. MMP-9 may also
induce the loosening of the tight junctions by a the
alteration of their constituents, such as ZO-1 (94). MMPs
may also indirectly affect BBB permeability by interfering
with inflammatory pathways triggered by ischemia-
reperfusion. From in vitro studies, we know that MMPs can
process IL-1beta into its biologically active form. While
MMP-2 activated pro-IL-1beta in 24 hours, MMP-3 took 1
hour and MMP-9 only a few minutes to process the pro-IL-
1beta into its active form. Similar observations were made

for IL-8 (97). Thus, MMPs may promote inflammatory
processes, and in a positive feedback loop increases MMP
production by resident or migrating cells.

   The fundamental role played by MMPs in the
development of vasogenic edema during stroke is further
substantiated by the fact that these enzymes mediate the
capillary leakage triggered by oxidative stress. It is well
established that the oxidative unbalance during focal
cerebral ischemia is a major contributor to BBB disruption,
secondary brain injury and hemorrhagic transformation (91,
98-100). During focal ischemia-reperfusion, mice deficient
in Cu/Zn superoxide dismutase present with a more serious
vasogenic edema that can be prevented by the inhibition of
MMPs (42). MMP-mediated in situ proteolysis, observed at
the capillary level, correlates with the local production of
oxygen free radicals (42).

   Microvascular disruption due to MMP proteolytic
activity is a key event in ischemic stroke. This suggests that
MMPs may be responsible for the increased risk of
hemorrhagic transformation following recombinant tissue
plasminogen activator (tPA) induced reperfusion. Recent
experimental data confirmed this hypothesis. In a model of
thromboembolic stroke followed by reperfusion with tPA
in the rabbit, Lapchak et al. (101) showed that non-
selective inhibition of MMPs, before the onset of ischemia,
was able to reduce the hemorrhagic transformation.
However, it is still unclear whether MMP inhibition during
reperfusion would be efficient in reducing the hemorrhagic
transformation after the ischemic event. Moreover, what
would the optimal therapeutic window be? A first answer
to this question was sought by Rosenberg et al. (102) who
showed that a reduction in rat mortality occurred in animals
subjected to MCAO followed by reperfusion with tPA and
treated with an inhibitor of MMPs 2 hours after the
ischemic event. Thus, accumulating data showed that MMP
dysregulation was a major contributor to hemorrhagic
transformation after reperfusion. In addition, recent studies
suggested a close interaction between MMP and tPA
pathways. Indeed, while exogenous tPA increased the
ischemic level of MMP-9 in experimental stroke, tPA
knockout mice showed decreased levels of MMP-9 (103,
104). On the other hand, it was also shown that an increase
in endogenous tPA activity in the perivascular tissue
following cerebral ischemia induced opening of the BBB
by a mechanism that was independent of both plasminogen
and MMP-9 (105). By contrast, Wang et al. (106) observed
that MMP-9 played a detrimental role in a murine model of
brain hemorrhage unrelated to ischemia.

   One should underscore that clinical investigations
resulted in observations that were in accordance with those
made in experimental studies. Thus, in human ischemic
stroke, basal MMP-9 plasma levels obtained before tPA
treatment, appeared to predict intracranial hemorrhagic
complications occurring after thrombolysis (107).  On the
other hand, a positive correlation was found between
MMP-9 plasma levels and the infarct size (108, 109).

   An additional point that was raised in an attempt
to unravel the mechanism of BBB disruption and
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hemorrhagic transformation was the issue of identifying the
precise cellular source of gelatinase(s) implicated in
vascular proteolysis. Although neurons (110), astrocytes
(111), microglial cells (112), endothelial cells (34) and
oligodendrocytes (114), express gelatinases, recent data
suggested that MMP-9 secreted by transmigrated
leucocytes was a major contributor to BBB disruption. To
address this question, Gidday et al. (44) used MMP-9
knockout mice and chimeric knockout animals lacking
either in leucocytes or in resident brain cell MMP-9 to
determine if MMP-9 released from leucocytes and recruited
into the brain during post-ischemic reperfusion, contributed
to BBB disruption and brain injury. In this study, Gidday et
al. (44) observed that the extent of BBB breakdown, the
neurologic deficit, and the volume of infarction after
transient focal ischemia were abrogated to a similar extent
in MMP-9 knockout mice and in chimeras lacking
leucocytic MMP-9, but not in chimeras with MMP-9-
containing leucocytes. Zymography and western blot
analysis of MMP-9 from these chimeras confirmed that the
elevated MMP-9 expression in brain at 24 hours following
reperfusion is derived largely from leucocytes.
Interestingly, MMP-9 knockout mice showed a reduction in
leucocyte-endothelial adherence and in the number of
neutrophils plugging capillaries as well as infiltrating
ischemic brain during reperfusion. Interestingly,
microvessel immunoreactive collagen IV was also
preserved in these animals (44). The results of these
experiments reemphasized the role of leucocyte-derived
MMPs in ischemia-related brain injury. The
pathophysiologic complexity of leucocyte involvement in
stroke combined with methodologic weaknesses in other
studies probably explains the conflicting results obtained in
human studies in which the efficacy of anti-leucocyte
strategies were examined (114, 115). Finally, cortical
spreading depression which is a propagating wave of
neuronal and glial depolarization implicated in stroke, was
also shown to alter BBB permeability by activating MMP-9
(116).

5.2. MMPs and TIMPs in ischemic brain injury and
neuronal apoptosis

In response to internal or external death stimuli,
mitochondria and other organelles may initiate apoptosis
through the release of cytochrome c and activation of the
intrinsic caspase pathway (117, 118,). Conversely,
mitochondria may release apoptosis-inducing factor and
initiate apoptosis by caspase-independent mechanisms
(119, 120). Activation of cell surface receptors including
Fas and TNFalpha receptor can also initiate apoptosis
through the activation of caspase-8, which can activate the
extrinsic caspase pathway by cleaving the proapototic
molecule Bid that translocates to the mitochondria resulting
in the release of cytochrome c (121, 122). Finally, oxidative
DNA damage can trigger apoptosis by activating the
transcription factor p53, up-regulating transcription of the
Bax gene that encodes a pro-apoptotic protein with
mitochondrial membrane permeabilization-inducing
properties (123). Caspase-3 is the major downstream
apoptosis effector enzyme. However, calpain, another
cysteine protease, also appears to play a critical role in
apoptosis, as judged by the anti-apoptotic effect of calpain

inhibitors (124). Despite differences in cleavage-site
specificity, both proteases cleave many common substrates,
such as poly (ADP) ribose polymerase (PARP) and alpha-
spectrin.

  Brain ischemia-reperfusion triggers various
pathophysiologic cascades, which interact in a global
network with positive feed-back loops leading to neuronal
cell death. The major participants to this network are
oxidative stress and pro-inflammatory cytokines. In this
context, several experimental studies have shown that
strategies designed to reduce oxygen free radical formation
(79) or pro-inflammatory cytokines (125) such as
TNFalpha and IL-1beta release were efficacious in  limiting
neuronal injury. Oxidative stress was shown to promote the
mitochondria-dependent (i.e. intrinsic) apoptosis pathway
which is a major mechanism resulting in neuronal apoptosis
in ischemia (126). MMPs, including MMP-2, MMP-3 and
MMP-9, can convert the inactive precursor form of IL-
1beta into biologically active forms, which are implicated
in the development of brain damage following cerebral
ischemia. MMP involvement in delayed cell death may also
be related to the disruption of BBB leading to brain edema
and secondary cell injury, but the recent observation that
neuronal survival is closely related to the maintenance of
the ECM (86), suggested a more direct role for MMPs in
the pathophysiology of ischemic neuronal injury. Thus, Gu
et al. (19) demonstrated that MMP-9 activation by S-
nitrosylation induced neuronal apoptosis  in vitro.

