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Matrix metalloproteinase 9 is a proteolytic enzyme which is recently one of the more often studied biomarkers. Its possible use
as a biomarker of neuronal damage in stroke, heart diseases, tumors, multiple sclerosis, and epilepsy is being widely indicated. In
epilepsy, MMP-9 is suggested to play a role in epileptic focus formation and in the stimulation of seizures. The increase of MMP-
9 activity in the epileptic focus was observed both in animal models and in clinical studies. MMP-9 contributes to formation of
epileptic focus, for example, by remodeling of synapses. Its proteolytic action on the elements of blood-brain barrier and activation
of chemotactic processes facilitates accumulation of inflammatory cells and induces seizures. Also modification of glutamatergic
transmission by MMP-9 is associated with seizures. In this review we will try to recapitulate the results of previous studies about
MMP-9 in terms of its association with epilepsy. We will discuss the mechanisms of its actions and present the results revealed
in animal models and clinical studies. We will also provide a comparison of the results of various studies on MMP-9 levels in the
context of its possible use as a biomarker of the activity of epilepsy.

1. Introduction

Discovered in 1974 matrix metalloproteinase 9 (MMP-9),
also known as gelatinase B, belongs to the superfamily
of proteolytic enzymes, degrading extracellular matrix and
influencing almost all aspects of mammalian cell biology.The
characteristic structure of this group of enzymes is based on a
prodomain and a catalytic domain containing zinc, to which
other domains distinguishing different families and enzymes
are attached. Belonging to the family of gelatinases MMP-
9 is one of the most complex matrix metalloproteinases. In
its structure, apart from the prodomain and the catalytic
domain, a fibronectin-like, a hemopexin, and a type V
collagen-like domain are included [1]. Thanks to its complex
structure MMP-9 is able to bind with various substrates
for example, tissue inhibitors of metalloproteinases (TIMPs),
laminin, gelatin, collagen types I and IV, procollagen type II,
𝛽-amyloid (1–40), precursors of growth factors, chemokines,
surface receptors, and adhesion molecules (e.g., [1, 2]).
According to proteomic research the number of possible
substrates of MMP-9 may reach even a few hundred. Their

variety is associated with diverse activities of MMP-9 within
the central nervous system (CNS).

The presence ofMMP-9was shownwithin the hippocam-
pus, cerebral cortex, and cerebellum [3]. The expression of
MMP-9 was observed in neural and glial cells [4]: above
all in astrocytes and microglia [5]. Within the cell the
presence of the active form of MMP-9 was confirmed in
nucleus of neurons and glia [6, 7]. In the synapses the
presence of MMP-9 mRNA, protein, and enzymatic activity
was shown in dendritic spines containing the postsynaptic
part of excitatory synapses [4, 8–10]. Moreover, inflowing
leukocytes are the source of MMP-9 in CNS [11]. MMP-9
is also secreted by endothelial cells [12]. Small amount of
protease is released constantly, though its level and activity
rise significantly after various stimuli, both physiological and
pathological [13].

The secretion of MMP-9 is regulated on many levels.
Gene expression for MMP-9 within the brain is dependent
mainly on two transcription factors: activator protein 1 (AP-
1) and nuclear factor-𝜅B (NF-𝜅B). An increase of MMP-9
expression in neurons is induced by their depolarization and
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activation of receptors [14, 15]. In microglial cells, inflamma-
tory factors cause the increase of MMP-9 expression [16, 17].
Transcription is influenced by various cytokines, chemokines
and growth factors. In human neural cells interleukin- (IL-
) 1𝛽 increases transcription of MMP-9 and transforming
growth factor 𝛽 (TGF-𝛽) inhibits it [18]. Nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF)
increase expression and activity of MMP-9 [19, 20].

MMP-9 is secreted from neurons (dendrites) under the
influence of glutamate [21]. MMP-9 is released in an inactive
form. The activation of MMP-9 is reached in two ways. The
first is cleaving of the propeptide. This role may be fulfilled
by different metalloproteinases—mainly MMP-3—and com-
ponents of plasminogen-plasmin cascades. The other way
of activation is lysis of cysteine residue [22]. The activity of
MMP-9 is inhibited by endogenous proteins TIMPs. Among
them TIMP-1 is considered to be a natural inhibitor of MMP-
9. The misbalance between MMP-9 and TIMP is associated
with numerous CNS diseases [23]. MMP-9 exerts its effects
mostly in the extracellular space [3]. However, possibility of
its actions inside the cells was also described (e.g., [24]; for
molecular biology of MMP-9, see [25]).

According to recent studies, MMP-9 seems to be a
key factor in pathogenesis of epilepsy. It is assumed that
impaired plasticity within the synapse and mossy fibers
sprouting within the hippocampus, both associated with
MMP-9 activity, have an impact on the formation of a
new epileptic focus [26–28]. The other kind of process
interrelated with epileptogenesis is inflammatory processes
within CNS, whose regulation is also influenced by MMP-
9 activity. Additionally, MMP-9 is associated with blood-
brain barrier damage which lowers seizure threshold and
induces formation of new epileptic foci [29, 30]. In next
paragraphs the effects of MMP-9 activity and its associations
with epilepsy will be presented.

2. Effects of MMP-9 Activity and Epilepsy

2.1. Extracellular Matrix. One of the activities of MMP-9 is
lysis of the extracellular matrix (ECM). Noteworthy, ECM
is not only a passive scaffolding on which other functional
elements are deployed. The main components of ECM are
proteoglycans, hyaluronic acid, link proteins, and tenascins.
Proteoglycans mainly belong to the family of hyalectans
binding with hyaluronic acid in macromolecular complexes
with help of link proteins [31]. So far its inhibitory effect
on axon growth in in vitro research has been reported (e.g.,
[32]). Proteoglycans also exert a plasticity-limiting effect in
CNS and change the ECM composition to characteristic
for adults [33]. Tenascins are macromolecular glycoproteins
able to bind with adhesion molecules and surface receptors
[31]. Apart from these main elements, ECM comprises,
for example, laminin, thrombospondin, lectins, and matrix
metalloproteinases.

The components of ECM participate in regulation of
ion homeostasis, which is being suggested for example,
on the basis of initial axonal segment formation on the
foundation of ECM proteins [34]. Recently also the questions

of probable neuroprotective activity of perineuronal nets
(PNN) are being taken into concern. The PNN are big
aggregates of ECM, surrounding subpopulations of neurons,
which according to recent data exert neuroprotective effect
in neurotoxicity caused by amyloid-𝛽. Their neuroprotective
activity against oxidative stress has also been suggested [35].
ECM is also said to be the forth part of the synapse (apart
from the pre- and postsynaptic part of neurons and a glial
cell) which modulates activity of ion channels and receptors
within the synapse [36]. Among the components of ECM
influencing synaptic changes and in consequence formation
of new epileptic foci, MMP-9 attracts much attention [37].

