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Abstract—In this review we summarize published data on the involvement of glial cells in molecular mechanisms underly-
ing brain plastic reorganization in epilepsy. The role of astrocytes as glial elements in pathological plasticity in epilepsy is
discussed. Data on the involvement of aquaporin-4 in epileptogenic plastic changes and on participation of microglia and
extracellular matrix in dysregulation of synaptic transmission and plastic remodeling in epileptic brain tissue are reviewed.

DOI: 10.1134/S0006297917030178

Keywords: glial cells, neurons, epilepsy, plasticity

Glial cells participate in many important physiologi-
cal processes such as binding and/or redistribution of ions
during neuronal activity, regulation of neurotransmitter
functions, and delivery of energy substrates to neurons [1].
Neuroglia are also involved in neurotransmission plastici-
ty. Recent studies showed that morphological and func-
tional impairments in neuroglia promote the development
of epilepsy [2]. Alterations in cell membrane channels and
receptors are observed in glial cells in epileptic tissues [3].
Direct stimulation of astrocytes is sufficient to induce
neuronal synchronization in epilepsy models [4].
Modulation of glial receptors and channels might become
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an efficient approach for therapy of epilepsy because it
does not require direct action on neurons, and, therefore,
will reduce many unwanted side effects [5].

Epilepsy belongs to a group of brain disorders char-
acterized by spontaneous seizures often accompanied by
loss of consciousness. The major electrographic manifes-
tations of epilepsy are excessive synchronized bursts of
neuronal activity generated by one or several populations
of neurons (i.e. epileptic focus) [6]. The extent of deteri-
orations in the epileptic network electrical activity is
determined by the degree of synaptic excitation/depres-
sion imbalance that results in neuronal hyperexcitation
and hypersynchronization due to the activation of excita-
tory neurotransmission and suppression of inhibitory
neurotransmission [7]. This imbalance impairs some of
the major brain functions related to synaptic plasticity,
such as learning and ability for behavioral modifications.
Astrocytes are involved in synaptic plasticity modulation
by regulating its excitatory and inhibitory components.

The results of numerous studies have demonstrated
that glia are involved in brain plasticity, i.e. in morpho-
functional remodeling of neurons and neuronal networks
during learning and memory formation, as well as in
reparative and compensatory processes in cerebral
pathologies. However, the data published on the role of
glial cells in neuroplasticity in epilepsy have not been suf-
ficiently reviewed. In this article, we summarize data on
the role of glial cells in the molecular mechanisms of
brain plasticity in epilepsy.
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ROLE OF GLIA IN PLASTICITY IN EPILEPSY

ASTROCYTES AS ELEMENTS OF PATHOLOGICAL
NEUROPLASTICITY IN EPILEPSY

It has been proven to date that the onset, develop-
ment, and establishment of status epilepticus (SE) are to
a great extent regulated by mechanisms also involved in
the long-term plasticity, learning, and memory and close-
ly related to the changes in the factors that modulate
synaptic plasticity of excitatory and inhibitory pathways
[8]. Astrocytes form tripartite functional subunits with
presynaptic and postsynaptic structures that modulate
synaptic transmission and neuronal plasticity. The inter-
actions between neurons and astrocytes make it possible
for calcium-stimulated release of glutamate from astro-
cytes to strengthen glutamatergic synaptic transmission
via metabotropic glutamate receptors (mGluRs) located
on presynaptic terminals. Although the mechanisms of
cerebral pathologies are reasonably believed to be of neu-
ronal origin, increasing evidence has appeared that dis-
turbances in the interactions between neurons and astro-
cytes underlie many brain disorders. Astrocytes mediate
changes in the expression of nerve cell proteins such as
transporters, enzymes, receptors, and cytoskeletal pro-
teins in various neuropathological conditions including
epilepsy. Moreover, proinflammatory molecules might
induce the release of ATP from microglia, and ATP mod-
ifies synaptic efficiency by affecting secretion of glio-
transmitters from neighboring astrocytes [9].

The mGluRs might be the “molecular keys” to the
changes in the synaptic plasticity of the epileptic network,
in which glutamate-mediated gliotransmission acts as a
signal for the increased excitability and neuronal hyper-
synchronization [10]. In several studies, group I and II
mGluRs were found to be overexpressed in hippocampal
astrocytes and neurons in patients with temporal lobe
epilepsy or in its experimental models. These observa-
tions were confirmed in the kainate-induced epilepsy
model in which mGluRs were also found to be expressed
and localized in GFAP (glial fibrillar acid protein)-posi-
tive astrocytes of the hippocampus [11].