   During cerebral ischemia in vivo, MMP-9 co-
localized with neuronal nitric oxide synthase. Activated
MMP-9 was identified, both in vitro and in vivo, as a stable
sulfinic or sulfonic acid, whose formation was triggered by
S-nitrosylation (19). Thus far only global ischemia and
kainate models of brain injury have investigated the
implication of MMPs in neuronal apoptosis in vivo or ex
vivo (127, 128). In that regard, Lee et al. (127) showed that
selective neuronal cell death in the hippocampus was
reduced in MMP-9-deficient mice and also in animals
treated with a non-selective inhibitor of MMPs when
compared to control animals. However, the exact
mechanism leading to the protection was not investigated.
Jourquin et al. (128) also showed that non-selective
inhibition of MMPs, as well as selective inhibition of
MMP-9 were capable of protecting vulnerable neurons
after kainate challenge to organotypic neuronal cultures.

  Recent investigations conducted in our laboratory
showed that non-selective MMP inhibition reduced cerebral
infarct as well as DNA fragmentation after experimental
focal ischemia. The cerebroprotective effect occurred
concomitantly with a reduction of cytochrome c release
into the cytosol, a reduction of calpain-related α-spectrin
degradation, as well as an increase in the immunoreactivity
of the intact form of poly (ADP) ribose polymerase
(unpublished data). By contrast, specific targeting of the
mmp-9 gene in mice did not modify the apoptotic response
after cerebral ischemia, although the intra-
cerebroventricular injection of a non-selective inhibitor of
MMPs in MMP-9 deficient mice provided a significant
reduction of DNA degradation. These results indicated that
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MMPs other than MMP-9 are actively involved in cerebral
ischemia-induced apoptosis.

   The involvement of TIMPs as a regulator of
apoptosis was also studied. Glutamate-induced
excitotoxicity was attenuated by TIMP-1 in cultured
neurons (129). Interestingly, cytoprotection seemed to be
independent of MMPs, since the nonselective inhibition of
MMPs was unable to reproduce the cytoprotective effect
produced by TIMP-1. TIMP-3 may also play a crucial role
in ischemic neuronal cell death. Indeed,  TIMP may
stabilize the interaction between TNFalpha and its receptor
as well as between FasL and Fas through the inhibition of
MMPs since MMPS have protein- shedding abilities. While
TIMP-3 is expressed at very low levels in normal brain
tissue, TIMP-3 is highly expressed in ischemic cortical
neurons undergoing apoptosis after experimental MCAO
(45, 130). In addition, TIMP-3 and MMP-3 modified
neuronal sensitivity to Fas-mediated apoptosis induced by
doxorubicin (131). In this study, MMP inhibition by TIMP-
3 appeared to be necessary for doxorubicin-induced
apoptosis. MMP-3 added to cell cultures markedly
attenuated apoptosis and blunted Fas receptor–FasL
interactions at the neuronal cell surface (131).

5.3. MMPs in multiple sclerosis
Multiple slcerosis (MS) is an autoimmune disease

characterized by demyelination and axonal loss. MMPs
disrupt myelin (132) and fragments of the MMP mediated
digestion of myelin basic protein (MBP) after injection into
rodents can induce experimental autoimmune
encephalomyelitis (EAE), the experimental model of MS,
(133, 134). Also, human MMP-9 cleaves human MBP into
peptide fragments, one of which contains the
immunodominant epitope (134). Non-selective inhibitors of
MMPs improved or prevented EAE (2). Moreover, young
mice lacking MMP-9 have less symptoms after the induction
of EAE when compared with wild type animals (135). In
humans, IFN-beta  inhibited the production of MMP-9 by
leucocytes in vitro, and alters the capacity of leucocytes to
cross endothelial (136) and ECM barriers (137, 138). In
addition, MS patients treated with IFN-beta showed a decrease
in serum MMP-9 as well as the number of leucocytes
producing the proteinase (139). Interestingly, activated MMP-
9 is capable of degrading and inactivating IFN-beta (140).
IFN-beta degradation can be inhibited by minocycline, an
antibiotic of the tetracycline family, known to inhibit MMPs
and to protect against experimental focal ischemia (140, 141).

  Other MMPs including MMP-12 also appear to
play a critical role in MS, as macrophages from MMP-12
deficient mice showed a diminished capacity to penetrate
basement membranes in vitro and in vivo (142). As in the
case of ischemic brain injury the ability of MMPs to shed
critical pro-inflammatory cytokines, adhesion molecules,
TNFalpha and Fas receptors is a potential mechanism
implicating MMP involvement in MS pathophysiology.

5.4. MMPs in bacterial meningitis .
We have previously discussed experimental

models of bacterial meningitis. Despite progress in
intensive care and effective antimicrobial chemotherapy,

bacterial meningitis in man is still associated with a high
mortality and incidence of neurological sequelae (143, 144).
Following pneumococcal autolysis, a rapid increase of pro-
inflammatory cytokines (IL-1beta, TNFalpha, IL-6) and
chemokines (IL-8, MIP1-2) is detected in CSF, followed by
increased BBB permeability (145). Over the past few years,
experimental studies provided converging evidence for a
central role of MMPs in bacterial meningitis (70-72, 146-150).
Indeed, Leib et al. (71, 72) showed that an association
between a broad-spectrum inhibitor of MMPs and antibiotics
reduced neuronal necrosis and apoptosis in a model of
experimental meningitis.  The important results of these studies
were a significant reduction in mortality, seizure incidence and
a preservation of learning capacity in animals treated with the
MMP inhibitor. The results of the studies by Leib et al. (71,
72) were, however, challenged by Bottcher et al. (151) who
showed that MMP-9-deficient mice infected with
streptococcus pneumoniae were not protected when compared
to wild type animals, probably due to a delayed bacterial blood
clearance. This result could be explained by the fact that the
animals in this study did not receive any antibiotic following
bacterial CNS infection.

5.5. MMPs and other CNS pathologies
MMPs are also associated with Alzheimer's

disease, inflammatory myopathies and tumors of the CNS
such as glioma (2, 3, 152). It is also likely that the number
of neurological diseases associated with unbalanced
MMP/TIMP expression will grow over time.

6. PERSPECTIVE

  MMPs play a pleiotropic role in the
pathophysiology of BBB disruption and delayed neuronal
cell death during ischemic and inflammatory brain injury.
Recent studies also suggest that MMPs may play a role in
glial scarring, neuronal cell migration and brain tissue
recovery.  In this context, new therapeutic strategies
designed to modulate MMP activity should take into
account the multiple levels at which these proteinases act as
well as the timing of their involvement in different
pathophysiologic processes. An oversimplified experimental
approach to new therapeutic interventions using MMP
inhibitors would almost certainly bring about disappointing
clinical results. In this regard, clinical stroke studies have been
most often deceiving. Future studies should dissociate the
acute phase of stroke, where MMPs play a deleterious role on
the BBB and neuronal cell survival, from the sub-acute phase,
when MMPs may play a more beneficial role by favoring
neuronal cell migration and recovery.