Changes within the synapse associated with epilepsy
are exerted in dendritic spines [38]. Modification of their
morphology is linked with MMP-9 activity [39]. Michaluk et
al. [39] noted that in neural cells of the hippocampus chronic
enzymatic activity of MMP-9 causes elongation and thinning
of dendritic spines. Temporary increase of the MMP-9 level
on the other hand induces their growth and change of
shape to a mushroom-like [40]. The presence of MMP-9
is essential for dendritic spines growth [41]. The change of
dendritic spines’ morphology is caused by MMP-9 activity
and is mediated by 𝛽-dystroglycan, intercellular adhesion
molecule 5 (ICAM-5), and 𝛽1, 𝛽2, and 𝛽4 integrins [42–
48]. After cleaving of neuroligin 1 by MMP-9 modification
of synaptic transmission was observed. The modification
was associated with a change in the presynaptic part [49].
Another substrate of MMP-9 responsible for changes in
synapse structure and activity is synaptic cell adhesion
molecule-2 (synCAM-2) [50]. Additionally, MMP-9 cleaves a
postsynaptically localized protein, nectin-3 [51], and proteins
responsiblemainly for intrasynaptic transmission:𝛽-amyloid
peptide [52], insulin-like growth factor-binding proteins [53],
and IL-1𝛽 [54]. Also the change of the structure of dendritic
spines may influence transmission within the synapse.

MMP-9 affects induction of long-term potentiation
(LTP), a main model of synaptic plasticity, changing
simultaneously structure and functioning of the synapse
[40]. As is noted by Matsuzaki et al. [55] the induction of
LTP is associated with enlargement and remodeling of small
dendritic spines presenting only N-methyl-D-aspartate
(NMDA) receptors to big synapses presenting both NMDA
and 𝛼-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors. The activity of NMDA receptors
in turn modifies the levels and activity of MMP-9 what
may be a significant step in generating LTP [56]. After the
seizures the activity of MMP-9 associated with AMPA and
NMDA receptors increases [9]. MMP-9 causes degradation
of amyloid precursor protein what influences the secretion
of soluble amyloid precursor protein 𝛼, associated with
neuronal plasticity and memorization, and LTP within
the hippocampus [57]. Noteworthy, MMP-9 affects both
LTP induction [40] and its maintenance [58]. In MMP-9
knockout mice a dysfunction of the late phase of LTP was
noted [59], similarly as it was reported in animals in which
MMP-9 was inhibited by TIMP-1 or a MMP-9 specific
inhibitor [60]. The influence of MMP-9 on LTP is still being
analyzed; however, it has to be noted that, by regulation of
LTP, MMP-9 modifies processes of learning and memory.
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Research carried out so far indicate that MMP-9 plays a
vital role in spatial and appetitive memory. The inhibition of
MMP-9 leads to LTP abnormalities within the hippocampus
and in consequence influences memorizing of localization
in space [59]. The appetitive memory is associated with the
expectation of reward and development of addiction. The
activity of MMP-9 is increased within the central nucleus of
the amygdala and is essential to memorizing associated with
the expectation of reward [61].

2.2. Other Functions. MMP-9 takes part in many physio-
logical processes: cell differentiation and migration, tissue
healing and remodeling, cytokine secretion, regulation of
growth factors activity, and regulation between pro- and
anti-inflammatory processes and between the processes of
survival and apoptosis [62–64]. So far the role of MMP-9 has
been reported, for example, in oligodendrocyte differentia-
tion [65], Schwann cell migration [66], neuronal regrowth
[67], degradation of active NGF [68], or conversion of pro-
BDNF [4]. In MMP-9 knockout mice a delay of migration
and a decrease of apoptosis of cerebellar granule cells were
reported [69]. Some of the aforementioned effects, that is,
Schwann cell migration and neuronal regrowth, are the
effects of nonenzymatic activity of MMP-9.

MMP-9 participates also in many pathological processes.
Among others its role was noted in cancerogenesis and
metastasis [70], pathology of learning and memory, addic-
tion, and psychiatric diseases (schizophrenia, bipolar disor-
der, and cognitive disorders) as well as in inflammatory and
neurodegenerative diseases, multiple sclerosis, and cerebral
ischemia [22].

2.3. Epileptic Focus. In the context of epilepsy the effect of
MMP-9 was noted in tissue remodeling within the epileptic
focus after the occurrence of seizures. In the study of
Szklarczyk et al. [71] an association between remodeling
within dentate gyri and an increased expression and activity
of MMP-9 was reported after the kainate-induced seizures
in rats. A greater susceptibility to epileptogenic process was
observed in transgenic rats which exhibited overexpression
of the active form of MMP-9 in the kindling model induced
by pentylenetetrazole [8]. Also other researchers noted the
association of MMP-9 with reorganization of neuronal cir-
cuits [4]. Impaired synaptic plasticity is essentially linked
with epilepsy [72]. During kindling, which is a repeated brain
stimulation, it comes to lowering of the seizure threshold and
eventually to spontaneous occurrence of epileptic seizures.
On the cellular level mossy fiber sprouting and formation of
new synaptic connections are then being observed [73].

2.4. Inflammation. The other effect associated with epilepsy
is the activation of inflammation. Numerous studies uncover
an increase of the level or activity of MMP-9 after the
induction by inflammatory factors (e.g., [16, 74]). MMP-9
affects inflammatory processes onmany levels; for example, it
enables leukocyte influx to the locus of inflammation through
the blood-brain barrier, helps to form the chemotactic signal
by releasing the chemokines from ECM, and activates tumor

necrosis factor 𝛼 (TNF-𝛼) [75, 76]. Recently its double role
in the regulation of pro- and anti-inflammatory processes
has been noted. An example of that role is not only intensi-
fication, but also inhibition of chemotaxis by MMP-9 [77].
Lo et al. [78] note that the activity of MMP-9 in acute
inflammation may be an attempt of rescuing the healthy
tissues. Additionally, it was observed that factors that are
said to be proinflammatory not always intensify the epileptic
process; active microglia may also exert protective function
during status epilepticus [79]. It seems that MMP-9 may
be partially responsible for the maintenance of homeostasis
between protection and damage.

