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ABSTRACT

pileptogenesis is the process responsible for converting normal brain into an epilep-

tic. It may be triggered by an event such as brain injury or status epilepticus (SE). The
main mechanisms responsible include neuroinflimmation and blood-brain barrier (BBB)
disruption, pathologic neuronal networks’ reorganisation and aberrant synaptic plasticity.
Accumulating amount of evidence from animal models and epileptic patients strongly sug-
gest that matrix metalloproteinase 9 (MMP-9) is potentially one of the key executors of the
processes of epileptogenesis. MMP-9 by affecting synaptic plasticity is suggested to enable
epileptic remodelling of the brain circuitry. MMP-9’s dependent cleavage of BBB followed
by inflammatory cell infiltration into the brain contributes to the neuroinflamation compo-
nent of epileptogenesis. The goal of this review was to analyse all possible ways MMP-9
may be involved in epileptogenesis and consider MMP-9 inhibition as potential therapeutic
strategy.

INTRODUCTION

Matrix metalloproteinase-9 (MMP-9), a member of the metzincin family of
mostly extracellularly operating proteases, has emerged as a critical molecule
for brain physiological and pathological processes. Matrix metalloproteinases
(MMPs) constitute a large family of extracellular enzymes and together with a
disintegrin and metalloproteinases (ADAMSs), ADAM proteases with thrombos-
pondin motifs (ADAMTSs) and astacins form the metzincin family of mostly ex-
tracellularly operating proteases [1, 2]. Notwithstanding that MMP-9 is just one
enzyme of many with similar structures and enzymatic specificities, multiple
studies have revealed its unique and prominent role in brain development, syn-
aptic and cortical plasticity as well as its contribution to the pathogenesis of neu-
rodegenerative and psychoneurological disorders, and epilepsy in particular.

Epilepsy is the most common serious neurological condition, with at least
60 million patients worldwide, and almost half a million in Poland. The most
widespread form of epilepsy is temporal lobe epilepsy (TLE), characterized by
the presence of epileptic foci (usually located within hippocampus, amygdala
or temporal neocortex). More than 30% of all epilepsy cases and almost 70% of
all TLE cases are resistant to treatments currently available on the market [3-
5]. While scientific studies on mechanisms of epilepsy and antiepileptic drugs
(AEDs) have a history of more than one century, the focal point of investigations
until recently was ictiogenesis (the mechanism of seizure generation in an al-
ready developed disease). Thus far, ion channels and neurotransmitter receptors
have been on centre stage in epilepsy research, and treatment has conventionally
been symptomatic in which “AEDs” treat the symptoms - seizures, but not the
underlying disease mechanisms.

Epileptogenesis is the dynamic process responsible for converting normal
brain tissue into an epileptic one. It comprises progressive alterations of neuronal
excitability, establishment of new critical neuronal interconnections and intricate
structural changes, before the first seizure occurs. As recent experimental and
data from patients suggest, molecular and cellular changes triggered by an epi-
leptogenic insult can continue to progress after the epilepsy diagnosis, the term
epileptogenesis can be extended to also include disease progression. Traumatic
brain injury (TBI), tumours, stroke, prolonged symptomatic seizures etc. can in-
duce epileptogenesis and lead to new epileptic foci formation. Epileptogenesis
has grown into a separate research field only recently, and despite huge interest
in the topic, the exact mechanisms underlying epilepsy progression still remain
obscure. Changes taking place in epileptogenic brain encompass neurogenesis
and neurodegeneration, damage of blood-brain barrier (BBB) with extensive re-
cruitment of inflammatory cells, gliosis, synaptic plasticity, reorganization both
of the extracellular matrix and the molecular architecture of individual neuronal
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cells. Clearly comprehending this processes and establish-
ing its key players, we shall be able to develop tools to inter-
fere and prevent the epilepsy advancement. The prevention,
delay or seizure modification may be considered as a clini-
cally relevant endpoint for antiepiletogenesis studies [3,6,7].

The objective of this review is to detail various ways, by
which MMP-9 is contributing to epileptogenesis, and arrive
at holistic view of MMP-9 role in the processes as epilep-
sy advances, what will help us to construe how potential
modifications of its activity may be either beneficial or detri-
mental for epileptogenic brain. The scientific potential of the
issue is confirmed by the fact that this topic has already been
covered in comprehensive reviews [8-10].