7. ACKNOWLEDGEMENTS

YG is supported by the Swiss National Science
Foundation (#3200B0-100738), the R&D and APSIC funds
of Geneva University Hospital and the Boninchi
Foundation

8. REFERENCES

1. I. Massova, L. P. Kotra, R. Fridman & S. Mobashery:
Matrix metalloproteinases: structures, evolution, and
diversification. FASEB J 12(12), 1075-1095 (1998)



MMPs and Brain Disorders

1295

2. V. W. Yong, C. A. Krekoski, P. A. Forsyth, R. Bell & D.
R. Edwards: Matrix metalloproteinases and diseases of the
CNS. Trends Neurosci 21(2), 75-80 (1998)

3. V. W. Yong, C. A. Krekoski, P. A. Forsyth, R. Bell & D.
R. Edwards: Matrix metalloproteinases and diseases of the
CNS. Trends Neurosci 21(2), 75-80 (1998)

4. M. D. Sternlicht & Z. Werb: How matrix
metalloproteinases regulate cell behavior. Annu Rev Cell
Dev Biol 17,463-516 (2001)

5. A. M. Delany & C. E. Brinckerhoff: Post-transcriptional
regulation of collagenase and stromelysin gene expression
by epidermal growth factor and dexamethasone in cultured
human fibroblasts. J Cell Biochem 50(4), 400-410 (1992)

6. C. M. Overall, J. L. Wrana & J. Sodek: Transcriptional
and post-transcriptional regulation of 72-kDa
gelatinase/type IV collagenase by transforming growth
factor-beta 1 in human fibroblasts. Comparisons with
collagenase and tissue inhibitor of matrix metalloproteinase
gene expression. J Biol Chem 266(21), 14064-14071
(1991)

7. S. Akool El, H. Kleinert, F. M. Hamada, M. H.
Abdelwahab, U. Forstermann, J. Pfeilschifter & W.
Eberhardt: Nitric oxide increases the decay of matrix
metalloproteinase 9 mRNA by inhibiting the expression of
mRNA-stabilizing factor HuR. Mol Cell Biol 23(14),4901-
4916 (2003)

8. J. W. Christman, T. S. Blackwell & B. H. Juurlink:
Redox regulation of nuclear factor kappa B: therapeutic
potential for attenuating inflammatory responses. Brain
Pathol 10(1),153-162 (2000)

9. P. Huhtala, L. T. Chow & K. Tryggvason: Structure of
the human type IV collagenase gene. J Biol Chem 265(19),
11077-82 (1990)

10. P. C. Brooks, S. Stromblad, L. C. Sanders, T. L. Von
Schalscha, R. T. Aimes, W. G. Stetler-Stevenson, J. P.
Quigley & D. A. Cheresh: Localization of matrix
metalloproteinase MMP-2 to the surface of invasive cells
by interaction with integrin alpha v beta 3. Cell 85(5), 683-
693 (1996)

11. Q. Yu & I. Stamenkovic: Cell surface-localized matrix
metalloproteinase-9 proteolytically activates TGF-beta and
promotes tumor invasion and angiogenesis. Genes Dev
14(2), 163-176 (2000)

12. W. H. Yu & J. F. Woessner, Jr.: Heparan sulfate
proteoglycans as extracellular docking molecules for
matrilysin (matrix metalloproteinase 7). J Biol Chem
275(6) 4183-4191 (2000)

13. H. E. Van Wart & H. Birkedal-Hansen: The cysteine
switch: a principle of regulation of metalloproteinase
activity with potential applicability to the entire matrix

metalloproteinase gene family. Proc Natl Acad Sci U.S.A
87(14), 5578-5582 (1990)

14. G. P. Stricklin, J. J. Jeffrey, W. T. Roswit & A. Z.
Eisen: Human skin fibroblast procollagenase: mechanisms
of activation by organomercurials and trypsin.
Biochemistry 22(1), 61-68 (1983)

15. V. Knauper, H. Will, C. Lopez-Otin, B. Smith, S. J.
Atkinson, H. Stanton, R. M. Hembry & G. Murphy:
Cellular mechanisms for human procollagenase-3 (MMP-
13) activation. Evidence that MT1-MMP (MMP-14) and
gelatinase a (MMP-2) are able to generate active enzyme. J
Biol Chem 271(29),17124-17131 (1996)

16. S. Rajagopalan, X. P. Meng, S. Ramasamy, D. G.
Harrison & Z. S. Gallis: Reactive oxygen species produced
by macrophage-derived foam cells regulate the activity of
vascular matrix metalloproteinases in vitro. J Clin Invest
98(11), 2572-2579 (1996)

17. S. J. Weiss, G. Peppin, X. Ortiz, C. Ragsdale & S. T.
Test: Oxidative autoactivation of latent collagenase by
human neutrophils. Science 227(4688), 747-749 (1985)

18. B. Tyree, J. L. Seltzer, J. Halme, J. J. Jeffrey & A. Z.
Eisen: The stoichiometric activation of human skin
fibroblast pro-collagenase by factors present in human skin
and rat uterus. Arch Biochem Biophys 208(2), 440-443
(1981)

19. Z. Gu, M. Kaul, B. Yan, S. J. Kridel, J. Cui, A.
Strongin, J. W. Smith, R. C. Liddington and S. A. Lipton:
S-nitrosylation of matrix metalloproteinases: signaling
pathway to neuronal cell death. Science 297(5584), 1186-
1190 (2002)

20. L. P. Kotra, L. Zhang, R. Fridman, R. Orlando & S.
Mobashery: N-Glycosylation pattern of the zymogenic
form of human matrix metalloproteinase-9. Bioorg Chem
30(5), 356-370 (2002)

21. P. Mignatti & D. B. Rifkin: Biology and biochemistry
of proteinases in tumor invasion. Physiol Rev  73(1), 161-
195 (1993)

22. D. E. Kleiner, Jr. & W. G. Stetler-Stevenson: Structural
biochemistry and activation of matrix metalloproteases.
Curr Opin Cell Biol 5(5), 891-897 (1993)

23. J. Lohi, K. Lehti, J. Westermarck, V. M. Kahari & J.
Keski-Oja: Regulation of membrane-type matrix
metalloproteinase-1 expression by growth factors and
phorbol 12-myristate 13-acetate. Eur J Biochem 239(2),
239-247 (1996)

24. U. Bergmann, A. Tuuttila, W. G. Stetler-Stevenson &
K. Tryggvason: Autolytic activation of recombinant human
72 kilodalton type IV collagenase. Biochemistry 34(9),
2819-2825 (1995)



MMPs and Brain Disorders

1296

25. G. I. Goldberg, B. L. Marmer, J. A. Grant, A. Z. Eisen,
S. Wilhelm & C. He: Human 72k type IV collagenase
forms a complex with a tissue inhibitor of
metalloproteinase designed TIMP-2. Proc Nat. Acad Sci
USA. 86(21), 8207-8211 (1989)