Kindling-induced enhancement of long-term poten-
tiation (LTP) and population spike were abolished by
selective antagonists of group I mGluRs [12]. Activation
of tetrodotoxin-insensitive astrocytic calcium waves in an
acute epilepsy model directly correlated with the increase
in frequency of synchronous neuronal depolarization
waves [13]. These waves preceded paroxysmal depolariza-
tion shift (PDS) or originated simultaneously with it.
Some anticonvulsants block astrocytic calcium signaling
and abolish epileptiform activity attenuated by NMDA
(N-methyl-D-aspartate) and AMPA (o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) receptor
antagonists that strongly indicates an important role of
astrocytes as additional sources of glutamatergic excita-
tion [4]. Therefore, glutamate release from astrocytes
mediates glutamatergic imbalance in the epileptic net-
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work by maintaining high glutamatergic tone and provid-
ing excitatory neurotransmission at the seizure threshold
level.

Recently, functional changes in astrocytes and
effects of these changes on the plasticity of excitatory
synaptic transmission in hippocampal slices of rats with
rapid kindling-induced epilepsy have been studied [14].
These astrocytes exhibited increased spontaneous calci-
um-dependent signaling that manifested as long-term
calcium transients and was associated with astroglial
hyperexcitability mediated by hyperactivation of
metabotropic purinergic receptors (P2Y1Rs). Such
hyperexcitability activated gliotransmission mediated by
astrocyte-secreted glutamate and, as a result, modified
the efficiency of synaptic transmission by increasing the
probability of neurotransmitter release due to the activa-
tion of group I mGluR, mGIluRS5. Therefore, increase in
astroglial hyperexcitability and gliotransmission indicates
that upregulation of glutamatergic transmission by astro-
cytes might decrease the excitation threshold in the
epileptic brain.

At the postsynaptic level, glutamate release from
astrocytes induces slow inward currents (SICs) that are
mediated by activation of NMDA receptors and enter
neighboring neurons [15]. These currents promote syn-
chronization of neuronal networks and, due to the ability
to induce cell depolarization at a considerable distance
(up to 100 um), simultaneously control the excitability of
a whole group of pyramidal neurons. However, glutamate
release from astrocytes is not necessary for the generation
of interictal activity, but might modulate the strength of
ictal seizures. Moreover, an increase in astrocytic calcium
currents during acute epileptiform activity directly corre-
lates with an increase in SIC frequency and either pre-
cedes PDS or occurs simultaneously with it. At the same
time, the exact contribution of SICs to the hypersynchro-
nized neuronal bursts typical for both ictal and interictal
activities has not yet been established.

It was found that astrocytes are involved in the func-
tioning of the endogenous cannabinoid system and
respond to exogenous and endogenous cannabimimetics
upon activation of type 1 cannabinoid receptors (CB1)
[16]. This activation leads to calcium mobilization from
internal stores, an increase in intracellular calcium levels,
and stimulation of glutamate release by astrocytes.
Released glutamate modulates synaptic transmission and
plasticity. CB1 antagonists significantly reduce the main-
tenance of epileptiform discharge by preventing an
increase in the calcium levels in astrocytes [17], which
shows that epileptiform activity in the hippocampus
involves gliotransmission induced by such increase.

The role of astrocytes in GABAergic transmission is
less studied. Gamma-aminobutyric acid (GABA) causes
GABA; receptor-mediated calcium oscillations in astro-
cytes [18]. Glutamate release from astrocytes can result in
either depression or potentiation of inhibitory neuro-
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transmission by promoting excitation/inhibition imbal-
ance in target neurons. It is possible that the inhibitory
effect of glutamate on GABAergic interneurons is medi-
ated by several mechanisms, including decrease in the
amplitude of miniature IPSPs (inhibitory postsynaptic
potentials) and action potential-dependent GABA
release caused by activation of kainate receptors. Besides,
activation of group III mGIuRs might suppress
GABAergic transmission not only to individual interneu-
rons, but to hippocampal pyramidal cells as well [19, 20].