MMP 9 MOLCULE

MMP-9'S STRUCTURE, EXPRESSION
AND ACTIVITY REGULATION

MMP-9, also known as gelatinase B for its ability to cleave
gelatine, is a type IV collagenase and 92-kDa protein that be-
longs to a family of zinc- and calcium-dependent endopepti-
dases. Structurally MMP-9 is a multidomain enzyme that
consists of the following elements: the propetide, removal
of which renders MMP-9 active; active site and metal bind-
ing site forming the catalytic domain; hemopoexin domain
(PEX), involved in substrate specificity and interactions with
inhibitors and cell surface receptors; three fibronectin (FN)
repeats, facilitating the degradation of (large) gelatinous
substrates; O-glycosylated (OG) domain, unique to MMP-
9 [11]. Generally, MMP-9 operates within the extracellular
space, although the intracellular action of MMP-9 has also
been detected [2]. MMP-9 was shown to be present within
the hippocampus, cerebral cortex, and cerebellum. MMP-9
secretion in an inactive form from dendrites is stimulated by
glutamate [11].

MMP-9 gene expression is very low at resting brain,
however, it is markedly activated in response to a variety of
physiological (e.g., learning) and pathological (e.g., injury)
conditions. MMP-9 transcription is influenced by various
neurotransmitters, cytokines, chemokines and growth fac-
tors. Synergy and antagonism within the extracellular sig-
nalling network determine the immunological and physi-
ological outcomes. Kuzniewska et al. [12] have elucidated
a prototypical neuronal MMP-9 gene activation pathway
stimulated by Brain Derived Neurotrophic Factor (BDNF)
in hippocampal neurons in culture. The pathway involves
TrkB BDNF tyrosine kinase receptor driving extracellular
signal-regulated kinases to activate serum response factor
to stimulate the expression of the c-fos gene and then to trig-
ger MMP-9 gene expression with the aid of AP-1 transcrip-
tion factor involving c-Fos protein. Other transcriptional
regulators, particularly nuclear factor-xB, contribute to
MMP-9 expression in both neuronal and glial cells (for an
extensive review, see Vandooren et al. [11]). The role of AP-1
in a massive MMP-9 gene activation has been well recog-
nized in non-neuronal systems [13] and also shown to play
a major role in MMP-9 gene activation in learning in the
brain in vivo - a phenomenon well known to be dependent
on glutamate receptors [14]. Seizures also involve those re-
ceptors, thus the AP-1 pathway that is highly responsive to
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seizures [15,16], might be driven by them as well to upregu-
late MMP-9. However, the seizure-driven MMP-9 gene ex-
pression appears to be far more complex, as it also involves
epigenetic mechanisms, such as MMP-9 gene promoter de-
methylation and active role of Polycomb Complex and YY1
transcriptional regulator [17,18]. Of particular importance is
the finding that MMP-9 gene promoter demethylation has
been demonstrated in human epileptic brain samples and
progressive demethylation correlates with epileptogenesis
in experimental animals [18].

On the post-transcription level several pathways may ac-
tivate the degradation of MMP-9 mRNAs [19]. Besides, reg-
ulations by microRNAs have been recently reported [20,21].
In neurons an additional level of MMP-9 regulation is its
local translation in synapto-dendritic compartment. MMP-9
mRNA is transported to dendrites and locally translated in
response to activation stimuli [22,23].

Upon production at the synapse, MMP-9 is released into
the extracellular space in an activity-dependent manner in a
precursor form. This ProMMP-9 is the subject of activation
via a network of enzyme interactions. Another MMPs such
as MMP-3, MMP-2, trypsin, plasmin, urokinase-type plas-
minogen activator (uPA) have been implicated to partici-
pate in its activation. Restricted and time-dependent activ-
ity of MMP-9 is a result of tight regulation of its expression
and activity, which occurs together with co-released MMP-9
endogenous inhibitor TIMP-1 [24]. Notably, the misbalance
between MMP-9 and TIMP is associated with numerous
CNS diseases [2,8,11]. The possible mechanism involved
may be excessive or reduced proteolysis depending on
quantity of MMP-9 available at the synapse, or depletion of
free TIMP molecules, resulting in reduced TIMP functional-
ity. When unleashed, MMP-9 can cleave its substrates, such
as beta-dystroglycan, nectin-3, N-cadherin, integrin beta 1,
brain derived neurotrophic factor (BDNF) or nerve growth
factor (NGF). MMP-9 abnormal extracellular activity can
bring misbalance onto a number of molecular pathways, af-
fecting inflammatory responses, neuron plasticity and cell
death, what is described more widely in specific chapters.