When it comes to the prevalence of inflammatory pro-
cesses a new epileptic focus is being formed. In the inflamed
tissue microglia is being activated and astrocytes become
reactive. The presence of reactive astrocytes was observed in
epileptic foci in temporal epilepsy, focal cortical dysplasia,
or tuberous sclerosis [80, 81]. These cells produce proinflam-
matory cytokines (e.g., IL-1𝛽, IL-6, and TNF-𝛼) responsible
for the promotion of cell death after status epilepticus [82].
Moreover they secrete chemokines, recruiting inflammatory
cells, for example, C-C motif chemokine ligands 2, 3, and
5 [83] what leads to further intensification of inflammatory
processes. MMP-9 takes part in activation and deactivation
of many chemokines and cytokines participating in inflam-
mation, for example, IL-1𝛽, TNF-𝛼, and TGF-𝛽 [12, 84, 85].

MMP-9 plays a vital role in blood-brain barrier damage.
The increase of blood-brain barrier permeability is one of
the first abnormalities which occur in status epilepticus [30].
On the other hand, malfunctioning of blood-brain barrier
causes lowering of seizure threshold independently of the
cause of disruption [29], contributes to induction of epileptic
discharges, and increases their frequency [86]. MMP-9 is
a main factor participating in blood-brain barrier damage
independently of the damaging factor [87].The role ofMMP-
9 in blood-brain barrier disruption was reported in cerebral
ischemia and inflammation [88–90].

MMP-9 causes damage to blood-brain barrier by cleaving
zonula occludens 1 protein, one of the proteins regulating
efficiency of tight junctions [91]. Moreover, collagen type IV,
a main component of the basal lamina of endothelium, is a
substrate forMMP-9 [11]. Opposing results concern occludin,
a building block of tight junction connections, which is
another protein onwhich the tightness of blood-brain barrier
is dependent. In the research of Asahi et al. [91] MMP-
9 influence on the occludin level was not confirmed, what
on the contrary was observed by Reijerkerk et al. [92] and
Zozulya et al. [93].

Released from the leukocytes during inflammation
MMP-9may be a factor promoting the inflammatory process
by influencing blood-brain barrier permeability and enabling
further influx of the cells participating in inflammation [12].
The role of tissue invading leukocytes in epileptic process
comes to attention of, for example, Fabene et al. [94]. The
enzymatic activity of metalloproteinases is vital for leukocyte
migration [95].

Together with MMP-2, MMP-9 selectively cleaves dys-
troglycan, a protein fixing astrocyte endfeet to the basement
membrane and thus allowing leukocyte infiltration to the
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brain parenchyma [96]. In genetically modified mice lacking
both MMP-9 and MMP-2 Agrawal et al. observed resistance
to the development of CNS inflammation as leukocytes had
no ability to move from the perivascular space through the
parenchymal basement membrane [96].

MMP-9 takes part both in chemotaxis and in migration
of inflammatory cells. MMP-9 activates, for example, IL-8,
granulocyte chemotactic protein, and many others [97, 98].
In a mouse model of meningitis crossing the endothelium by
leukocytes contributes to further damaging of blood-brain
barrier and induction of epileptic seizures [99]. Leukocytes
biphasically influence formation of epileptic focus. In the
acute phase they exacerbate the damage of blood-brain
barrier. In the chronic phase they contribute to the release
of cytokines, chemokines, and cytotoxic enzymes. They also
cause changes in vessels and influence production of free oxy-
gen radicals [100]. The permeability of blood-brain barrier
has influence on dendritic cell migration as well. Produced
by dendritic cells MMP-9 mediates their migration [93].

2.5. Glutamatergic Receptors. The effect of MMP-9 on glu-
tamate receptors may also impact neuronal excitability and
development of seizures. MMP-9 modifies both NMDA and
AMPA receptors influencing the efficiency of glutamater-
gic transmission [43, 101]. MMP-9 increases the activity
of NMDA receptor through integrins. After inhibition of
integrin 𝛽1 with simultaneous presence of MMP-9 a total
immobilization of NMDA receptor was observed [43]. The
EphB receptor and 𝛽-dystroglycan, molecules affecting the
activation of NMDA receptor, are substrates for MMP-9
[42, 102]. Also MMP-9 itself influences NMDA receptor
causing its activation [59]. On the other hand, activation of
NMDA receptor has influence on the expression and activity
of MMP-9 [15] as well as on the modification of adhesion
molecules and change of the morphology of dendritic spines
[46]. MMP-9 cleaves an adhesion molecule ICAM-5 whose
soluble extracellular domain affects the expression of AMPA
receptor within the synapse [103]. Acting through the inte-
grins MMP-9 decreases the activity of AMPA receptor [43].
As it has been shown so far, MMP-9 modifies glutamatergic
transmission and influences the quantity of glutamate within
the synapse.

2.6. Cell Death. It is being suggested that, in some models
of epilepsy, MMP-9 contributes to cell death. In a kainate-
induced seizure model MMP-9 causes cell death in the
mechanism of excitotoxicity [104, 105]. In a model of status
epilepticus induced by pilocarpine, Kim et al. reported cell
death in a mechanism of apoptosis associated with MMP-
9 activity [106]. Apart from epilepsy models MMP-9 was
observed to cause cell death contributing, for example, to
impairment of transmission between ECM and the cell
through the lipoprotein receptor-related protein [107], sep-
aration of the cells from ECM leading to anoikis, the kind
of apoptosis caused by the activation of proteolytic cascades
[108], an increase of calpain activation [109], and initiation
of caspase cascade and induction of cytotoxicity [77]. At a
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Figure 1: The fields of MMP-9 action in epilepsy.

glance, the diversity of MMP-9 action in epilepsy is shown
in Figure 1.

3. Animal Models

The relation of MMP-9 with the occurrence of epilepsy
was confirmed in animal models: a kainate, a pilocarpine,
a 4-aminopyridine, and a pentylenetetrazole model. Hip-
pocampus, a region of great susceptibility to seizures and
characterized by high probability of involvement in epileptic
discharges [72], has been the most often studied structure.
In the context of epilepsy attention has been paid mainly
to cell damage associated with the occurrence of seizures,
impairment of synapse plasticity, damage of blood-brain
barrier, and inflammatory processes within CNS.