These data suggest that activation by astrocyte-
secreted glutamate of presynaptic group III mGluRs on
GABAergic terminals together with activation of presy-
naptic group I mGluRs on glutamatergic terminals might
be at least partially responsible for synchronous excita-
tion/inhibition imbalance in the epileptic brain. The
plastic modifications of synaptic efficiency and excitabil-
ity of neuronal networks can involve also other astrocyte-
secreted gliotransmitters. Thus, ATP causes an increase
in the calcium levels in astrocytes and depolarization of
interneurons. Similarly, D-serine released by astrocytes
modulates NMDA receptor-mediated synaptic potentia-
tion. Since interaction between neurons and astrocytes
represents one of the varieties of synapse-specific cell-to-
cell communications, it is possible that astrocytes serve as
a source of glutamate that modulates the excitation/inhi-
bition imbalance. However, it remains uncertain if astro-
cyte-secreted glutamate, D-serine, or ATP can regulate
both glutamatergic and GABAergic plasticities [21].

The efficiency of learning and memory formation at
the cellular level is now believed to depend on the dura-
tion of modulatory actions that mediate synaptic plastici-
ty. Most probably, the changes in strength and plasticity of
excitatory synaptic transmission are involved in the mech-
anisms of memory and learning. Recent studies showed
that inhibitory neurotransmission not only undergoes
plastic remodeling, but also modulates the efficiency and
limits of excitatory synaptic plasticity. Moreover, in some
brain regions manifestations of excitatory and inhibitory
synaptic plasticities can be observed simultaneously [22].
Activation patterns that induce LTP in excitatory synaps-
es can also induce short-term and long-term plasticity in
inhibitory synapses. This functional balance between
excitatory and inhibitory synapses, that is essential for
normal brain functioning, is established during develop-
ment and then maintained throughout life.

Astrocytes are located close to excitatory and
inhibitory synapses, which allows them to integrate sur-
rounding synaptic activity via release of gliotransmitters
and control of synchronous depolarization of neuronal
groups, lowering the threshold for synaptic plasticity, and
inhibiting synaptic transmission. Due to these coordinat-
ing efforts, astrocytes help to maintain the balance
between excitation and inhibition and specifically modu-
late neuronal network activity and plasticity [8]. As men-
tioned above, epilepsy is associated with dysregulation of
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excitation/inhibition balance of synaptic transmission. It
is still unknown whether this imbalance is the background
of epilepsy or the consequence of pathological patterns of
neuronal activity. The astrocyte—neuronal network is a
new pathogenetic key for explaining changes in synaptic
plasticity that result in excitation/inhibition imbalance.
Future experimental studies will explain the role of the
astroglia—neuronal network in brain functioning and may
reveal new therapeutic targets for treatment of convulsive
disorders of the nervous system.

ROLE OF AQUAPORIN-4
IN EPILEPTOGENIC PLASTICITY

Changes in water and potassium homeostasis signifi-
cantly affect an organism’s susceptibility to seizures. The
excitability of brain tissue strongly depends on the osmo-
larity and volume of the extracellular space (ECS). A
reduction in ECS volume caused by hypoosmotic treat-
ment induces hyperexcitability and enhances epilepti-
form activity as a result of elevated extracellular concen-
trations of neurotransmitters and ions and strengthening
of ephaptic interactions between neurons due to the
increased ECS resistance [23]. Increasing ECS volume by
hyperosmotic treatment, on the other hand, results in the
opposite effect, attenuating epileptiform activity [24].
These experimental results are in good agreement with
clinical data that hypoosmolar states (e.g. hyponatremia)
decrease the seizure threshold, while hyperosmolar states
increase it [25]. Millimolar, or even submillimolar
increase in the extracellular potassium concentrations
considerably enhances epileptiform activity in the hip-
pocampus; high potassium concentrations induce this
activity in hippocampal slices of patients with pharma-
coresistant temporal lobe epilepsy [26].

Aquaporins (AQPs) are a family of membrane pro-
teins that function as water channels in many types of
cells and tissues, in which water transport plays an impor-
tant role. AQPs are small hydrophobic integral membrane
proteins (monomer molecular weight, ~30 kDa) that
facilitate bidirectional water transport by osmotic gradi-
ent [27]. AQP4 (aquaporin 4 receptor) is of great interest
in neurobiology because it is expressed in the brain and
spinal cord on specialized membrane domains of glial
cells, primarily on astroglial endfoot membranes contact-
ing with brain microvessels, and on astrocyte membranes
that ensheath glutamatergic synapses [28]. It was found
that radial water fluxes induced in the neocortex by neu-
ronal activity represent water movement through AQPs in
response to physiological activity [29]. Morphologically,
AQP4s are structural components of orthogonal arrays of
intramembranous particles that can be seen in electron
micrographs obtained by the freeze-fracturing technique
[30]. Being a potential regulator of edema, AQP4s might
become a therapeutic target in the treatment of brain and
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spinal cord injuries, ischemia, and seizures [31]. In the
variety of pathological conditions, the alterations in
AQP4s expression levels, water balance, water transport,
and ion homeostasis might play an important role in the
development of epilepsy.