MMP-9 ROLE IN SYNAPTIC PLASTICITY

Synaptic plasticity may be defined as activity-dependent
re-organization of the synaptic connections that comprises
changes both at the morphological and functional level. Re-
cently, the importance of extracellular matrix remodelling
by proteases has been reconsidered to be essential for syn-
aptic plasticity [25]. Among extracellularly operating prote-
ases MMP-9 is deemed to be the main candidate responsi-
ble for synapse remodelling. MMP-9 specific postsynaptic
localization and local dendritic/synaptic translation addi-
tionally support the fact of the enzyme important role in the
plasticity of excitatory synapses. Wang et al. [26] reported
MMP-9 availability as a prerequisite for the enlargement of
spines associated with long-term potentiation (LTP) induc-
tion - the most widely used model of synaptic plasticity (see
Wiodarczyk et al. [27], for review). MMP-9 was suggest-
ed to perform an instructive role in establishing persistent
modifications in both synapse structure and function [26].
Excitatory synapses responsible for plasticity are located on
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dendritic spines - exactly where MMP-9 has been reported
to be released and activated. Michaluk et al. [28] have re-
ported that enzymatic activity of MMP-9 causes elongation
and thinning of dendritic spines in hippocampal neurons
in three independent experimental models. This finding
was in consistence with Wilczynski et al. [4] findings, who
comparing the spines’ size with their MMP-9 level, showed
that thinner and smaller spines contain more MMP-9. Addi-
tionally, Michaluk and colleagues showed that the process
was mediated through integrin beta 1, whose blockage abol-
ished the effect on spine morphology caused by MMP-9 [28].
Furthermore, MMP-9 potentiated NMDA receptors mobil-
ity along the dendritic cell membrane and this effect was
also integrin beta 1 dependent [29]. On top of that, MMP-9
and NMDA receptors are known to mutually activate each
other [30]. On the other hand, acting through the integrins,
MMP-9 can recruit GluAl AMPA receptor [31-33]. MMP-9
substrate - ICAM-5 - can affect the expression of AMPA re-
ceptors within the synapse [34]. Most researchers are equiv-
ocal that either MMP-9 or MMP-9 released products can
stimulate spine elongation. MMP-9 inhibition, in contrast,
promotes the transformation of dendritic spines toward ma-
ture, mushroom shaped spines [24,35,36].

MMP-9 PATHOPHYSIOLOGY IN EPILEPTOGENESIS

EVIDENCE FROM EXPERIMENTAL
EPILEPTOGENESIS MODELS

Back in 1994 Rosenberg showed that 92 kD metallopro-
teinase, induced by haemorrhagic injury, took part in a pro-
teolytic cascade that broke down extracellular matrix, open-
ing the blood-brain barrier with secondary brain oedema
and cell death [37]. It is widely known that level of MMPs
is increased during neuropathological diseases that are ac-
companied by an inflammatory component, so, reasonably,
the starting point of investigations were bound to MMP-
9s aggravation of immune response and its epileptogenic
consequences [38]. On other hand, an alternative view on
MMP-9 role in epileptic brain has also been proposed based
on unique MMP-9 functions at the synapse leading to epi-
lepsy circuity establishment [6]. In the following chapters
will be reviewing scientific evidence dealing with different
aspects of MMP-9 engagement into epileptogenesis.

The link between MMP-9 and seizures was initially re-
ported by Zhang and colleagues who identified MMP-9,
along with another gelatinase - MMP-2, in the different re-
gions of the seizing rat brain, with the highest activity in hip-
pocampus [5]. Notably, hippocampus is the region known
to be particularly prone to brain insults and undergo signifi-
cant plasticity-related structural changes in epileptogenesis.
The seizures were evoked by kainate administration, which
not only induces severe status epilepticus, but also leads
to neurodegeneration in all hippocampal subfields except
for the dentate gyrus (DG), where ingrowth of mossy fibres
(granule cell axons) into their parent dendritic field to make
recurrent excitatory connections is observed [4]. Bearing
typical histopathological reminiscent of human TLE, kain-
ate epileptogenesis model is considered as one of the most
reliable and is widely adopted. Thus, Zhang et al. [3] dem-
onstrated the correlation between expression of MMP-9 and
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neuronal activity during convulsions, showing that MMP-9
was rapidly induced in brain regions prone to kainate ad-
ministration. MMP-2, on the other hand, was upregulated
with some delay and its activity was bound to neurode-
generation. The fact that bicuculine (able to induce seizures
without neurodegeneration observed) upregulated MMP-9
but not MMP-2, additionally supported this notion [5].