26. A. Y. Strongin, Y. Collier, G. Bannikov, B. L. Marmer,
G. A. Grant & G. I. Goldberg: Mechanism of cell surface
activation of 72-kDa type IV collagenase. J Biol Chem
270(10), 5331-5338 (1995)
)
27. A. Y. Strongin, B. L. Marmer, G. A. Grant & G. I.
Goldberg: Plasma membrane-dependent activation of the
72-kDa type IV collagenase is prevented by complex
formation with TIMP-2. J Biol Chem 268(19), 14033-
14039 (1993)

28. F. Willenbrock & G. Murphy: Structure-function
relationships in the tissue inhibitors of metalloproteinases.
Am J Respir Crit Care Med 150, S165-S170 (1994)

29. J. Dzwonek, M. Rylski & L. Kaczmarek: Matrix
metalloproteinases and their endogenous inhibitors in
neuronal physiology of the adult brain. FEBS Lett 567(1),
129-35 (2004)

30. C. Vaillant, M. Didier-Bazes, A. Hutter, M. F. Belin &
N. Thomasset: Spatiotemporal expression patterns of
metalloproteinases and their inhibitors in the postnatal
developing rat cerebellum. J Neurosci 19(12), 4994-5004
(1999)

31. J. W. Wright, A. J. Masino, J. R. Reichert, G. D.
Turner, S. E. Meighan, P. C. Meighan & J. W. Harding:
Ethanol-induced impairment of spatial memory and brain
matrix metalloproteinases. Brain Res 963(1-2), 252-261
(2003)

32. J. W. Zhang, S. Deb & P. E. Gottschall: Regional and
differential expression of gelatinases in rat brain after
systemic kainic acid or bicuculline administration. Eur J
Neurosci 10(11), 3358-3368 (1998)

33. J. W. Zhang, S. Deb & P. E. Gottschall: Regional and
age-related expression of gelatinases in the brains of young
and old rats after treatment with kainic acid. Neurosci Lett
295(1-2), 9-12 (2000)

34. A. M. Romanic, R. F. White, A. J. Arleth, E. H.
Ohlstein & F. C. Barone: Matrix metalloproteinase
expression increases after cerebral focal ischemia in rats:
inhibition of matrix metalloproteinase-9 reduces infarct
size. Stroke 29(5), 1020-1030 (1998)

35. G. A. Rosenberg, M. Navratil, F. Barone & G.
Feuerstein: Proteolytic cascade enzymes increase in focal
cerebral ischemia in rat. J Cereb Blood Flow Metab 16(3),
360-366 (1996)

36. M. Asahi, K. Asahi, J. C. Jung, G. J. Del Zoppo, M. E.
Fini & E. H. Lo: Role for matrix metalloproteinase 9 after
focal cerebral ischemia: effects of gene knockout and

enzyme inhibition with BB-94. J Cereb Blood Flow Metab
20(12), 1681-1689 (2000)

37. Y. Gasche, M. Fujimura, Y. Morita-Fujimura, J. C.
Copin, M. Kawase, J. Massengale & P. H. Chan: Early
appearance of activated matrix metalloproteinase-9 after
focal cerebral ischemia in mice: a possible role in blood-
brain barrier dysfunction. J Cereb Blood Flow Metab 19(9),
1020-1028 (1999)

38. M. Fujimura, Y. Gasche, Y. Morita-Fujimura, J.
Massengale, M. Kawase & P. H. Chan: Early appearance of
activated matrix metalloproteinase-9 and blood-brain
barrier disruption in mice after focal cerebral ischemia and
reperfusion. Brain Res 842(1), 92-100 (1999)

39. J. H. Heo, J. Lucero, T. Abumiya, J. A. Koziol, B. R.
Copeland & G. J. Del Zoppo: Matrix metalloproteinases
increase very early during experimental focal cerebral
ischemia. J Cereb Blood Flow Metab 19(6), 624-633
(1999)

40. D. C. Anthony, B. Ferguson, M. K. Matyzak, K. M.
Miller, M. M. Esiri & V. H. Perry: Differential matrix
metalloproteinase expression in cases of multiple sclerosis
and stroke. Neuropathol Appl Neurobiol 23(5), 406-415
(1997)

41. A. W. Clark, C. A. Krekoski, S. S. Bou, K. R. Chapman
& D. R. Edwards: Increased gelatinase A (MMP-2) and
gelatinase B (MMP-9) activities in human brain after focal
ischemia. Neurosci Lett 238(1-2), 53-6 (1997)

42. Y. Gasche, J.- C. Copin, T. Sugawara, M. Fujimura &
P. H. Chan: Matrix metalloproteinase inhibition prevents
oxidative stress-associated blood-brain barrier disruption
after transient focal cerebral ischemia. J Cereb Blood Flow
Metab 21(12), 1393-1400 (2001)

43. Y. Morita-Fujimura, M. Fujimura, Y. Gasche, J.- C.
Copin & P. H. Chan: Overexpression of copper and zinc
superoxide dismutase in transgenic mice prevents the
induction and activation of matrix metalloproteinases after
cold injury-induced brain trauma. J Cereb Blood Flow
Metab 20(1), 130-138 (2000)

44. J. M. Gidday, Y. G. Gasche, J. C. Copin, A. R. Shah, R.
S. Perez, S. D. Shapiro, P. H. Chan & T. S. Park:
Leukocyte-derived matrix metalloproteinase-9 mediates
blood-brain barrier breakdown and is proinflammatory
following transient focal cerebral ischemia. Am J Physiol
Heart Circ Physiol (2005) March 11 [Epub ahead of print

45. G. A. Rosenberg, L. A. Cunningham, J. Wallace, S.
Alexander, E. Y. Estrada, M. Grossetete, A. Razhagi, K.
Miller & A. Gearing: Immunohistochemistry of matrix
metalloproteinases in reperfusion injury to rat brain:
activation of MMP-9 linked to stromelysin-1 and microglia
in cell cultures. Brain Res  893(1-2), 104-112 (2001)

46. G. A. Rosenberg, E. Y. Estrada & J. E. Dencoff: Matrix
metalloproteinases and TIMPs are associated with blood-



MMPs and Brain Disorders

1297

brain barrier opening after reperfusion in rat brain. Stroke
29(10), 2189-2195 (1998)

47. X. Wang, F. C. Barone, R. F. White & G. Z. Feuerstein:
Subtractive cloning identifies tissue inhibitor of matrix
metalloproteinase-1 (TIMP-1) increased gene expression
following focal stroke. Stroke 29(2), 516-520 (1998)

48. M. Nguyen, J. Arkell & C. J. Jackson: Active and tissue
inhibitor of matrix metalloproteinase-free gelatinase B
Accumulates within human microvascular endothelial
vesicles. J Biol Chem 273(9), 5400-5404 (1998)

49. A. Maeda and R. A. Sobel: Matrix metalloproteinases
in the normal human central nervous system, microglial
nodules, and multiple sclerosis lesions. J Neuropathol Exp
Neurol 55(3), 300-309 (1996)

50. J. A. Cossins, J. M. Clements, J. Ford, K. M. Miller, R.
Pigott, W. Vos, P. Van Der Valk & C. J. De Groot:
Enhanced expression of MMP-7 and MMP-9 in
demyelinating multiple sclerosis lesions. Acta Neuropathol
(Berl) 94(6), 590-8 (1997)