Restoration of water and ion homeostasis is a new
concept in epilepsy therapy that can be complementary to
the standard methods of neuroprotection. Numerous
experiments in animals and human brain tissues showed
that epilepsy is accompanied by alterations in water and
potassium homeostasis of glial cells [32]. In particular,
AQP4 is downregulated in animals with SE state and in
brain tissue of patients with epilepsy. This downregulation
not only increases neuronal excitability as a result of
pathological changes in water and potassium homeosta-
sis, but also directly impairs synaptic plasticity (both LTP
and LTD (long-term depression)) [33]. This might
explain the fact that changes in astrocytes not only pro-
mote seizures but cause cognitive deficit. Indeed, patients
with temporal lobe epilepsy suffer deterioration of cogni-
tive functions, especially spatial memory [34].

As mentioned above, synaptic plasticity is strongly
associated with epilepsy. The development of chronic
spontaneous seizures after stroke or trauma (post-
ischemic or post-traumatic epileptogenesis) is related to
different types of plasticity, such as potentiation of gluta-
matergic pathways in the hippocampus, reorganization of
neuronal circuits, and changes in postnatal neurogenesis.
Since astrocytic AQP4s are involved in these plastic
processes, they might also directly participate in the reg-
ulation of epileptogenesis [35]. Therefore, AQP4s abla-
tion might be beneficial in epilepsy therapy. However, it
was found that the absence of AQP4s in AQP4-knockout
mice might exacerbate epilepsy by making the seizures
less frequent but more prolonged [36]. AQP4s are down-
regulated in the hippocampus during epileptogenesis
[32], but their contribution to synaptic remodeling and
neurogenesis in adult epileptic brain is not understood.
Thus, the role of AQP4 in the mechanisms of epileptoge-
nesis requires further experimental studies.

INVOLVEMENT OF MICROGLIA IN PLASTIC
REMODELING OF EPILEPTIC BRAIN TISSUE

Microglia play an important role in the functioning
of normal brain and in various central nervous system
(CNS) pathologies by closely interacting with neurons
and modulating neurotransmission [37]. During develop-
ment, microglia participate in the removal of apoptotic
neurons [38], regulates neurogenesis and oligodendroge-
nesis [39], and promotes development of neuronal pre-
cursors and neuron survival [40]. In adult brain, microglia
are involved in learning, memory, synaptic plasticity, and
cognitive functions [41]. Microglia are activated in vari-
ous pathologies and, depending on the pathology, may
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display either neurotoxic or neuroprotective effects.
Therefore, microglia are important in both normal phys-
iological functions and pathophysiological plasticity [42].

Morphological activation of microglia is very pro-
nounced in epilepsy [43]. Thus, analysis of postmortem
samples from patients with pharmacoresistant epilepsy
revealed a multifold increase in reactivity toward specific
microglial class I MHC (major histocompatibility com-
plex) antigens in the CAI—CA3 region of the epileptic
hippocampus. Similarly, an increase in microglial
immunoreactivity was observed in patients with focal cor-
tical dysplasia, a condition considered as epilepsy trigger.
Moreover, the severity of epileptic seizures was found to
be in direct correlation with the extent of microglial acti-
vation evaluated immunohistochemically from expres-
sion of specific antigens [43]. Therefore, persistent reac-
tivity of microglia is a clinical index of epilepsy.

Pronounced morphological changes of microglia
were found in mice with experimental epileptic seizures.
Thus, 48 h after seizure induction by intracerebral injec-
tion of kainate, the number of microglial elements in the
hippocampus increased, probably due to excitotoxic neu-
ronal damage. When kainate was injected intraperitoneal-
ly, microglial activation was manifested as shortening and
thinning of microglial processes with simultaneous
increase in cell body size 24-48 h after the injection,
which coincided in time with neuronal damage [44].
Therefore, microglial activation is delayed and might be a
result of secondary response to the seizure-induced neu-
ronal damage.