Szklarczyk et al. [1] investigated the topic further and
showed MMP-9 strong expression by neurons and to some
degree by glial cells, while MMP-2 was found to be ex-
pressed predominantly by astrocytes. Kainate treatment
resulted in upregulation of MMP-9 mRNA, protein, and
enzymatic activity with unique spatiotemporal characteris-
tics, in particular in the hippocampal dentate gyrus. MMP-9
activation correlated specifically with neuronal remodel-
ling and not cell loss. Substantial evidence of MMP-9 link
to seizure development have been obtained by Wilczynski
et al. [4] in pentylenetetrazole (PTZ) kindling - induced epi-
lepsy model. By using MMP-9 genetically modified animals
a direct link between metalloproteinase and epileptogenesis
was established. MMP-9 knockout mice demonstrated less
pronounced epileptic seizures, while rats with MMP-9 over-
expression an increased tendency to epileptogenesis and
increased seizure severity [4]. Recently, Pijet et al. [39] has
demonstrated MMP-9 upregulation in controlled cortical
impact (CCI) mice epilepsy model. MMP-9 overexpression
increased the number of mice that exhibited TBI-induced
spontaneous seizures, and MMP-9 knockout decreased the
appearance of seizures. All these data confirm the strong
link between MMP-9 upregulation and seizures, and urge
us to invest our attention into the topic and learn about ex-
act mechanisms of MMP-9 action epilepsy pathogenesis.

NEUROINFLAMATION AND BBB DISRUPTION

Epilepsy-triggering initial insult induces a highly regu-
lated cascade of biological events, accompanied by a release
of cytokines, chemokines, lipid mediators, and protectins in
the neuronal microenvironment. It is regarded that unregu-
lated inflammatory processes lead to aberrant neural con-
nectivity and the hyper-excitable neuronal network, which
mediate the onset of epilepsy [11,40]. Thus we start with
multifaceted characterization of MMP-9 in epileptogenesis
by inspecting its role in neuroinflammation, as the this may
be considered as a starting point for the whole avalanche of
deleterious events resulting in epilepsy.

MMPs are known to play an outstanding role in immune
cell development, ligand-receptor interactions , effector
function and cell migration, and MMP-9 certainly is not an
exception. MMP-9, in particular, was reported to activate
proinflammatory cytokines namely tumour necrosis factor
a (ITNF-a), IL-8, granulocyte chemotactic protein, etc. More-
over, MMP-9 promotes the chemotactic signal by releasing
the chemokines from ECM. During the formation of a new
epileptic foci microglia are being activated and astrocytes
turn reactive. MMP-9 takes part in activation and deactiva-
tion of many proinflamatory chemokines and cytokines pro-
duced by these cells (IL-1p, IL-6, TNF-a, and TGF-) [11, 41].
Interestingly, not only can MMP-9 intensify, but also inhibit
chemotaxis [42,43]. Thus, its double role in the regulation of
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pro- and anti-inflammatory processes has been recognized.
When it comes to epileptic process, it was observed that fac-
tors that are considered to be proinflamatory do not always
deepen damage, but also may exert protective function dur-
ing status epilepticus. MMP-9 may be to a certain extent re-
sponsible for the maintenance of homeostasis between pro-
tection and damage, which needs further elucidation before
planning to intrude in natural pattern of MMP-9 activity in
the brain [16].

Still, taking into account MMP-9 modulation of inflam-
matory pathways, the most prominent input of this metal-
loproteinase to epileptogenesis is made by influencing the
BBB integrity and aftereffects that follow. It is known that
SE-induced BBB disruption plays an important role in the
development of epilepsy and progression of seizure activ-
ity [44]. It can impact the development of epilepsy directly
(via influx of potassium) or as a result of glial activation,
impaired potassium buffering, inflammation, and synap-
togenesis triggered by serum proteins which penetrate the
brain via leaky BBB [45]. Studies in animal models suggest,
that BBB leakage can be detected within minutes after SE in-
duction, be extensive during the latent period and not abate
completely until the chronic epileptic phase is reached [8].

