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Roles of Matrix Metalloproteinases and Their Targets in Epileptogenesis and
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Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) remodel the pericellular environment by
regulating the cleavage of extracellular matrix proteins, cell surface components, neurotransmitter receptors, and growth factors,
which together regulate cell adhesion, synaptogenesis, synaptic plasticity, and long—term potentiation, Increased MMP activity
and dysregulation of the balance between MMPs and TIMPs have also been implicated in various pathological conditions, Recent
studies have suggested that prolonged seizures are associated with high MMP levels in serum and neural tissues, and certain
extracellular macromolecule targets may influence the pathogenesis of epilepsy and seizure, In this review, we discuss the roles
of MMP activation in animal models of epilepsy.
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INTRODUCTION

Matrix metalloproteinases (MMPs) remodel the peri-
cellular environment, primarily by cleaving extracellular
matrix (ECM) proteins." This family of enzymes contains
more than 20 members, all of which require Zn’" to be
active. Several MMPs, including all membrane-anchored
forms, contain a furin motif (e.g., MMP-11, MMP-14,
MMP-15, and MMP-16, among others); this region con-
tributes to intracellular activation of the proteinases prior
to their transport to extracellular areas. Activation of other
MMPs requires extracellular proteolytic processing of se-
creted zymogens, which is performed by MMPs or specif-
ic proteinases.””

The activities of MMPs are regulated by tissue in-
hibitors of metalloproteinases (TIMP-1—4), a family of
multifunctional secreted proteins that promote growth and
regulate the cell cycle in various cell types.1’4) MMPs and
TIMPs show regional and cell-specific expression pro-
files during various stages of cerebellar development,
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contributing to granular cell migration, arborization of
Purkinje cells, and synaptogenesis.s) The mechanisms
regulating MMP expression and activity are complex.6) In
addition to posttranscriptional and epigenetic mod-
ification processes, gene transcription is regulated by a va-
riety of growth factors, cytokines, and chemokines.”

For example, a number of factors regulate MMP-9 ex-
pression, including prominent roles for AP1 and NF-«B.
MMP-9 is produced as an inactive proenzyme, which be-
comes fully activated following disruption of an inter-
action between a cysteine residue and a zinc ion and enzy-
matic removal of a propeptide. Activation of the pro-
enzyme is controlled by a cascade that includes other
MMPs and the plasmin system. Pro-MMP-9 and TIMP-1
can form a complex via their C-terminal (noninhibitory)
domains, whereas low-density receptor-related protein
acts as a receptor for MMP-9, mediating the internal-
ization and degradation of the enzyme.

Levels of neuronal TIMP-1*" and MMP-9'” are regu-
lated by synaptic activity, suggesting that the balance be-
tween MMPs and TIMPs contributes to activity-depend-
ent neural reorganization and synaptic physiology. In fact,
MMPs play physiological roles in neurogenesis related to
memory formation and emotion.'”'” We demonstrated
that MMP-9 contributes to emotion and cognition, which
may be related to activity-dependent synaptic plasticity
and brain development.">' MMPs and TIMPs also mod-
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ulate pathophysiological functional and structural remod-
eling in tissue, primarily by regulating cleavage of ECM
proteins, bioavailability of growth factors and cytokines,
and shedding of membrane receptors. " MMPs have been
linked to various pathological conditions of the central
nervous system, including ischemia, Alzheimer’s disease,
multiple sclerosis, Parkinson’s disease, and malignant
glioma. In particular, altered regulation of MMP-2 and
MMP-9 has been linked to several nervous system
disorders."” Not surprisingly, therefore, elucidation of the
roles of MMPs in normal and abnormal brain functioning
is a rapidly emerging field.

We have investigated the physiological and pathophy-
siological roles of MMPs and TIMPs in animal models of
epilepsy. In this review, we discuss the potential con-
tributions of MMPs - especially MMP-9 - to various phys-
iological and pathophysiological neural processes.

MAIN SUBJECTS

MMPs in Epilepsy

Epilepsy is a chronic neurological disorder, with a prev-
alence of about 1-3% of people worldwide. The disorder is
characterized by recurrent spontaneous seizures due to
hyperactivity in the brain.'>'® The seizures can be gen-
erated by synchronous firing of a localized group of neu-
rons, referred to as the epileptic foci. Temporal lobe epi-
lepsy is the most common type of epilepsy in adults and is
characterized by epileptic foci in the hippocampal for-
mation, amygdala, and temporal neocortex.'” Seizures
cause brain injuries via a number of mechanisms, and
these injuries may contribute to neurological and cogni-

tive deficits in patients with epilepsy. Although seizures
induce neuronal death under certain conditions, nonlethal
pathophysiological effects have also been noted for vari-
ous brain structures and functions.'”