51. B. C. Kieseier, R. Kiefer, J. M. Clements, K. Miller, G.
M. Wells, T. Schweitzer, A. J. Gearing & H. P. Hartung:
Matrix metalloproteinase-9 and -7 are regulated in
experimental autoimmune encephalomyelitis. Brain 121 (Pt
1), 159-166 (1998)

52. K. Gijbels, S. Masure, H. Carton & G. Opdenakker:
Gelatinase in the cerebrospinal fluid of patients with
multiple sclerosis and other inflammatory neurological
disorders. J Neuroimmunol 41(1), 29-34 (1992)

53. D. Leppert, J. Ford, G. Stabler, C. Grygar, C. Lienert,
S. Huber, K. M. Miller, S. L. Hauser & L. Kappos: Matrix
metalloproteinase-9 (gelatinase B) is selectively elevated in
CSF during relapses and stable phases of multiple sclerosis.
Brain 121 (Pt 12), 2327-2334 (1998)

54. M. A. Lee, J. Palace, G. Stabler, J. Ford, A. Gearing &
K. Miller: Serum gelatinase B, TIMP-1 and TIMP-2 levels
in multiple sclerosis. A longitudinal clinical and MRI
study. Brain 122 (Pt 2), 191-197 (1999)

55. E. Waubant, D. E. Goodkin, L. Gee, P. Bacchetti, R.
Sloan, T. Stewart, P. B. Andersson, G. Stabler & K. Miller:
Serum MMP-9 and TIMP-1 levels are related to MRI
activity in relapsing multiple sclerosis. Neurology 53(7),
1397-1401 (1999)

56. M. Trojano, C. Avolio, G. M. Liuzzi, M. Ruggieri, G.
Defazio, M. Liguori, M. P. Santacroce, D. Paolicelli, F.
Giuliani, P. Riccio & P. Livrea: Changes of serum sICAM-
1 and MMP-9 induced by rIFNbeta-1b treatment in
relapsing-remitting MS. Neurology 53(7), 1402-1408
(1999)

57. R. Lichtinghagen, T. Seifert, A. Kracke, S. Marckmann,
U. Wurster & F. Heidenreich: Expression of matrix
metalloproteinase-9 and its inhibitors in mononuclear blood

cells of patients with multiple sclerosis. J Neuroimmunol
99(1), 19-26 (1999)

58. M. L. Cuzner, D. Gveric, C. Strand, A. J. Loughlin, L.
Paemen, G. Opdenakker & J. Newcombe: The expression
of tissue-type plasminogen activator, matrix
metalloproteases and endogenous inhibitors in the central
nervous system in multiple sclerosis: comparison of stages
in lesion evolution. J Neuropathol Exp Neurol 55(12),
1194-1204 (1996)

59. Y. Galboiz, S. Shapiro, N. Lahat, H. Rawashdeh & A.
Miller: Matrix metalloproteinases and their tissue inhibitors
as markers of disease subtype and response to interferon-
beta therapy in relapsing and secondary-progressive
multiple sclerosis patients. Ann Neurol 50(4), 443-451
(2001)

60. M. Kouwenhoven, V. Ozenci, A. Tjernlund, M.
Pashenkov, M. Homman, R. Press & H. Link: Monocyte-
derived dendritic cells express and secrete matrix-
degrading metalloproteinases and their inhibitors and are
imbalanced in multiple sclerosis. J Neuroimmunol 126(1-
2), 161-171 (2002)

61. V. Ozenci, L. Rinaldi, N. Teleshova, D. Matusevicius,
P. Kivisakk, M. Kouwenhoven & H. Link:
Metalloproteinases and their tissue inhibitors in multiple
sclerosis. J Autoimmun 12(4), 297-303 (1999)

62. S. T. Khuth, H. Akaoka, A. Pagenstecher, O. Verlaeten,
M. F. Belin, P. Giraudon & A. Bernard: Morbillivirus
infection of the mouse central nervous system induces
region-specific upregulation of MMPs and TIMPs
correlated to inflammatory cytokine expression. J Virol
75(17), 8268-8282 (2001)

63. A. Szklarczyk, J. Lapinska, M. Rylski, R. D. Mckay &
L. Kaczmarek: Matrix metalloproteinase-9 undergoes
expression and activation during dendritic remodeling in
adult hippocampus. J Neurosci 22(3), 920-930 (2002)

64. X. Wang, J. Jung, M. Asahi, W. Chwang, L. Russo, M.
A. Moskowitz, C. E. Dixon, M. E. Fini & E. H. Lo: Effects
of matrix metalloproteinase-9 gene knock-out on
morphological and motor outcomes after traumatic brain
injury. J Neurosci 20(18), 7037-7042 (2000)

65. S. Zagulska-Szymczak, R. K. Filipkowski & L.
Kaczmarek: Kainate-induced genes in the hippocampus:
lessons from expression patterns. Neurochem Int 38(6),
485-501 (2001)

66. J. Jaworski, I. W. Biedermann, J. Lapinska, A.
Szklarczyk, I. Figiel, D. Konopka, D. Nowicka, R. K.
Filipkowski, M. Hetman, A. Kowalczyk & L. Kaczmarek:
Neuronal excitation-driven and AP-1-dependent activation
of tissue inhibitor of metalloproteinases-1 gene expression
in rodent hippocampus. J Biol Chem 274(40), 28106-28112
(1999)



MMPs and Brain Disorders

1298

67. E. Nedivi, D. Hevroni, D. Naot, D. Israeli & Y. Citri:
Numerous candidate plasticity-related genes revealed by
differential cDNA cloning. Nature 363(6431), 718-722
(1993)

68. R. Paul, B. Angele, B. Sporer, H. W. Pfister & U.
Koedel: Inflammatory response during bacterial meningitis
is unchanged in Fas- and Fas ligand-deficient mice. J
Neuroimmunol 152(1-2), 78-82 (2004)

69. R. Paul, S. Lorenzl, U. Koedel, B. Sporer, U. Vogel, M.
Frosch & H. W. Pfister: Matrix metalloproteinases
contribute to the blood-brain barrier disruption during
bacterial meningitis. Ann Neurol 44(4), 592-600 (1998)

70. D. Leppert, S. L. Leib, C. Grygar, K. M. Miller, U. B.
Schaad & G. A. Hollander: Matrix metalloproteinase
(MMP)-8 and MMP-9 in cerebrospinal fluid during
bacterial meningitis: association with blood-brain barrier
damage and neurological sequelae. Clin Infect Dis  31(1),
80-84 (2000)

71. S. L. Leib, J. M. Clements, R. L. Lindberg, C.
Heimgartner, J. M. Loeffler, L. A. Pfister, M. G. Tauber &
D. Leppert: Inhibition of matrix metalloproteinases and
tumour necrosis factor alpha converting enzyme as
adjuvant therapy in pneumococcal meningitis. Brain 124(Pt
9), 1734-1742 (2001)

72. S. L. Leib, D. Leppert, J. Clements & M. G. Tauber:
Matrix metalloproteinases contribute to brain damage in
experimental pneumococcal meningitis. Infect Immun
68(2), 615-620 (2000)

73. U. Schönbeck, F. Mach & P. Liby: Generation of
biologically active IL-1 beta by matrix metalloproteinases:
a novel caspase-1-independent pathway of IL-1 β
processing. J Immunol 161, 3340-3346 (1998)