Considering the pathological contribution of BBB disin-
tegration in the progress of epilepsy, the fact that MMP-9 is
a main factor participating in blood-brain barrier damage
independently of damaging factor, is of major importance.
This destructive influence mainly stems from the fact that
MMP-9 can cleave molecules responsible for BBB tightness.
Zonula occludens 1 protein, responsible for tight junction
regulations, collagen type IV, a main component of the ba-
sal lamina of endothelium have been proven among MMP-9
substrates [46]. Arguably, MMP-9 can on top of that hew
occludin, a building block of tight junction connections [47].

Increased brain MMP-9 levels render BBB leak, which
promotes brain infiltration by leukocytes. MMP-9 is largely
responsible for transmigration of T cells to the cite of action
[40]. Invading T cells secrete additional amounts of MMP-
9, thus maintaining this feedback loop. Another mechanism
for MMP-9 to contribute to BBB disruption is the metallo-
proteinase involvement in the release of cytokines and free
radicals. MMP-9 knockout mice have been reported resist-
ant in models, where condition is acquired due to impaired
BBB [26].

ABNORMAL MMP-9 PROTEOLYTIC
ACTIVITY IN EXTRACELLULAR SPACE

As the essential MMP-9 milieu is extracellular space, it
is instinctive to anticipate that MMP-9 dependent cleavage
of the extracellular matrix mediates the changes leading to
epileptogenesis. ECM is not a rigid and passive structure,
its components play an important role in maintaining ion
homeostasis, modulating activity of ion channels and recep-
tors. Some researchers consider ECM to be the fourth com-
ponent of the synapse (together with pre- and postsynaptic
part of neuron and astrocyte component, “tetra-partite syn-
apse”, see Dityatev et al. [48]. Perineuronal nets - big clus-
ters of the ECM that surrounds subpopulations of neurons
recently has been reported to perform neuroprotective func-
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tions [8,49]. MMP-9 dependent cleavage of trans-synaptic
cell adhesion molecules can influence trans-synaptic interac-
tions leading to pathological conditions. Beta-dystroglycan
and nectin-3 have been proven as MMP-9 substrates [50,51].

Dystroglycan is a component of dystrophin-glycoprotein
complex. Its function is to links the cytoskeleton to the ex-
tracellular matrix and stabilize the dystrophin-glycoprotein
complex at the membrane. beta-Dystroglycan downregula-
tion was correlated with abnormal epileptiform activation
of neurons in vitro. Moreover, this phenomena was shown
to be associated with the dysfunctions of astrocytic end feet,
implying the BBB malfunction [52]. Increase in MMP-9 de-
pendent nectin-3 cleavage in hippocampus, on the other
hand, was shown to be the cause of memory impairment
and cognition and therefore, is speculated to be partly re-
sponsible for epilepsy-comorbid cognitive decline [51].
Another trans-synaptic adhesion protein neuroligin-1 can
be cleaved by MMP-9[53]. Neuroligins play an important
role in the formation of synaptic contacts and balancing
the number of excitatory and inhibitory neuronal contacts,
which imbalance is established as epilepsy cause.

ABERRANT NEUROGENESIS AND
NEURON PROLIFERATION

In the response to brain injury, the mobilization of en-
dogenous neural stem cells, in order to substitute lost neu-
rons, causes the increase in the number of newly generated
neurons [54]. Considerable fraction of these newly born
cells were shown to migrate into the granule cell layer and
develop morphological and electrophysiological features of
mature dentate granule cells [55]. Their abnormal migration
and proliferation potentially contributes to the formation of
epileptogenic hippocampal circuitry observed after acute
seizures or brain injury. Unexpectedly, hippocampal neu-
rogenesis was also reported to be reduced at chronic stages
of epilepsy [56] and virtually complete lack of adult brain
neurogenesis in cyclin D2 knockout mice did not affect epi-
leptogenesis [57]. Nevertheless, it has been hypothesized
that suppression of abnormal hippocampal neurogenesis
may be a strategy to mitigate seizure intensity. Keeping in
mind all abovementioned facts, MMP-9 was suggested to
be involved in mechanisms that mediate neurogenesis and
cell migration [58]. In adult monkey MMP-9 was shown to
be upregulated in acute and delayed phases of the post is-
chemic reaction and co-localised with markers of new-born
neurons in the subgranual zone. Moreover, MMP-9 co-local-
ization with new born neurons from the subventrical zone
during the recovery period after transient focal cerebral is-
chemia was reported [59].