A variety of animal models have been developed to in-
vestigate temporal lobe epilepsy including, for example,
kainate-evoked epilepsy to represent status epilepticus
and pentylenetetrazole (PTZ)-induced epilepsy to reflect
chemical or electrical kindling.

MMP Expression in Epilepsy

Recent studies have linked prolonged seizures with
high serum MMP-9 levels and increases in the ratio of
MMP-9 to TIMP-1 in patients with acute encephalopathy
with dysfunction of the blood-brain barrier following pro-
longed febrile seizures.'® MMP-9 protein levels were ele-
vated in cortical lesions in patients with focal cortical dys-
plasia type IIb and tuberous sclerosis complex, which
cause chronic epilepsy in children, suggesting a patho-
logical role for MMP-9 in these intractable conditions."”
Another study showed that the MMP-9 levels in cere-
brospinal fluid were higher in patients with bacterial men-
ingitis who developed secondary epilepsy than in in-
dividuals who recovered without neurological deficits,
suggesting that MMP-9 concentrations contribute to post-
meningitic neurological sequelae.”” Because elevated
MMP-9 levels are associated with neuronal death, aber-
rant synaptic plasticity, and neuroinflammation during ep-
ileptogenesis, MMP-9 is a potential therapeutic target in
epilepsy. On the other hand, a recent study found no stat-
istically significant genetic associations between sin-
gle-nucleotide polymorphisms in the MMP-9 gene and

Table 1. Summary of changes in Brain MMP and TIMP levels and activities induced by chemical stimulants

Dose Seizure Method
Drug e e TIMP-1  MMP-2  MMP-7  MMP-9 (expression/activity) References
Pentylenetetrazole 40 Ear and facial twitching N.D. + N.D. + Activity 35
40 Kindled seizure (fonic convulsion)  N.D. + N.D. 1 Protein/activity 35
60  Tonic convulsion N.D. + N.D. + Activity 35
50  Generalized seizures N.D. N.D. N.D. 1 MRNA 22
Kainic acid 1-10  Tonic/clonic seizure 1 N.D. N.D. N.D.  mRNA 8
Status epilepticus
9-10  Tonic convulsion N.D. N.D. N.D. 1 Protein/activity 16, 31
10 Status epilepticus N.D. N.D. N.D. 1 mRNA 23
10  Status epilepticus 1 N.D. 4 N.D.  Protein 24
10 Convulsion N.D. 1 N.D. 1 Activity 27
Pilocarpine 325  Status epilepticus N.D. + N.D. 1 Protein/activity 28
250  Status epilepticus N.D. + N.D. 1 mRNA/protein 40
Bicuculline 1.5-3.0 Convulsion N.D. 1 N.D. 1 Activity 27

Modified from the review article of Mizoguchi et al.'?
+, no change; #, significant increase vs. control mice; &, significant decrease vs. control mice; N.D., not determined.
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temporal lobe epilepsy, although factors that influence
MMP-9 expression, activation, or inhibition may play a
role in the pathogenesis of temporal lobe epilepsy and oth-
er epileptic syndromes.m

Certain chemicals, such as pilocarpine, PTZ, and kainic
acid, induce tonic convulsions and increase MMP-9 ex-
pression in rodents (Table 1). MMP-9 mRNA levels were
shown to increase in response to neuronal depolarization
in the rat hippocampus,”” and MMP-9 mRNA was trans-
ported to dendrites and synapses in the hippocampal den-
tate gyrus of kainic acid-treated rats.”” Twenty-four hours
after kainic acid-induced seizure, MMP-7 protein and its
activity decreased in the hippocampus, particularly in the
CAl, whereas TIMP-1 protein levels increased in the
hippocampus.*® Expression of TIMP-1 mRNA and pro-
tein were quickly induced in the hippocampus following
seizures.” Marked upregulation of microglial TIMP-2 ex-
pression has also been detected in dogs with seizures.”
TIMPs are produced by microglia and astrocytes in the
cortex and white matter, where the enzymes may play a
role in neural regeneration depending on their expression
profiles and the time after injury.%) Although MMP-7,
MMP-9, and TIMP-1 are expressed in response to neural
activity in some models of epileptogenesis,16’24’27’28) the
pathophysiological and etiological roles of this metal-
loproteinase and its potential molecular targets are not
known.