In a rat model of seizures induced by administration
of kainic acid, an agonist of glutamatergic receptors, a
correlation among the increase of the MMP-9 expression,
activity and protein quantity, and remodeling within dentate
gyri was reported [71]. Moreover an increase in TIMP-1 gene
expression was observed. The results of the study suggested
the influence of MMP-9 on pruning of dendritic spines and
formation of abnormal synaptic connections [71]. In another
rat kainate model after the occurrence of seizures the trans-
portation of MMP-9 mRNA to the dendrites and synapses
within dentate gyri of the hippocampus was observed [110].
Also Jourquin et al. [104] observed an increased release and
enzymatic activity of MMP-9 after the administration of
kainate in organotypic hippocampal cultures.The researchers
noted as well a decrease in cell mortality after blocking of
the MMP-9 activity. Jourquin et al. paid also attention to
the involvement of excitotoxic and inflammatory processes
in neural cell damage. Other researchers observed that, in the
kainatemodel, a vital role is played also by the oxidative stress
[111]. The occurrence of apoptosis associated with the MMP-
9 activity was reported by Kim et al. [106]. In their study the
administration of pilocarpine initiated status epilepticus in
rats what was associatedwith overexpression ofMMP-9 and a
decrease of 𝛽1-integrin concentration and consequently with
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death of hippocampal cells in the mechanism of apoptosis
[106]. In another pilocarpine model in infant rats, MMP-9
also caused cell death and its inhibition was associated with
decreased damage [112]. Lower susceptibility to cell death
after pilocarpine administration induced seizure was also
reported inMMP-9 knockout mice. In previously mentioned
studiesMMP-9was associatedwith the occurrence of damage
within the brain.

On the contrary, according to Takács et al. [113] the
enzymatic activity of MMP-9 is mainly associated not with
cell damage, but with the plasticity within the synapse,
a reorganization of both its morphology and functioning.
After the injection of 4-aminopyridine, a potassium channel
blocker, an increased activity of MMP-9 in the regions of
cortex involved in the generalized epileptic process was
observed. Moreover, in a genetic model of absence-like
seizures ofWistar Glaxo Riswijk rats, higher levels of MMP-9
proenzyme were reported in comparison to control animals.
In these rats the occurrence of epileptic discharges was also
observed, mainly on the border of sleep and awakening.
In both above-mentioned models, a correlation between an
increased enzymatic activity of MMP-9 and occurrence of
epileptic activity that did not cause cell death was reported
[113]. In another kainate model in rats with chronic epilepsy,
Zahn et al. [114] indicate less frequent occurrence of seizures
in these rats after administration of 4-aminopyridine what
also suggests the role of MMP-9 in brain plasticity. Similar
results came from the study of Wilczynski et al. [8] who
observed the decrease in dendritic spines pruning in genet-
ically MMP-9 knockout mice after stimulation of seizures
with pentylenetetrazole and kainate in comparison to healthy
animals. MMP-9 knockout mice were less susceptible to kin-
dling and presented with less pronounced epileptic seizures.
In geneticallymodified rats showing overexpression ofMMP-
9 the researchers reported an increased tendency to epilep-
togenesis after the administration of pentylenetetrazole. The
formation of abnormal synaptic connections by mossy fiber
sprouting was reported to correlate with MMP-9 expression
in rat organotypic hippocampal cultures. Also in MMP-9
knockout mice a decrease in mossy fiber sprouting after
the pentylenetetrazole administration was observed when
compared to control animals.The possible explanation of this
MMP-9 activity is the lysis of the ECM surrounding neurons
and affecting synapse plasticity by controlling the shape of
dendritic processes [8]. This physiological function of MMP-
9 may be distorted in the process of the formation of new
epileptic foci associated with changes of synapsemorphology
and kindling.

In another pentylenetetrazole model in mice, an
increased expression and enzymatic activity of MMP-
9 within the hippocampus were reported what was
accompanied by epileptic seizures [4]. In this study a
decreased progression of kindling was reported in MMP-9
knockout animals in comparison to control group. The level
of mossy fiber sprouting was also lower in transgenic mice.
Additionally, MMP-9 caused conversion of pro-BDNF to
mature BDNF in mice which received multiple injections
of pentylenetetrazole. BDNF affects axonal branching
and changes of synapse morphology and contributes to

formation of epileptic focus [115]. However, Mizoguchi et
al. did not observe the increase of MMP-9 expression and
activity after the single episode of seizures. The researchers
stated that these results suggest regulation of the levels of
MMP-9 expression and activity by multiple activation of
NMDA receptors [4]. It complies with the older research of
Giorgi et al. [116] in which inhibition of NMDA receptors
prevented seizures and the development of kindling after
the administration of pentylenetetrazole. Mizoguchi et al.
underline the necessity of multiple stimulation by seizure
inducing substance, though in other studies [14, 42] and even
a single dose of seizure inducing substance was associated
with the increased levels of MMP-9 mRNA and enzymatic
activity. Possibly these differences can be explained by
different animals chosen for the research and different
times of measurements. Even though the results of the
study conducted by Mizoguchi et al. confirm the role of
MMP-9 in neuronal plasticity. They also concentrate on
the possible exacerbation of the pathology initiated by the
kindling process by following changes in morphology and
functioning of the synapses.

MMP-9 is suggested to contribute to the formation of
hyperexcitable neuronal circuits. In one of the recent studies
withMMP-9 knockout infantmice, an increase of the number
of pyramidal neurons in the CA1 region of hippocampus
and a decrease of the number and complexity of dendritic
processes were reported. The aberrations of dendritic cell
structure lasted until adulthood. More frequent spontaneous
discharges were observed in adult transgenic mice. Also
kainate-induced seizures lasted longer and were more severe
in these mice [117].

Attention has also been paid to an association of MMP-
9 with inflammatory processes and blood-brain barrier
damage in the context of epilepsy. The administration of
lipopolysaccharide to the brain of rats resulted in the increase
of blood-brain barrier permeability and associated increase
of MMP-9 level [118]. In the basal lamina of endothelial cells
the destruction of collagen type IV was also observed. This
suggested a key role ofMMP-9 in blood-brain barrier damage
[119]. An impaired function of blood-brain barrier may
both initiate epileptogenesis and intensify present epileptic
discharges. After its damage it comes to protein extravasation.
The serum proteins activate astrocytes and affect the forma-
tion of new epileptic focus [120]. The blood-brain barrier
damage in epilepsy might be confirmed by an increased
level of S100B, the protein specific for CNS in patients
with chronic epilepsy [121]. Another molecule involved in
epileptogenesis is TGF- 𝛽. Pro-TGF-𝛽 is one of the substrates
for MMP-9 [85]. MMP-9 activates pro-TGF-𝛽 to its active
form. Active TGF-𝛽 participates in the increase of blood-
brain barrier permeabilitywhat in turn leads to serumprotein
extravasation, astrocyte activation, and further intensifica-
tion of inflammatory processes. The study of Fabene et al.
emphasizes the importance of inflammation in epilepsy [94].
After themodification of endothelium-leukocyte interactions
in a mouse model of epilepsy the researchers observed a
decrease of frequency of the spontaneous epileptic seizures.
These data were also confirmed in the model of hippocampal
sclerosis [94].
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It seems that the activity of MMP-9 in epilepsy is
multidirectional. On one hand it has influence on inflam-
matory processes, blood-brain barrier damage, impairment
of neurotransmission, formation of pathological synaptic
connections, and epileptic foci as well as cell death. On
the other hand it exerts protective role by inhibition of
chemotaxis and rescuing of healthy tissue.