POSSIBLE ROLE IN CELL DEATH

MMP-9 contribution to cell death is still an issue of con-
troversy. MMP-9 was repeatedly reported to cause cell
death by impairing the transmission between ECM and the
cell via the lipoprotein receptor-related protein and by sepa-
ration of the cells from ECM leading to anoikis [60,61]. Lee et
al. [42] observed gelatinase-dependent initiation of caspase-
mediated cytotoxicity in brain endothelial cells, with MMP
inhibitors significantly decreasing caspase-3 activation and
reducing endothelial cell death. It should be mentioned that
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inhibitor applied was of a broad range of MMP-9 specificity,
so the effect cannot be assigned to MMP-9 alone.

When it comes to data obtained in epilepsy models, evi-
dence of MMP-9 contribution to cell death are more ambig-
uous. In pilocarpine model of epilepsy Kim and colleagues
reported that MMP-9 induced apoptotic hippocampal cell
death by interrupting integrin-mediated survival signalling
after SE. Again, treatment with MMP-9 inhibitor showed
neuroprotective effect [29]. Further evidence to exclude
MMP-9 influence on cell death come from Wilczynski, who
showed that MMP-9 inhibitor had no effect on neuronal
damage in organotypic slice culture treated with kainate [4].
Earlier, Szklarczyk et al. [9] showed MMP-9 to be strongly
expressed by neurons and to a lesser degree by glial cells,
whereas MMP-2 was expressed predominantly by astro-
cytes. Induction in GFAP correlated with increased MMP-
2 expression both spatially and temporally, which suggest,
that astrocytes utilize this enzyme to modify their surround-
ing ECM, facilitating migration toward reactive brain re-
gions and promoting neuritic regeneration.

PATHOLOGICAL SYNAPTIC PLASTICITY
IN EPILEPTOGENESIS

Aberrant synaptic plasticity is believed to be a pathogen-
ic factor in neurodegenerative and neuropsychiatric condi-
tions[62]. In epileptogenesis neuronal circuits undergo re-
organization of a variety of neurotransmitter/neuromodu-
lator systems, with the balance shifting toward excitation,
eventually yielding in seizures. Crucially, MMP-9 modifies
both NMDA (N-methyl-D aspartate) and AMPA (a-ami-
no-3-hydroxy-5-methylisoxazole-4-propionate) ionotropic
receptors, the central mediators of excitatory neurotrans-
mission[11]. Level of expression of these receptors has been
shown to be altered during different phases of epileptogen-
esis. Seizures are reported to stimulate integrin and matrix
protein expression, together with extracellular proteolysis.
This facilitates reactive axonal growth and circuit modifica-
tion following seizures.

Considering the interplay between MMP-9 on the one
side, and NMDA and AMPA receptors on the other, MMP-9
importance in long-term potentiation and depression (LTP
and LTD, respectively) can be inferred. Memory impair-
ment is common debilitating comorbidity to epilepsy, and
LTP and LTD paradigms are the most widely studied physi-
ological models of mammalian memory formation [63]. Es-
sentially, LTP mechanisms of memory are similar to those
underlying epileptogenesis by kindling: both LTP and kin-
dling are most effectively evoked by high frequency stimuli,
involve synaptic facilitation and share overlapping molecu-
lar mechanisms.

In epileptogenesis, changes at DG denderitic tree follow-
ing initial insult can be divided dependent on time course,
into two phases: the early spine pruning and subsequent
chronic progressive (aberrant) synaptogenesis. MMP-9
KO and wildtype mice have been compared for the de-
gree of acute spine loss in kainic acid model of epilepsy. In
wildtype animals a substantial decrease in the density of
spines occurred unilaterally to the injection, while in knock-
outs no such an effect took place [4]. Hence, lack of MMP-
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9 render mice more resistant to epileptic damage. MMP-9
KO mice has also been reported not to undergo such plastic
phenomenon in the dentate gyrus of hippocampus, as prun-
ing of dendritic spines and axonal sprouting that involves
ingrowth of mossy fibres into their parent dendritic field to
make recurrent excitatory connections [64]. These changes
are observed not only in chemically-induced animal models
of epilepsy, but also are typical for human TLE. The sprout-
ing is speculated to underlie spontaneous seizures. Aberrant
synaptogenesis on the contrary, that occurs days to weeks
after initial insult, is not associated with spine pruning, but
rather with an increase in spine number. Seizure-related
changes in spines are believed to represent a mechanistic
basis for cognitive deficits in epilepsy [6].