MMPs in Kindled Seizure

Kindling is an experimental epilepsy model in which
repeated electrical or chemical stimulation of certain fore-
brain structures triggers progressively more intense elec-
troencephalographic and behavioral seizure activities.””
Once established, kindling results in a permanent state of
seizure susceptibility, which may manifest as spontaneous
epileptiform seizures.”” Kindling has recently been
shown to induce a variety of permanent structural changes
in the brain, including sprouting of a mossy fiber pathway
originating from hippocampal dentate gyrus granule
cells®*? and loss of neurons in the hippocampus.34)

Mice administered a single PTZ dose (20-40 mg/kg)
exhibited ear and facial twitching and, at times, con-
vulsive twitching axially throughout the body. PTZ at a
dose of 60 mg/kg induced seizures characterized by tonic
convulsion, jumping, and wild running. Repeated admin-
istration of PTZ at a dose of 40 mg/kg produced chemical
kindling, a phenotype associated with a progressive in-
crease in the seizure score. Repeated PTZ treatment also
increases MMP-9 expression in the hippocampus for at

least 24 h after the final dose (Table 1). On the other hand,
hippocampal MMP-9 levels were not affected in mice that
showed convulsive seizures in response to a single 60
mg/kg PTZ dose. Hippocampal MMP-2 levels did not
change following single or repeated PTZ doses.” Inter-
estingly, electroconvulsive seizures, which can be ther-
apeutically effective as treatment for depression, were re-
cently shown to induce MMP-9 and TIMP-1 expression in
the hippocampal vasculature of rodents.”®

We investigated the role of MMP-9 in PTZ-induced
kindled seizures using MMP-9-deficient (MMP-9'"" 7))
mice. The severity of tonic seizures was similar in
wild-type and MMP-9' ') mice administered a single
PTZ dose. Repeated administration of PTZ, however, in-
duced kindled seizures in wild-type mice, whereas
PTZ-treated MMP-9" "~ mice showed a marked delay in
the development of kindling. These results demonstrated
that deletion of MMP-9 attenuated PTZ-induced kindled
seizures”” and supported previous findings showing that
the synaptic pool of MMP-9 is a critical determinant of
seizure development. 16)

MMP in Seizure=induced Neuronal Cell Death

MMP-9 mRNA levels significantly increase in rodents
injected with kainate, which induces status epilepticus and
neuronal death in the hippocampal CAl region and
hilus.”” Jourquin et al®® used organotypic cultures to
demonstrate increased MMP-9 release and activity in the
presence of kainate and reduced neuronal cell death fol-
lowing MMP-9 inhibition. Alterations in the balance be-
tween MMP-7 and TIMP-1 have been implicated in neu-
ronal survival or death following kainic acid-induced
seizures.”” MMP-9 induced apoptotic hippocampal cell
death after pilocarpine-induced status epilepticus by inter-
rupting integrin-mediated survival signaling, suggesting
that MMP-9 is a promising therapeutic target for the pre-
vention of seizure-induced hippocampal damage.zg) Are-
cent report showed that MMP-9 contributed to cell death
after pilocarpine-induced seizures in the developing
brains of infant rats.’” An MMP inhibitor reduced cell
death following pilocarpine-induced seizures, and MMP-9
knockout mice were less susceptible to seizure-induced
brain injury.39) In contrast, the GABA4 receptor antago-
nist bicuculline induced epileptiform discharges with lit-
tle or no neuronal loss.””*” MMP-9 levels increased 12
hours after the drug was administered,”” suggesting that
MMP-9 enzymatic activity is enhanced during the neuro-
nal recovery period and that MMP-9 activation is asso-
ciated with abnormal epileptiform activity rather than
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with processes related to cell death.””

MMP in Seizure-induced Hippocampal Neurogenesis,
Synaptogenesis, and Mossy Fiber Sprouting