4. Clinical Studies

The main source of information about the cerebral structure
morphology in patients with epilepsy is specimens excised
during neurosurgical operations. The patients qualified for
the operation most frequently are diagnosed with drug-
resistant epilepsy which is defined as “failure of adequate
trials of two tolerated, appropriately chosen and used
antiepileptic drug schedules (whether as monotherapies or
in combination) to achieve sustained seizure freedom” [122].
Other patients qualified for the neurosurgical procedures are
diagnosed with complex epileptic syndromes, for example,
Lennox-Gastaut syndrome, or suffering from other diseases
in which epileptic seizures such as tuberous sclerosis or
Sturge-Weber syndrome occur [123].

Approximately 73%of patients qualified for neurosurgical
operation are diagnosed with temporal lobe epilepsy (TLE)
[124]. TLE is frequently associated with selective atrophy of
the hippocampus, the hippocampal sclerosis.The histopatho-
logical picture of TLE with coexisting hippocampal sclerosis
comprises neuronal loss, abnormalities of morphology and
function of various receptors and channels, activated neuro-
genesis and formation of new synaptic connections, gliosis,
inflammatory processes, and blood-brain barrier damage
[124]. However, independently of hippocampal sclerosis loss
of neurons and changes of synapse organization is reported
also in other epileptic foci [125, 126]. Additionally there
appear neurons of changed morphology; for example, in the
amygdala they are smaller and have less first-row dendritic
spines while the total number of dendritic spines is increased
[125].

The most frequent form of focal epilepsy is mesial
temporal lobe epilepsy (MTLE) [127]. In patients with MTLE
with coexisting hippocampal sclerosis the MMP-9 activity
was reported to be increased within neural and glial cells
within CA1 and CA2 regions off hippocampus, in the gran-
ule cell layer of dentate gyrus and in the neocortex [26].
Additionally, the researchers observed a correlation between
the localization of TIMP-1 and the activity of MMP-9 in
neocortex. The results of the study seem to be in favor
of the association of MMP-9 with drug-resistant MTLE
and coexisting hippocampal sclerosis. In another study in
patients with MTLE associated with hippocampal sclerosis a
decreased level of the collapsin response mediated protein-2
(CRMP-2)was reported [128]. CRMP-2 is a crucial protein for
axonal regrowth andmaintenance of neuronal polaritywithin
the hippocampus. CRMP-2 is also a substrate for MMP-9
[50]. An increased activity of MMP-9 may be a cause of
neuronal plasticity disorders and their degeneration may be
mediated by the degradation of CRMP-2.

In TLE an increased expression of the proinflammatory
cytokines IL-1𝛽 and NF-𝜅B was reported [129]. On the
other hand the increased expression of these cytokines
causes an increase of MMP-9 level. A similar rise in the
proinflammatory cytokine level was also found in focal
cortical dysplasia [130] and tuberous sclerosis [131], disor-
ders associated with occurrence of seizures. The level of
MMP-9 activity was increased within the epileptic foci of
patients with focal cortical dysplasia and tuberous sclero-
sis as well [10, 132]. Interestingly, an increase of MMP-
9 activity was also reported in the unchanged tissue of
patients with epilepsy [10]. In the study of Konopka et al.
the increase of MMP-9 level was mostly marked postsynap-
tically, within the dendritic spines. Moreover the activity
of MMP-9 was reported in the localization corresponding
with the localization of abnormal mossy fibers [10]. The
authors noted that MMP-9 may exacerbate pathological
processes occurring after seizures and lead to drug-resistant
epilepsy.

5. MMP-9 as a Biomarker Associated with
Epilepsy

In the research conducted so far an increased level of MMP-9
was reported in the blood serum of children who developed
epileptic seizures. 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 [133]. Interestingly, Brew
et al. [134] noted that the increase of MMP-9 serum level
causes even greater increase of the level of TIMP-1. In
children with human herpesvirus-6 (HHV-6) infection who
developed seizures no significant difference in the level of
MMP-9 activity was reported in comparison to infected
children without coexisting seizures. In children with febrile
seizures a decreased MMP-9 to TIMP-1 ratio was observed
due to the TIMP-1 increase. Yet the HHV-6 infection itself
caused an increase of serum MMP-9 level [135]. The authors
suggested that MMP-9 level and MMP9/TIMP1 ratio might
indicate central nervous system damage and development of
encephalopathy.

In patients who developed epilepsy as a complication of
acute encephalitis no discrepancies of MMP-9 levels were
found between the experimental and the control group.How-
ever, the MMP-9 to TIMP-1 ratio was significantly increased
in these patients, especially in the group with a history of
encephalitis by the age of 6 years. 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. The mean levels of MMP-
9 and TIMP-1 were similar in both groups [136]. The level
of MMP-9 and MMP-9 to TIMP-1 ratio in blood serum was
increased in children with influenza caused encephalopathy,
both in the group with worse prognosis and in the group who
developed febrile seizures. Even though the level of MMP-
9 in these patients was comparable to the level of MMP-9
in patients with uncomplicated influenza, the patients with
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neurological complications had increased MMP-9 to TIMP-
1 ratio in comparison to the patients without complications
[137].

In patients with TLE with coexisting hippocampal scle-
rosis an increased activity of MMP-9, an elevated MMP-9
to TIMP-1 ratio and a high level of urokinase uPAR were
reported. These patients were qualified for lobectomy. After
the operation a decrease of serum MMP-9 and uPAR levels
was observed. Moreover, during a year after the lobectomy
these patients were free from seizures. The level of MMP-9
proenzyme and activity in the tissue of epileptic focus was
increased in comparison to surrounding tissues and a normal
hippocampus [138].

A specific group of patients with epilepsy are patients
with neuropsychiatric manifestation of systemic lupus ery-
thematosus (NPSLE). Among the patients with systemic
lupus erythematosus (SLE), the group of patients in whom
at least one neurological or psychiatric symptom, defining
NPSLE, occurred, was reported to have increased level
of MMP-9 in blood serum [139]. Among these patients
four were diagnosed with epilepsy. However, the level of
MMP-9 in patients with NPSLE manifesting as epilepsy
was not higher than in patients with other neuropsy-
chiatric diseases. It may result partially from underly-
ing disease, severity of other symptoms (subjects were
diagnosed among others with demyelinating syndrome or
a polyneuropathy), or a small group of patients in the
study.