EVIDENCE FROM CLINICAL STUDIES

It shall be stressed that direct knowledge transfer from
animal models to human conditions is not simple. In fact,
the discrepancies in the mechanisms of disease progres-
sion between the animal model and the disease in human
itself may lead to choosing the wrong drug candidate, lead-
ing to failure in clinical trials. Luckily, in contrast to num-
ber of other diseases, where only post-mortem samples are
available, analysis of human brain tissue excised during
the neurosurgical operations in patients with drug resist-
ant epilepsy may be performed. Studies on brain surgery
tissue found increases in MMP-9 immunoreactivity in epi-
leptogenic lesions associated with focal cortical dysplasia
and tuberous sclerosis and in epileptogenic cortical or hip-
pocampal lesions in patients with temporal lobe epilepsy
without underlying cytoarchitectonic abnormalities[65-67].
Interestingly, an increase of MMP-9 activity was also report-
ed in the unchanged tissue of patients with epilepsy. The in-
crease of MMP-9 level was mostly marked postsynaptically,
within the dendritic spines. Moreover, the MMP-9 level in
blood of epileptic patients was found to be increased [65].
The increase of the MMP-9 level and the MMP-9 to TIMP-1
ratio was observed in patients with acute encephalopathy
after febrile seizures, what was associated with blood-brain
barrier damage [68]. Although in patients who developed
epilepsy as a complication of acute encephalitis no discrep-
ancies of MMP-9 levels were found, the MMP-9 to TIMP-1
ratio was significantly increased[69]. Moreover, the mean
MMP-9 to TIMP-1 ratio was higher in patients with worse
control of epilepsy (defined by authors as a minimum of 28
seizures during four weeks) than in the patients in whom
lower number of seizures was observed [8]. Similarly, the
level of MMP-9 and MMP-9 to TIMP-1 ratio in blood serum
was increased in children with influenza caused encepha-
lopathy, in the group who developed febrile seizures [69].
In patients with TLE qualified for lobectomy, serum MMP-9
levels upon operation has decreased. In these patients the
level of MMP-9 proenzyme and activity in the tissue of
epileptic focus was increased in comparison to surround-
ing tissues and a normal hippocampus [67]. The study per-
formed on with generalized tonic-clonic seizures, patients
with convulsive and non-convulsive status epilepticus, and
patients with complex partial seizures significant increase of
serum MMP-9 in 1 hour and in 24 hours after seizures has
been observed, with the return to control level in 72 hours
after seizures [70]. In another study cerebrospinal fluid level
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Figure 1. Scheme outlining the ways of MMP-9 involvement in epileptogenesis.
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of MMP-9 in patients with bacterial meningitis who sub-
sequently developed epileptic seizures was higher than in
group with no seizure developed [71].

MMP-9 INHIBITION AS ANTIEPILEPTOGENIC
THERAPEUTIC STRATEGY

If we are to move from proof-of-principle studies to pre-
clinical, and even clinical testing, a number of challenges
should be dealt with. First, looking retrospectively onto the
vast amount of data obtained in rodent models of epilep-
togenesis, one can notice significant differences in the pat-
tern of molecular changes, time course and severity of the
cellular alterations depending on a model, such as electri-
cally or chemically induced SE or TBI, not to mention in-
ter-animal variability. Therefore, reproducibility of results
among different animal models or even species should
be confirmed first, and patients target group (post-TBI or
post-SE acquired epilepsy) carefully selected. Secondly,
as acquired epileptogenesis was shown to be regulated by
multiple molecular pathways, it would be prudent to avoid
over-simplification that the modulation of a single target
pathway can be antiepileptogenic [3].