Studies of neurogenesis in animal models of temporal
lobe epilepsy have provided evidence for increased hippo-
campal neurogenesis following acute seizures.”"*” A dra-
matic increase in the production of new cells and neurons
was observed in the subgranular zone and granule cell lay-
er of the dentate gyrus following pilocarpine-induced sta-
tus epilepticusm or kindling.42) Repeated administration
of PTZ," kainic acid,***” or pilocarpine46) also increased
neurogenesis in the hippocampus. In fact, kainic acid-in-
duced seizures increased the proliferation, migration, and
survival of neural progenitors in the dentate gyrus, and se-
vere seizures have been linked to aberrant migration of
newborn neurons into the dentate hilus.* The duration of
initial convulsive sustained seizures determined the pat-
terns of hippocampal cell proliferation, neuroblast devel-
opment, and subsequent evolution of spontaneous re-
current seizures in pilocarpine-treated rats.*” Spatial and
temporal profiles of MMP activities suggest that these
proteinases could be an important component of neuro-
genesis-associated processes in the postischemic hippo-
campus. MMP-2 and MMP-9 have also been implicated in
neuronal progenitor migration47) and may contribute to the
antidepressant effects of hippocampal neurogenesis by
modulating the microenvironment in their neurogenic
niche.* Thus, MMPs may be crucial to seizure-related
neurogenesis. However, no direct evidence to support the
role of MMPs or their targets in seizure-induced hippo-
campal neurogenesis has been produced thus far.

We demonstrated that mossy fiber sprouting induced by
repeated administration of PTZ was reduced in MMP-9* '~
mice compared with wild-type mice.” Our observations
are consistent with previous findings showing that the
synaptic pool of MMP-9 is critical for the mechanisms
that underlie seizure development.m) The authors gen-
erated a transgenic rat line that overexpressed MMP-9 in
neurons; the mutant animals demonstrated increased sus-
ceptibility to epileptogenesis and more severe seizures.
Furthermore, histological analysis showed that aberrant
synaptogenesis and mossy fiber sprouting were sig-
nificantly reduced in the hippocampi of MMP-9' " mice
exposed to kainate. Taken together, this experimental evi-
dence highlights a direct role for MMP-9 in synaptic re-
modeling induced by epileptic seizures and suggests that
MMP-9 is a promising pharmacological target for the
treatment of epilepsy. However, different epilepsy mo-

dels™?” place MMP-9 in different roles, as a candidate of
cell death or homeostatic synaptic plasticity, and the out-
come may depend on the particular animal models of epi-
lepsy, the amount and activity of MMP-9, and the cell
types releasing MMP-9.

Extracellular Macromolecule Targets of MMPs in
Epileptogenesis

1. Neurotrophins

Brain-derived neurotrophic factor (BDNF) is a potent
morphoregulator that mediates axon branching and activ-
ity-dependent refinement of synapses.49’50) BDNF also
plays a role in epileptogenesis and kindled seizures. A re-
cent study showed that high-frequency neuronal activity
controlled the ratio of extracellular proBDNF to mature
BDNF by regulating the secretion of extracellular
proteases.sn Of particular note for this review, proforms of
neurotrophins are cleaved and activated by MMPs,>>*?
and MMP-9 converts proBDNF to mature BDNF, result-
ing in tropomyosin-related kinase B (TrkB) activation.””

Repeated administration of PTZ increased BDNF
mRNA and protein levels in the hippocampi of kindled
wild-type mice. MMP-9' ' mice showed reduced levels
of mature BDNF during an early stage of kindling, which
may explain the slower kindling development in the mu-
tant animals. During later stages of kindling, however,
mature BDNF levels increased to match those observed in
wild-type mice. These results suggest that MMP-9 plays a
role in kindling development by converting proBDNF to
mature BDNF in the hippocampus, whereas other factors
may be involved in mediating BDNF maturation during
the later stages of kindling. This may explain why the seiz-
ure response curve of MMP-9 ') mice was markedly
different from that of wild-type mice during early but not
later kindling stages.35)

To examine this hypothesis, the BDNF scavenger
TrkB-Fc was microinjected into the right ventricle before
each dose of PTZ. TrkB-Fc significantly suppressed the
development of kindling in wild-type mice, whereas no
effect was observed in MMP-9"' ) mice. On the other
hand, bilateral injections of proBDNF into the hippo-
campal dentate gyrus significantly enhanced kindling in
wild-type mice but not MMP-9' ") mice. Thus, MMP-9
may be involved in the progression of behavioral pheno-
types in kindled mice by converting proBDNF to mature
BDNF in the hippocampus. These results likely reflect a
relationship between MMP-9 expression and mature
BDNF levels in the development of PTZ-induced
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kindling.m Extracellular BDNF stimulates TrkB re-
ceptors on the hilar segments of mossy fibers to induce
axonal branching, which may create hyperexcitable den-
tate circuits.” Thus, PTZ-induced kindling may develop
via synaptic remodeling, including the mossy fiber sprout-
ing induced by prolonged MMP-9 activation and sub-
sequent increases in mature BDNF levels. These findings
suggest that neural or glial MMP-9 contributes to epi-
leptogenesis by acting on extracellular macromolecules
such as BDNF (Fig. 1).