In a varied group of patients we have recently shown a
significant increase of serum MMP-9 in 1 hour and in 24
hours after seizures [140, 141]. The level of MMP-9 returned
to control in 72 hours after seizures. The group of patients
in the study consisted of patients with generalized tonic-
clonic seizures, patients with convulsive and nonconvulsive
status epilepticus, and patients with complex partial seizures.
Apart from MMP-9, the levels of ICAM-1, E-selectin, and
thrombomodulin were measured [140]. ICAM-1 was found
to be increased only 1 hour after seizures and there were no
differences in the levels of E-selectin and thrombomodulin
in comparison to control group. The increase of MMP-9
and ICAM-1 was similar in all patients with epilepsy and
correlated with the intensity of seizures. The results may
suggest the activation of endothelium after seizures.

An increase of the MMP-9 level was found in cere-
brospinal fluid of patients with bacterial meningitis who
subsequently developed epileptic seizures in comparison to
the patients in whom the disease was not complicated by the
development of epilepsy [142]. The result of the study sug-
gested the role ofMMP-9 in blood-brain barrier damagewhat
was confirmed by Li et al. [11]. In their study cerebrospinal
fluid was collected from the patients with a history of
generalized tonic-clonic epileptic seizure. In these patients an
increased level ofMMP-9was reported in comparison to con-
trol group. The increase of MMP-9 concentration correlated
to blood-brain barrier damage, an increase of the albumin
quotient, and the number of leukocytes in cerebrospinal fluid.
An increase of the albumin quotient reflects the leakage
of serum proteins to the cerebrospinal fluid and hence the
blood-brain barrier permeability. In aforementioned study

the increase of the MMP-9 level in cerebrospinal fluid and
associated increase of blood-brain barrier permeability were
reported in the period of 24 hours from the occurrence
of seizures. According to the authors an increased level of
MMP-9 was a marker of the influx of activated leukocytes
[11].

In one of the newer studies levels of matrix metal-
loproteinases (among them MMP-9), oxidative stress and
LDH were checked in saliva of children with epilepsy. The
patients were divided into two groups on the basis of disease
control: a group with well-controlled seizures and a group
in which the level of control was unsatisfactory. A decrease
of MMP-9 level in the saliva of all patients with epilepsy
was reported and it was most significant in the patients
with the unsatisfactory control of the disease. A similar
decrease was noted in the levels of LDH and MMP-3 while
the level of MMP-2 remained stable in all groups of patients.
Additionally, the level of oxidative stress was found to be
increased in the children with epilepsy. The study, apart
from noting the association of the decrease in MMP-9 level
in saliva with the occurrence and activity of epilepsy, also
shows a possibility of noninvasive evaluation of MMP-9 level
[143].

The results of the studies on MMP-9 level in the above-
mentioned groups of patients are shown in Table 1. Unfortu-
nately, as for now we lack data regarding levels of MMP-9 in
other groups of patients with epilepsy. However the research
conducted so far suggests a possibility of evaluation ofMMP-
9 as a potential marker of blood-brain barrier damage which
increased concentration is associated with occurrence of
epileptic seizures.

6. Other Potential Uses

The concept of MMP-9 as a biomarker is not new. In
stroke an increase of MMP-9 is regarded to be a marker of
increased blood-brain barrier permeability and hemorrhagic
transformation of ischemic foci [144]. An increase of MMP-9
has failed though as a single marker of stroke and yet a panel
of biomarkers showed sensitivity and specificity on the level
of approximately 90% [145, 146]. On the other hand, together
with the increase of the level of natriuretic peptide type B and
MMP-2 an increase of theMMP-9 concentration correlates to
cardiac diseases [147]. Moreover an increased level of MMP-
9 is a predictive factor of increased mortality due to stroke
and impaired healing of ulcerations associated with diabetic
foot, and a MMP-9 to TIMP-1 ratio together with the level
of MMP-10 is tightly correlated to severity and mortality of
sepsis [148]. In multiple sclerosis an increased level of MMP-
9 in blood serum and cerebrospinal fluid is correlated to the
course of disease. Probably it may also be a predictive factor
of multiple sclerosis progression [149]. As far as neoplastic
diseases are concerned high expression of MMP-9 in cancer
cells is, for example, a negative prognostic factor of survival
in esophageal cancer [150] whereas an increase of the level of
MMP-9 in blood serum is associated with breast, pancreas,
colon, and prostate cancer as well as an advanced lung cancer
[151].
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7. Conclusions

MMP-9 is one of the most widely met metalloproteinases
in the brain [22]. Despite its broad distribution in the CNS
and a huge contribution of many researchers in exploring
this metalloproteinase, still many questions stay unresolved.
Apart from its undoubted physiological role in the pro-
cesses of cell differentiation, tissue remodeling, angiogen-
esis, regulation of the level and activity of cytokines and
growth factors, regulation of pro- and anti-inflammatory
processes, and processes leading to cell death or survival,
MMP-9 also takes part in pathological processes. In epilepsy,
both experimental research and clinical studies indicate
that MMP-9 contributes to formation of epileptic focus,
activation of inflammation processes after the occurrence
of epileptic seizures via modification of blood-brain barrier
and cell death. The association between MMP-9 with drug-
resistance of epilepsy has also been noticed. Yet the knowl-
edge about MMP-9 and its role in epilepsy needs further
deepening.
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[35] A. Suttkus, S. Rohn, C. Jäger, T. Arendt, and M. Morawski,
“Neuroprotection against iron-induced cell death by perineu-
ronal nets—an in vivo analysis of oxidative stress,” American
Journal of Neurodegenerative Disease, vol. 1, no. 2, pp. 122–129,
2012.

[36] A.Dityatev andD.A. Rusakov, “Molecular signals of plasticity at
the tetrapartite synapse,” Current Opinion in Neurobiology, vol.
21, no. 2, pp. 353–359, 2011.

[37] G.W.Huntley, “Synaptic circuit remodelling bymatrixmetallo-
proteinases in health and disease,”Nature Reviews Neuroscience,
vol. 13, no. 11, pp. 743–757, 2012.

[38] J.W. Swann, S. Al-Noori,M. Jiang, andC. L. Lee, “Spine loss and
other dendritic abnormalities in epilepsy,”Hippocampus, vol. 10,
no. 5, pp. 617–625, 2000.

[39] P. Michaluk, M. Wawrzyniak, P. Alot et al., “Influence of matrix
metalloproteinase MMP-9 on dendritic spine morphology,”
Journal of Cell Science, vol. 124, no. 19, pp. 3369–3380, 2011.

[40] X.-B. Wang, O. Bozdagi, J. S. Nikitczuk, Z. W. Zhai, Q. Zhou,
and G. W. Huntley, “Extracellular proteolysis by matrix metal-
loproteinase-9 drives dendritic spine enlargement and long-
term potentiation coordinately,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 105, no.
49, pp. 19520–19525, 2008.