74. S. Schwab, T. Steiner, A. Aschoff, S. Schwarz, H. H.
Steiner, O. Jansen & W. Hacke: Early hemicraniectomy in
patients with complete middle cerebral artery infarction.
Stroke 29(9), 1888-1893. (1998)

75. W. M. Clark, G. W. Albers, K. P. Madden & S.
Hamilton: The rtPA (alteplase) 0- to 6-hour acute stroke
trial, part A (A0276g): results of a double-blind, placebo-
controlled, multicenter study. Thromblytic therapy in acute
ischemic stroke study investigators. Stroke 31(4), 811-816
(2000)

76. L. L. Latour, D. W. Kang, M. A. Ezzeddine, J. A.
Chalela & S. Warach: Early blood-brain barrier disruption
in human focal brain ischemia. Ann Neurol 56(4), 468-477
(2004)

77. F. C. Barone & G. Z. Feuerstein: Inflammatory
mediators and stroke: new opportunities for novel
therapeutics. J Cereb Blood Flow Metab 19(8), 819-834
(1999)

78. M. A. Petty & J. G. Wettstein: Elements of cerebral
microvascular ischaemia. Brain Res Brain Res Rev  36(1),
23-34 (2001)

79. A. Lewen, P. Matz & P. H. Chan: Free radical
pathways in CNS injury. J Neurotrauma 17(10), 871-890
(2000)

80. W. M. Clark & H. L. Lutsep: Potential of anticytokine
therapies in central nervous system ischaemia. Expert Opin
Biol Ther 1(2), 227-237 (2001)

81. N. Hosomi, C. R. Ban, T. Naya, T. Takahashi, P. Guo,
X. Y. Song & M. Kohno: Tumor necrosis factor-alpha
neutralization reduced cerebral edema through inhibition of
matrix metalloproteinase production after transient focal
cerebral ischemia. J Cereb Blood Flow Metab (2005) Feb
23 [Epub ahead of print]

82. G. J. Del Zoppo: Microvascular changes during
cerebral ischemia and reperfusion. Cerebrovasc Brain
Metab Rev 6(1), 47-96 (1994)

83. Y. Okada, B. R. Copeland, E. Mori, M. M. Tung, W. S.
Thomas & G. J. Del Zoppo: P-selectin and intercellular
adhesion molecule-1 expression after focal brain ischemia
and reperfusion. Stroke 25(1), 202-211 (1994)

84. P. D. Yurchenco & J. C. Schittny: Molecular
architecture of basement membranes. FASEB J 4(6), 1577-
1590 (1990)

85. P. C. Brooks, A. M. Montgomery, M. Rosenfeld, R. A.
Reisfeld, T. Hu, G. Klier & D. A. Cheresh: Integrin alpha v
beta 3 antagonists promote tumor regression by inducing
apoptosis of angiogenic blood vessels. Cell 79(7), 1157-
1164 (1994)

86. C. S. Chen, M. Mrksich, S. Huang, G. M. Whitesides &
D. E. Ingber: Geometric control of cell life and death.
Science 276(5317), 1425-1428 (1997)

87. D. E. Ingber & J. Folkman: How does extracellular
matrix control capillary morphogenesis? Cell 58(5), 803-
805 (1989)

88. A. J. Maniotis, C. S. Chen & D. E. Ingber:
Demonstration of mechanical connections between
integrins cytoskeletal filaments and nucleoplasm that
stabilize nuclear structure. Proc Natl Acad Sci USA 94(3),
849-854 (1997)

89. G. F. Hamann, Y. Okada, R. Fitridge & G. J. Del
Zoppo: Microvascular basal lamina antigens disappear
during cerebral ischemia and reperfusion. Stroke 26(11),
2120-2126 (1995)

90. L. Belayev, R. Busto, W. Zhao & M. D. Ginsberg:
Quantitative evaluation of blood-brain barrier permeability
following middle cerebral artery occlusion in rats. Brain
Research 739(1-2), 88-96 (1996)



MMPs and Brain Disorders

1299

91. T. Kondo, A. G. Reaume, T. T. Huang, E. Carlson, K.
Murakami, S. F. Chen, E. K. Hoffman, R. W. Scott, C. J.
Epstein & P. H. Chan: Reduction of CuZn-superoxide
dismutase activity exacerbates neuronal cell injury and
edema formation after transient focal cerebral ischemia. J
Neurosci 17(11), 4180-4189 (1997)

92. G. F. Hamann, G. J. Del Zoppo & R. Von Kummer:
Hemorrhagic transformation of cerebral infarction--
possible mechanisms. Thromb Haemost 82(Suppl 1), 92-94
(1999)

93. G. F. Hamann, Y. Okada & G. J. Del Zoppo:
Hemorrhagic transformation and microvascular integrity
during focal cerebral ischemi/reperfusion. J Cereb Blood
Flow Metab 16(6), 1373-1378 (1996)

94. M. Asahi, X. Wang, T. Mori, T. Sumii, J. C. Jung, M.
A. Moskowitz, M. E. Fini & E. H. Lo: Effects of matrix
metalloproteinase-9 gene knock-out on the proteolysis of
blood-brain barrier and white matter components after
cerebral ischemia. J Neurosci 21(19), 7724-7732 (2001)

95. M. Asahi, T. Sumii, M. E. Fini, S. Itohara & E. H. Lo:
Matrix metalloproteinase 2 gene knockout has no effect on
acute brain injury after focal ischemia. Neuroreport 12(13),
3003-3007 (2001)

96. S. Fukuda, C. A. Fini, T. Mabuchi, J. A. Koziol, L. L.
Eggleston, Jr. & G. J. Del Zoppo: Focal cerebral ischemia
induces active proteases that degrade microvascular matrix.
Stroke 35(4), 998-1004 (2004)

97. G. Opdenakker, P. E. Van Den Steen, B. Dubois, I.
Nelissen, E. Van Coillie, S. Masure, P. Proost & J. Van
Damme: Gelatinase B functions as regulator and effector in
leukocyte biology. J Leukoc Biol 69(6), 851-9 (2001)

98. M. Asahi, K. Asahi, X. Wang & E. H. Lo: Reduction of
tissue plasminogen activator-induced hemorrhage and brain
injury by free radical spin trapping after embolic focal
cerebral ischemia in rats. J Cereb Blood Flow Metab
20(12),452-457 (2000)

99. A. Lewen, T. Sugawara, Y. Gasche, M. Fujimura & P.
H. Chan: Oxidative cellular damage and the reduction of
APE/Ref-1 expression after experimental traumatic brain
injury. Neurobiol Dis 8(3), 380-390 (2001)

100. Y. Gursoy-Ozdemir, A. Can & T. Dalkara:
Reperfusion-induced oxidative/nitrative injury to
neurovascular unit after focal cerebral ischemia. Stroke
35(6), 1449-1453 (2004)

101. P. A. Lapchak, D. F. Chapman & J. A. Zivin:
Metalloproteinase inhibition reduces thrombolytic (tissue
plasminogen activator)-induced hemorrhage after
thromboembolic stroke. Stroke 31(12), 3034-3040 (2000)

102. T. Pfefferkorn & G. A. Rosenberg: Closure of the
blood-brain barrier by matrix metalloproteinase inhibition

reduces rtPA-mediated mortality in cerebral ischemia with
delayed reperfusion. Stroke 34(8), 2025-2030 (2003)