Recently, MMP-7 was demonstrated to regulate the
cleavage of pro-nerve growth factor (proNGF) and pro-
vide neuroprotective effects following kainic acid-in-
duced seizures.” In that study, kainic acid-induced seiz-
ures affected levels of MMP-7 and its inhibitor TIMP-1,
which prevented proneurotrophin cleavage and increased
proNGF levels in the extracellular milieu. /n vitro and in
vivo experiments have shown that exogenous MMP-7 en-
hances proNGF cleavage and is neuroprotective follow-
ing treatment with kainic acid. Thus, the regulation of
proNGF processing by MMP-7 is important for cell
survival. Additionally, MMP-7 has been shown to disrupt
dendritic spines in hippocampal neurons through N-meth-
yl-D-aspartate receptor activation.” Thus, MMP-7 may
play multiple roles related to synaptic stability in the mi-
croenvironment associated with the development of

epilepsy.

2. Other proteinases and substrates involved in epilepsy

Laminin,”® B-dystroglycan,57) and neural cell adhesion
molecules (NCAM)Sg) are also substrates of MMPs.
Degradation of laminin by tissue plasminogen activator

structural and functional changes

/ in the cerebral cortex and meso-

corticolimbic system, leading to
the development of seizure sus-
ceptfibility. BDNF, brain-derived
neurofrophic factor; NGF, nerve
growth factor.

(tPA) directly affects the dynamics of dendritic spine de-
Velopment,sg) and tPA and plasmin regulate seizure-in-
duced hippocampal mossy fiber outgrowth via a proteo-
glycan substrate.”” Accordingly, extracellular proteolytic
factors, including MMP-9 and tPA, may play critical roles
in aberrant synaptogenesis associated with epileptic
seizures. tPA and plasmin mediate the processing of the
NCAM ligands DSD-1-PG/phosphacan and neurocan,
which is critical for appropriately terminating the ex-
tension of mossy fibers at the subgranular/molecular
boundary.””

Michaluk et al.”” identified B-dystroglycan as a target
for MMP-9 in response to enhanced neuronal activity. In
neuronal cultures, B-dystroglycan underwent proteolysis
in the presence of glutamate or bicuculline, effects that
were blocked by TIMP-1. 3-dystroglycan degradation has
also been observed in the hippocampus in response to
seizures, although not in MMP-9'' ™) mice, and -dystro-
glycan cleavage has been correlated with increased
MMP-9 activity. Moreover, activity-dependent release of
MMP-9 at synapses may facilitate morphological changes
and synaptic reorganization.m) Locally secreted protein
may then mediate extracellular remodeling to establish
persistent changes in synapse structure and function.
Laminin, B-dystroglycan, and NCAM levels, however,
did not change in the hippocampi of PTZ-kindled mice,
even though these proteins are substrates for MMPs. >

Integrins are also substrates for MMPs. The 1 subtype
regulates activation of the PI3K/Akt signaling pathway by
interacting with integrin-linked kinase, and their loss in-
duces apoptotic cell death by disrupting survival signal-
ing.62’63) Recent studies have demonstrated that activation
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of MMPs and subsequent loss or disruption of integrin sig-
naling was induced during apoptosis.64’65) MMP-9 plays a
major role in the loss of 31-integrin after seizure, and se-
lective MMP-9 inhibitors can inhibit destruction of
Bl-integrin.”® Bl-integrin is probably a direct target of
MMP-9 during apoptotic hippocampal cell death after pi-
locarpine-induced status epilepticus.zg)

CONCLUSION

Scientific and clinical research has begun to elucidate
the roles of MMPs in seizures and epilepsy. Proteolytic
mechanisms regulate various developmental and homeo-
static processes, whereas inappropriate proteolysis causes
or exacerbates a number of disorders of the central nerv-
ous system. Many studies have shown that MMPs and
TIMPs are expressed in response to neural activity in
models of epileptogenesis. Recent data have begun to re-
veal the pathophysiological and etiological roles of
MMPs, as well as such potential molecular targets as neu-
rotrophin, proteoglycan, and integrins, during the devel-
opment of temporal lobe epilepsy. These results suggest
that MMP overexpression is associated with structural
and functional changes in the cerebral cortex and meso-
corticolimbic system, leading to abnormal behaviors fol-
lowing seizures. In addition to contributions to various
diseases, MMPs are linked to a number of physiological
processes, including neurogenesis related to memory for-
mation and emotion. More research is clearly needed to
understand the diverse roles of these proteases and their
potential as therapeutic targets.
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