[41] Z. Szepesi, M. Bijata, B. Ruszczycki, L. Kaczmarek, and J.
Wlodarczyk, “Matrixmetalloproteinases regulate the formation
of dendritic spine head protrusions during chemically induced
long-term potentiation,” PLoS ONE, vol. 8, no. 5, Article ID
e63314, 2013.

[42] P. Michaluk, L. Kolodziej, B. Mioduszewska et al., “𝛽-
Dystroglycan as a target for MMP-9, in response to enhanced
neuronal activity,”The Journal of Biological Chemistry, vol. 282,
no. 22, pp. 16036–16041, 2007.

[43] P. Michaluk, L. Mikasova, L. Groc, R. Frischknecht, D. Cho-
quet, and L. Kaczmarek, “Matrix metalloproteinase-9 controls
NMDA receptor surface diffusion through integrin 𝛽1 signal-
ing,” Journal of Neuroscience, vol. 29, no. 18, pp. 6007–6012, 2009.

[44] F. A. Court, D. Zambroni, E. Pavoni et al., “MMP2-9 cleavage
of dystroglycan alters the size and molecular composition of
Schwann cell domains,” Journal of Neuroscience, vol. 31, no. 34,
pp. 12208–12217, 2011.

[45] M. Bijata, J. Wlodarczyk, and I. Figiel, “Dystroglycan controls
dendritic morphogenesis of hippocampal neurons in vitro,”
Frontiers in Cellular Neuroscience, vol. 9, article 199, 2015.

[46] L. Tian, M. Stefanidakis, L. Ning et al., “Activation of NMDA
receptors promotes dendritic spine development through
MMP-mediated ICAM-5 cleavage,” Journal of Cell Biology, vol.
178, no. 4, pp. 687–700, 2007.

[47] T. Vaisar, S. Y. Kassim, I. G. Gomez et al., “MMP-9 sheds the
𝛽2 integrin subunit (CD18) from macrophages,”Molecular and
Cellular Proteomics, vol. 8, no. 5, pp. 1044–1060, 2009.



Mediators of Inflammation 11

[48] S. Pal-Ghosh, T. Blanco, G. Tadvalkar et al., “MMP9 cleavage
of the 𝛽4 integrin ectodomain leads to recurrent epithelial
erosions in mice,” Journal of Cell Science, vol. 124, no. 15, pp.
2666–2675, 2011.

[49] R. T. Peixoto, P. A. Kunz, H. Kwon et al., “Transsynaptic signal-
ing by activity-dependent cleavage of neuroligin-1,”Neuron, vol.
76, no. 2, pp. 396–409, 2012.

[50] M. Bajor, P. Michaluk, P. Gulyassy, A. K. Kekesi, G. Juhasz, and
L. Kaczmarek, “Synaptic cell adhesionmolecule-2 and collapsin
response mediator protein-2 are novel members of the matrix
metalloproteinase-9 degradome,” Journal of Neurochemistry,
vol. 122, no. 4, pp. 775–788, 2012.

[51] M. A. Van Der Kooij, M. Fantin, E. Rejmak et al., “Role for
MMP-9 in stress-induced downregulation of nectin-3 in hip-
pocampal CA1 and associated behavioural alterations,” Nature
Communications, vol. 5, article 4995, 2014.

[52] L. A. Ridnour, S. Dhanapal, M. Hoos et al., “Nitric oxide-
mediated regulation of 𝛽-amyloid clearance via alterations of
MMP-9/TIMP-1,” Journal of Neurochemistry, vol. 123, no. 5, pp.
736–749, 2012.

[53] T. Nishijima, J. Piriz, S. Duflot et al., “Neuronal activity drives
localized blood-brain-barrier transport of serum insulin-like
growth factor-I into the CNS,” Neuron, vol. 67, no. 5, pp. 834–
846, 2010.

[54] D. Amantea, R. Russo, M. Gliozzi et al., “Early upregulation
of matrix metalloproteinases following reperfusion triggers
neuroinflammatory mediators in brain ischemia in rat,” Inter-
national Review of Neurobiology, vol. 82, pp. 149–169, 2007.

[55] M. Matsuzaki, N. Honkura, G. C. R. Ellis-Davies, and H. Kasai,
“Structural basis of long-term potentiation in single dendritic
spines,” Nature, vol. 429, pp. 761–766, 2004.

[56] C. Ikonomidou, “Matrix metalloproteinases and epileptogene-
sis,”Molecular and Cellular Pediatrics, vol. 1, article 6, 2014.

[57] A. Fragkouli, A. K. Tzinia, I. Charalampopoulos, A. Gravanis,
and E. C. Tsilibary, “Matrix metalloproteinase-9 participates
in NGF-induced 𝛼-secretase cleavage of amyloid-𝛽 protein
precursor in PC12 cells,” Journal of Alzheimer’s Disease, vol. 24,
no. 4, pp. 705–719, 2011.

[58] O. Bozdagi, V.Nagy,K. T.Kwei, andG.W.Huntley, “In vivo roles
formatrixmetalloproteinase-9 inmature hippocampal synaptic
physiology and plasticity,” Journal of Neurophysiology, vol. 98,
no. 1, pp. 334–344, 2007.

[59] V. Nagy, O. Bozdagi, A. Matynia et al., “Matrix metal-
loproteinase-9 is required for hippocampal late-phase long-
termpotentiation andmemory,” Journal of Neuroscience, vol. 26,
no. 7, pp. 1923–1934, 2006.

[60] P. Okulski, T. M. Jay, J. Jaworski et al., “TIMP-1 abolishes
MMP-9-dependent long-lasting long-term potentiation in the
prefrontal cortex,” Biological Psychiatry, vol. 62, no. 4, pp. 359–
362, 2007.

[61] E. Knapska, V. Lioudyno, A. Kiryk et al., “Reward learning
requires activity of matrix metalloproteinase-9 in the central
amygdala,” Journal of Neuroscience, vol. 33, no. 36, pp. 14591–
14600, 2013.

[62] M. Verslegers, K. Lemmens, I. Van Hove, and L. Moons,
“Matrix metalloproteinase-2 and -9 as promising benefactors
in development, plasticity and repair of the nervous system,”
Progress in Neurobiology, vol. 105, pp. 60–78, 2013.

[63] I. M. Ethell and D. W. Ethell, “Matrix metalloproteinases in
brain development and remodeling: synaptic functions and
targets,” Journal of Neuroscience Research, vol. 85, no. 13, pp.
2813–2823, 2007.

[64] T. Klein and R. Bischoff, “Physiology and pathophysiology of
matrix metalloproteases,” Amino Acids, vol. 41, no. 2, pp. 271–
290, 2011.