103. X. Wang, S. R. Lee, K. Arai, S. R. Lee, K. Tsuji, G.
W. Rebeck & E. H. Lo: Lipoprotein receptor-mediated
induction of matrix metalloproteinase by tissue
plasminogen activator. Nat Med 9(10), 1313-1317 (2003)

104. T. Sumii & E. H. Lo: Involvement of matrix
metalloproteinase in thrombolysis-associated hemorrhagic
transformation after embolic focal ischemia in rats. Stroke
33(3), 831-6 (2002)

105. M. Yepes, M. Sandkvist, E. G. Moore, T. H. Bugge,
D. K. Strickland & D. A. Lawrence: Tissue-type
plasminogen activator induces opening of the blood-brain
barrier via the LDL receptor-related protein. J Clin Invest
112(10), 1533-1540 (2003)

106. J. Wang & S. E. Tsirka: Neuroprotection by inhibition
of matrix metalloproteinases in a mouse model of
intracerebral haemorrhage. Brain 128(Pt 7), 1622-1633
(2005)

107. J. Montaner, C. A. Molina, J. Monasterio, S. Abilleira,
J. F. Arenillas, M. Ribo, M. Quintana & J. Alvarez-Sabin:
Matrix metalloproteinase-9 pretreatment level predicts
intracranial hemorrhagic complications after thrombolysis
in human stroke. Circulation 107(4), 598-603 (2003)

108. J. Montaner, J. Alvarez-Sabin, C. Molina, A. Angles,
S. Abilleira, J. Arenillas, M. A. Gonzalez & J. Monasterio:
Matrix metalloproteinase expression after human
cardioembolic stroke: temporal profile and relation to
neurological impairment. Stroke 32(8), 1759-1766 (2001)

109. J. Montaner, J. Alvarez-Sabin, C. A. Molina, A.
Angles, S. Abilleira, J. Arenillas & J. Monasterio: Matrix
metalloproteinase expression is related to hemorrhagic
transformation after cardioembolic stroke. Stroke 32(12),
2762-2767 (2001)

110. J. R. Backstrom, G. P. Lim, M. J. Cullen and Z. A.
Tokes: Matrix metalloproteinase-9 (MMP-9) is synthesized
in neurons of the human hippocampus and is capable of
degrading the amyloid-beta peptide (1-40). J Neurosci
16(24), 7910-7919 (1996)

111. J. L. Massengale, Y. Gasche & P. H. Chan:
Carbohydrate source influences gelatinase production by
mouse astrocytes in vitro. Glia 38(3), 240-5 (2002)

112. P. E. Gottschall, X. Yu & B. Bing: Increased
production of gelatinase B (matrix metalloproteinase-9) and
interleukin-6 by activated rat microglia in culture. J
Neurosci Res 42(3), 335-342 (1995)

113. L. Y. Oh, P. H. Larsen, C. A. Krekoski, D. R.
Edwards, F. Donovan, Z. Werb & V. W. Yong: Matrix
metalloproteinase-9/gelatinase B is required for process
outgrowth by oligodendrocytes. J Neurosci 19(19), 8464-
8475 (1999)



MMPs and Brain Disorders

1300

114. K. Furuya, H. Takeda, S. Azhar, R. M. Mccarron, Y.
Chen, C. A. Ruetzler, K. M. Wolcott, T. J. Degraba, R.
Rothlein, T. E. Hugli, G. J. Del Zoppo & J. M. Hallenbeck:
Examination of several potential mechanisms for the
negative outcome in a clinical stroke trial of enlimomab, a
murine anti-human intercellular adhesion molecule-1
antibody: a bedside-to-bench study.PG - 2665-74. Stroke
32(11), 2665-2674 (2001)

115. E. A. S. T. Investigators: Use of anti-ICAM-1 therapy
in ischemic stroke: results of the Enlimomab Acute Stroke
Trial.PG - 1428-34. Neurology 57(8), 1428-1434 (2001)

116. Y. Gursoy-Ozdemir, J. Qiu, N. Matsuoka, H. Bolay,
D. Bermpohl, H. Jin, X. Wang, G. A. Rosenberg, E. H. Lo
& M. A. Moskowitz: Cortical spreading depression
activates and upregulates MMP-9. J Clin Invest 113(10),
1447-1455 (2004)

117. K. F. Ferri & G. Kroemer: Organelle-specific
initiation of cell death pathways. Nat Cell Biol 3(11), E255-
263 (2001)

118. K. F. Ferri & G. Kroemer: Mitochondria--the suicide
organelles. Bioessays 23(2), 111-115 (2001)

119. H. Wang, S. W. Yu, D. W. Koh, J. Lew, C. Coombs,
W. Bowers, H. J. Federoff, G. G. Poirier, T. M. Dawson &
V. L. Dawson: Apoptosis-inducing factor substitutes for
caspase executioners in NMDA-triggered excitotoxic
neuronal death. J Neurosci 24(48), 10963-10973 (2004)

120. S. W. Yu, H. Wang, T. M. Dawson & V. L. Dawson:
Poly (ADP-ribose) polymerase-1 and apoptosis inducing
factor in neurotoxicity. Neurobiol Dis 14(3), 303-317
(2003)

121. N. Plesnila, S. Zinkel, D. A. Le, S. Amin-Hanjani, Y.
Wu, J. Qiu, A. Chiarugi, S. S. Thomas, D. S. Kohane, S. J.
Korsmeyer & M. A. Moskowitz: BID mediates neuronal
cell death after oxygen/ glucose deprivation and focal
cerebral ischemia. Proc Natl Acad Sci U S A 98(26),
15318-15323 (2001)

122. D. Wallach, E. E. Varfolomeev, N. L. Malinin, Y. V.
Goltsev, A. V. Kovalenko & M. P. Boldin: Tumor necrosis
factor receptor and Fas signaling mechanisms. Annu Rev
Immunol 17,331-67 (1999)

123. B. Vogelstein, D. Lane & A. J. Levine: Surfing the
p53 network. Nature 408(6810), 307-310 (2000)

124. P. Lipton: Ischemic cell death in brain neurons.
Physiol Rev  79(4), 1431-1568 (1999)

125. H. Hara, R. M. Friedlander, V. Gagliardini, C. Ayata,
K. Fink, Z. Huang, M. Shimizu-Sasamata, J. Yuan & M. A.
Moskowitz: Inhibition of interleukin 1beta converting
enzyme family proteases reduces ischemic and excitotoxic
neuronal damage. Proc Natl Acad Sci U S A 94(5), 2007-
2012 (1997)

126. T. Sugawara, A. Lewen, Y. Gasche, F. Yu & P. H.
Chan: Overexpression of SOD1 protects vulnerable motor
neurons after spinal cord injury by attenuating
mitochondrial cytochrome c release. FASEB J 16(14),
1997-1999 (2002)

127. S. R. Lee, K. Tsuji, S. R. Lee & E. H. Lo: Role of
matrix metalloproteinases in delayed neuronal damage after
transient global cerebral ischemia. J Neurosci 24(3), 671-
678 (2004)

128. J. Jourquin, E. Tremblay, N. Decanis, G. Charton, S.
Hanessian, A. M. Chollet, T. Le Diguardher, M.
Khrestchatisky & S. Rivera: Neuronal activity-dependent
increase of net matrix metalloproteinase activity is
associated with MMP-9 neurotoxicity after kainate. Eur J
Neurosci 18(6), 1507-1517 (2003)