However, MMP-9 seems to overtake these obstacles
successfully. Its involvement in epileptogenesis has been
proved in different models of epileptogenesis, both chemi-
cally (kainic acid, PTZ kindling, bicuculine, pilocarpine)
and mechanically (TBI) induced in mice and rats, including
knockouts and MMP-9 overexpressing animals. Even more
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importantly, multiple reports from clinical studies show in-
creased MMP-9 in patients having seizures of different eti-
ologies. As revised above, MMP-9 is proven to contribute
multilaterally to fundamental processes of epileptogenesis,
which makes it an attractive drug target to pursue.

Because of high structural homology of the active sites of
MMPs, the design of potent and selective inhibitor is a de-
manding task. Lack of selectivity may result in severe side
effects, the main reason of clinical trials failure of MMP-9
inhibitors developed against cancer. Moreover, with a few
exceptions, most of MMP-9 inhibitors developed so far lack
an ability to penetrate BBB, a prerequisite for an antiepilep-
togenic candidate. Still, some attempts in this way are being
made. Yeghiazaryan ef al. [72] has reported the compound
DP-b99 to delay onset and severity of PTZ-induced seizures
in mice, display neuroprotective effect on kainate excitotox-
icity and block MMP-9 dependant morphological reorgani-
zation of the dendritic spines. Recently, novel peptidomi-
metic MMP-9 inhibitors have been shown to penetrate BBB
and be effective in epileptogenesis [73].

Another issue for scrutiny is the fact that MMP-9 role in
epileptogenesis is rather dual than negative, and at some
points MMP-9 is speculated to be neuroprotective and
important in maintaining homeostasis [8]. As MMP-9 is
released in specific time and space pattern, further inves-
tigation, showing at what time points MMP-9 activity is
damaging and must be inhibited, and when not, would be
necessary. To enable matching drug delivery pattern, ad-
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vanced controlled-release formulations must be developed,
which is a challenge in terms of pharmacokinetics. Witness-
ing the stall in CNS drug discovery and ineffectiveness of
conventional drug design approaches, novel MMP-9 inhibi-
tors having cutting edge formulation and unique pharma-
codynamic and pharmacokinetic properties, may be the first
therapeutics of the new era.

CONCLUSIONS

Epileptogenesis prevention is one of the most important
and unmet challenges for the pharmaceutical industry, and
a huge amount of evidence hint MMP-9 as a perfect drug
target to investigate. Its physiological role in the processes
of neuroinflammation, cell differentiation, tissue remodel-
ling, angiogenesis, regulation of the level and activity of
cytokines and growth factors, synaptic plasticity has been
proven. Abnormal MMP-9 activity has been regarded to
contribute to the formation of epileptic foci, pathological
synaptic connections and neuronal networks. Diverse roles
of MMP-9 in epileptogenesis may be summarized in Fig-
ure 1. Clinical studies strongly confirm the link between
MMP-9 and seizure development. Still, proceeding from
proof-of-concept studies to successful drug candidate de-
velopment is a daunting challenge, and additional research
attempts to explicate the MMP-9s role in epileptogenesis are
to be undertaken.
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STRESZCZENIE

Epileptogeneza jest procesem odpowiedzialnym za przemiane zdrowego mézgu w padaczkowy. Ten proces moze byé spowodowany przez
takie zdarzenia, jak uraz mézgu czy stan padaczkowy. Gléwnym mechanizmem odpowiedzialnym za zmiany moga by¢, przede wszystkim,
stan zapalny mézgu, zakl6cenia ciaglosci bariery krew-moézg, patologiczna przebudowa sieci neuronalnych oraz nienaturalna plastycznosé
synaptyczna. Dane elsperymentalne uzyskane w modelach zwierzecych oraz u pacjentéw z padaczka sugeruja, ze metaloproteinaza macierzy
zewnatrzkomérkowej 9 (MMP-9) jest potencjalnie jednym z kluczowych skltadnikéw procesu epileptogenezy. MMP-9 wplywa na plastycz-
nos¢ synaptyczna umozliwiajac padaczkowa reorganizacje obwodéw neuronalnych w mézgu. Zalezne od MMP-9 ciecie elementéw bariery
krew-mozg i nastepujaca po nim infiltracja komoérek ukladu immunologicznego do mézgu, przyczyniaja sie do stanu zapalnego w epilep-
togenezie. Celem danej pracy przegladowej jest analiza mozliwych mechanizméw zaangazowania MMP-9 w proces epileptogenezy oraz
koncepcja zahamowania MMP-9 jako potencjalnej strategii terapeutycznej.
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