[65] P. H. Larsen, A. G. DaSilva, K. Conant, and V.W. Yong, “Myelin
formation during development of the CNS is delayed in matrix
metalloproteinase-9 and -12 null mice,” Journal of Neuroscience,
vol. 26, no. 8, pp. 2207–2214, 2006.

[66] E. Mantuano, G. Inoue, X. Q. Li et al., “The hemopexin
domain of matrix metalloproteinase-9 activates cell signaling
and promotes migration of Schwann cells by binding to low-
density lipoprotein receptor-related protein,” The Journal of
Neuroscience, vol. 28, no. 45, pp. 11571–11582, 2008.

[67] K. Yamauchi, T. Yamauchi, E. Mantuano et al., “Low-density
lipoprotein receptor related protein-1 (LRP1)-dependent cell
signaling promotes neurotrophic activity in embryonic sensory
neurons,” PLoS ONE, vol. 8, no. 9, Article ID e75497, 2013.

[68] M. A. Bruno and A. C. Cuello, “Activity-dependent release
of precursor nerve growth factor, conversion to mature nerve
growth factor, and its degradation by a protease cascade,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 17, pp. 6735–6740, 2006.

[69] C. Vaillant, C. Meissirel, M. Mutin, M.-F. Belin, L. R. Lund, and
N. Thomasset, “MMP-9 deficiency affects axonal outgrowth,
migration, and apoptosis in the developing cerebellum,”Molec-
ular and Cellular Neuroscience, vol. 24, no. 2, pp. 395–408, 2003.

[70] K. Kessenbrock, V. Plaks, and Z. Werb, “Matrix Metallopro-
teinases: regulators of the tumor microenvironment,” Cell, vol.
141, no. 1, pp. 52–67, 2010.

[71] A. Szklarczyk, J. Lapinska, M. Rylski, R. D. McKay, and L. Kacz-
marek, “Matrix metalloproteinase-9 undergoes expression and
activation during dendritic remodeling in adult hippocampus,”
The Journal of Neuroscience, vol. 22, no. 3, pp. 920–930, 2002.

[72] H. E. Scharfman, “Epilepsy as an example of neural plasticity,”
Neuroscientist, vol. 8, no. 2, pp. 154–173, 2002.

[73] Z.-L. Chen and S. Strickland, “Neuronal death in the hippocam-
pus is promoted by plasmin-catalyzed degradation of laminin,”
Cell, vol. 91, no. 7, pp. 917–925, 1997.

[74] P. E. Gottschall, X. Yu, and B. Bing, “Increased production
of gelatinase B (matrix metalloproteinase-9) and interleukin-6
by activated rat microglia in culture,” Journal of Neuroscience
Research, vol. 42, no. 3, pp. 335–342, 1995.

[75] P. Van Lint and C. Libert, “Chemokine and cytokine processing
by matrix metalloproteinases and its effect on leukocyte migra-
tion and inflammation,” Journal of Leukocyte Biology, vol. 82,
no. 6, pp. 1375–1381, 2007.

[76] M.DeBock,N.Wang, E.Decrock,G. Bultynck, and L. Leybaert,
“Intracellular cleavage of the Cx43 C-terminal domain by
matrix-metalloproteases: a novel contributor to inflammation?”
Mediators of Inflammation, vol. 2015,Article ID257471, 18 pages,
2015.

[77] S.-R. Lee and E. H. Lo, “Induction of caspase-mediated cell
death by matrix metalloproteinases in cerebral endothelial cells
after hypoxia-reoxygenation,” Journal of Cerebral Blood Flow
and Metabolism, vol. 24, no. 7, pp. 720–727, 2004.

[78] E. H. Lo, T. Dalkara, and M. A. Moskowitz, “Mechanisms,
challenges and opportunities in stroke,” Nature Reviews Neuro-
science, vol. 4, no. 5, pp. 399–415, 2003.

[79] M. M. Mirrione, D. K. Konomos, I. Gravanis et al., “Microglial
ablation and lipopolysaccharide preconditioning affects
pilocarpine-induced seizures in mice,” Neurobiology of Disease,
vol. 39, no. 1, pp. 85–97, 2010.



12 Mediators of Inflammation

[80] R. Jabs, G. Seifert, and C. Steinhäuser, “Astrocytic function
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dependent increase of net matrix metalloproteinase activity is
associated with MMP-9 neurotoxicity after kainate,” European
Journal of Neuroscience, vol. 18, no. 6, pp. 1507–1517, 2003.

[105] J. W. Zhang, S. Deb, and P. E. Gottschall, “Regional and age-
related expression of gelatinases in the brains of young and old
rats after treatment with kainic acid,” Neuroscience Letters, vol.
295, no. 1-2, pp. 9–12, 2000.

[106] G. W. Kim, H.-J. Kim, K.-J. Cho, H.-W. Kim, Y.-J. Cho, and B.
I. Lee, “The role of MMP-9 in integrin-mediated hippocampal
cell death after pilocarpine-induced status epilepticus,” Neuro-
biology of Disease, vol. 36, no. 1, pp. 169–180, 2009.

[107] X. Wang, S.-R. Lee, K. Arai et al., “Lipoprotein receptor-
mediated induction of matrix metalloproteinase by tissue plas-
minogen activator,”NatureMedicine, vol. 9, no. 10, pp. 1313–1317,
2003.

[108] Z. Gu, M. Kaul, B. Yan et al., “S-nitrosylation of matrix
metalloproteinases: signaling pathway to neuronal cell death,”
Science, vol. 297, no. 5584, pp. 1186–1190, 2002.

[109] J.-C. Copin,M.-C. Goodyear, J. M. Gidday et al., “Role ofmatrix
metalloproteinases in apoptosis after transient focal cerebral
ischemia in rats and mice,” European Journal of Neuroscience,
vol. 22, no. 7, pp. 1597–1608, 2005.



Mediators of Inflammation 13

[110] F. A. Konopacki, M. Rylski, E. Wilczek et al., “Synaptic local-
ization of seizure-induced matrix metalloproteinase-9 mRNA,”
Neuroscience, vol. 150, no. 1, pp. 31–39, 2007.

[111] M. V. Frantseva, J. L. Perez Velazquez, G. Tsoraklidis et al.,
“Oxidative stress is involved in seizure-induced neurodegener-
ation in the kindling model of epilepsy,” Neuroscience, vol. 97,
no. 3, pp. 431–435, 2000.

[112] Y. Hoehna, O. Uckermann, H. Luksch et al., “Matrix metallo-
proteinase 9 regulates cell death following pilocarpine-induced
seizures in the developing brain,” Neurobiology of Disease, vol.
48, no. 3, pp. 339–347, 2012.
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