129. H. K. Tan, D. Heywood, G. S. Ralph, A. Bienemann,
A. H. Baker & J. B. Uney: Tissue inhibitor of
metalloproteinase 1 inhibits excitotoxic cell death in
neurons. Mol Cell Neurosci 22(1), 98-106 (2003)

130. J. A. Wallace, S. Alexander, E. Y. Estrada, C. Hines,
L. A. Cunningham & G. A. Rosenberg: Tissue inhibitor of
metalloproteinase-3 is associated with neuronal death in
reperfusion injury. J Cereb Blood Flow Metab 22(11),
1303-1310 (2002)

131. M. Wetzel, G. A. Rosenberg & L. A. Cunningham:
Tissue inhibitor of metalloproteinases-3 and matrix
metalloproteinase-3 regulate neuronal sensitivity to
doxorubicin-induced apoptosis. Eur J Neurosci 18(5),
1050-1060 (2003)

132. M. K. Matyszak & V. H. Perry: Delayed-type
hypersensitivity lesions in the central nervous system are
prevented by inhibitors of matrix metalloproteinases. J
Neuroimmunol 69(1-2), 141-149 (1996)

133. S. Chandler, K. M. Miller, J. M. Clements, J. Lury, D.
Corkill, D. C. Anthony, S. E. Adams & A. J. Gearing:
Matrix metalloproteinases, tumor necrosis factor and
multiple sclerosis: an overview. J Neuroimmunol 72(2),
155-161 (1997)

134. G. Opdenakker & J. Van Damme: Cytokine-regulated
proteases in autoimmune diseases. Immunol Today 15(3),
103-107 (1994)

135. B. Dubois, S. Masure, U. Hurtenbach, L. Paemen, H.
Heremans, J. Van Den Oord, R. Sciot, T. Meinhardt, G.
Hammerling, G. Opdenakker & B. Arnold: Resistance of
young gelatinase B-deficient mice to experimental
autoimmune encephalomyelitis and necrotizing tail lesions.
J Clin Invest 104(11), 1507-1515 (1999)

136. J. Lou, Y. Gasche, L. Zheng, C. Giroud, P. Morel, J.
Clements, A. Ythier & G. E. Grau: Interferon-beta inhibits
activated leukocyte migration through human brain
microvascular endothelial cell monolayer. Lab Invest 79(8),
1015-1025 (1999)



MMPs and Brain Disorders

1301

137. D. Leppert, E. Waubant, M. R. Burk, J. R. Oksenberg
& S. L. Hauser: Interferon beta-1b inhibits gelatinase
secretion and in vitro migration of human T cells: a
possible mechanism for treatment efficacy in multiple
sclerosis. Ann Neurol 40(6), 846-852 (1996)

138. O. Stuve, N. P. Dooley, J. H. Uhm, J. P. Antel, G. S.
Francis, G. Williams & V. W. Yong: Interferon beta-1b
decreases the migration of T lymphocytes in vitro: effects
on matrix metalloproteinase-9. Ann Neurol 40(6), 853-863
(1996)

139. V. Ozenci, M. Kouwenhoven, N. Teleshova, M.
Pashenkov, S. Fredrikson & H. Link: Multiple sclerosis:
pro- and anti-inflammatory cytokines and
metalloproteinases are affected differentially by treatment
with IFN-beta. J Neuroimmunol 108(1-2), 236-243 (2000)

140. I. Nelissen, E. Martens, P. E. Van Den Steen, P.
Proost, I. Ronsse & G. Opdenakker: Gelatinase B/matrix
metalloproteinase-9 cleaves interferon-beta and is a target
for immunotherapy. Brain 126(Pt 6), 1371-1381 (2003)

141. M. Koistinaho, T. M. Malm, M. I. Kettunen, G.
Goldsteins, S. Starckx, R. A. Kauppinen, G. Opdenakker &
J. Koistinaho: Minocycline protects against permanent
cerebral ischemia in wild type but not in matrix
metalloprotease-9-deficient mice. J Cereb Blood Flow
Metab 25(4), 460-467 (2005)

142. J. M. Shipley, R. L. Wesselschmidt, D. K. Kobayashi,
T. J. Ley & S. D. Shapiro: Metalloelastase is required for
macrophage-mediated proteolysis and matrix invasion in
mice. Proc Natl Acad Sci U S A 93(9), 3942-3946 (1996)

143. M. L. Durand, S. B. Calderwood, D. J. Weber, S. I.
Miller, F. S. Southwick, V. S. Caviness, Jr. & M. N.
Swartz: Acute bacterial meningitis in adults. A review of
493 episodes. N Engl J Med 328(1), 2128 (1993)

144. H. W. Pfister, W. Feiden & K. M. Einhaupl: Spectrum
of complications during bacterial meningitis in adults.
Results of a prospective clinical study. Arch Neurol 50(6),
575-581 (1993)

145. M. G. Tauber & B. Moser: Cytokines and chemokines
in meningeal inflammation: biology and clinical
implications. Clin Infect Dis 28(1), 1-11; quiz 12. (1999)

146. S. L. Leib & M. G. Tauber: Pathogenesis of bacterial
meningitis. Infect Dis Clin North Am  13(3), 527-548, v-vi.
(1999)

147. D. N. Meli, S. Christen & S. L. Leib: Matrix
metalloproteinase-9 in pneumococcal meningitis: activation
via an oxidative pathway. J Infect Dis 187(9), 1411-1415
(2003)

148. R. Nau & W. Bruck: Neuronal injury in bacterial
meningitis: mechanisms and implications for therapy.
Trends Neurosci 25(1), 38-45 (2002)

149. R. Nau, A. Wellmer, A. Soto, K. Koch, O. Schneider,
H. Schmidt, J. Gerber, U. Michel & W. Bruck: Rifampin
reduces early mortality in experimental Streptococcus
pneumoniae meningitis. J Infect Dis 179(6), 1557-1560
(1999)

150. P. L. Williams, S. L. Leib, P. Kamberi, D. Leppert, R.
A. Sobel, Y. D. Bifrare, K. V. Clemons & D. A. Stevens:
Levels of matrix metalloproteinase-9 within cerebrospinal
fluid in a rabbit model of coccidioidal meningitis and
vasculitis. J Infect Dis 186(11), 1692-1695 (2002)

151. T. Bottcher, A. Spreer, I. Azeh, R. Nau & J. Gerber:
Matrix metalloproteinase-9 deficiency impairs host defense
mechanisms against Streptococcus pneumoniae in a mouse
model of bacterial meningitis. Neurosci Lett 338(3), 201-
204 (2003)

152. M. Nakada, Y. Okada & J. Yamashita: The role of
matrix metalloproteinases in glioma invasion. Front Biosci
8, e261-269 (2003)

Key Words: Extracellular Matrix; ECM, Ischemia; Stroke,
Multiple Sclerosis, MS, Blood-Brain Barrier, Matrix
Metalloproteinases, MMP, Review

Send correspondence to: Yvan Gasche, MD, Surgical &
Medical Intensive Care Geneva University Hospital 24,
Rue Micheli-du-Crest, CH-1211, Geneva, Switzerland, Tel:
41/22-372-7440, Fax: 41/22-372-7455, E-mail:
yvan.gasche@medecine.unige.ch

http://www.bioscience.org/current/vol11.htm