On the other hand, microglial activation might be
initiated by seizures before neuronal damage starts, i.e. be
induced by hyperactivity that precedes neuronal death. In
the hippocampal CAl region, microglia rapidly respond
to seizures by increasing the number of processes and
decreasing their arborization. This early response
depends on the activation of neuronal NMDA receptors
(NMDA-R), as confirmed in experiments that demon-
strated rapid (within 5-10 min) response of microglia in
brain slices to acute neuronal hyperactivity induced by
NMDA-R activation [45]. The mechanism of this
response might be related to the dependence of this acti-
vation on ATP release, since ATP stimulates microglial
P2Y12 receptors, which results in the lengthening of cel-
lular processes and formation of new ones.

Like kainate-induced seizures, pilocarpine-induced
seizures also cause microglial activation in various brain
regions 3 h to 3 days after seizure induction, at that
intense arborization of processes along with their thick-
ening is observed already 3 h after intraperitoneal injec-
tion of pilocarpine, while other manifestations of
microglial hypertrophy develop later [46]. Therefore,
numerous experimental models of epilepsy demonstrate
rapid and persistent response of microglia to seizures,
which represents strengthened ramification that precedes
neuronal death and is sustained for days or even weeks.
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Recently, it was found that microglia and neurons
interact in the course of epileptiform activity induced by
the removal of extracellular calcium. This interaction (so-
called “convergence of microglial processes”) is charac-
terized by spontaneous directed local growth of
microglial processes toward neuronal dendrites inde-
pendently of the metabolic activity of astrocytes [47].

Resident microglia and peripheral monocytes/
macrophages have common molecular markers [48].
Therefore, an increase in the number of microglial cell
and macrophages after kainate or pilocarpine treatment
might be a result of either cell migration/infiltration from
other regions such as blood (a process that does not hap-
pen in healthy brain), or proliferation of the resident cell
pool and de novo generation of microglia from neural, in
particular nestin-positive precursors [49]. The microglial
response is accompanied by activation of fractalkine
receptor expression 1-6 h after the seizures [50]. Another
important factor of neurogenesis is purinergic signaling,
since expression of purinergic P2X7, P2X4, P2Y6, and
P2Y12 receptors on microglial cells is upregulated after
seizures [44]. Besides modulating microglial cell surface
receptors, seizures activate expression of microglial
cytokines such as TNF-a, TGFB, and IL-1B and
increase the activity of microglial proteases (cathepsins B,
D, and S) [51].

Recently, experiments on genetic ablation of specific
microglial proteins revealed that fine interactions
between microglia and neurons allow the former to mod-
ulate plastic remodeling of neuronal activity. Genetic
experiments were carried out on signal transmission
mediated by fractalkine receptors, which are expressed by
microglial cells in CNS parenchyma and bind fractalkine
secreted by neurons. In fractalkine receptor knockout
mice delayed functional maturation of synapses and
impaired synaptic plasticity were observed [52]. The
deficit of fractalkine signaling suppressed microglia prop-
agation in the CNS and conversion of the NMDA recep-
tor subunit GluN2B into GluN2A subunit during synapse
development [53, 54]. Moreover, this deficit impaired
neurogenesis, interneuronal connections, LTP, social
behavior, and motor learning [55]. Genetic removal of
another microglia-specific protein DAP12 caused LTP
enhancement and activation of synaptic plasticity, proba-
bly due to alterations in the glutamate synaptic receptor
composition that involve microglial brain-derived neu-
rotrophic factor (BDNF) [56]. In in vitro experiments,
microglia-conditioned nutrient medium (that contained
glia-secreted proteins and glycine) potentiated EPSPs
(excitatory postsynaptic potentials) and currents in cul-
tured neurons and hippocampal slices [57].

The control of neuronal activity by microglia was
demonstrated in experiments with lipopolysaccharide
(LPS), a component of the outer cell membrane layer of
gram-negative bacteria. In the brain, LPS binds to toll-
like receptor 4 (TLR4). This receptor is expressed by
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microglia cells of the healthy brain, which suggests
microglia is an immediate participant of LPS signaling.
LPS potentiates microglia-dependent spontaneous
EPSPs in neurons in hippocampal slices by a mechanism
mediated by TLR4 activation. This process is accompa-
nied by ATP release and astrocyte P2Y1 receptor activa-
tion, which in turn regulates the frequency of neuronal
EPSPs as a result of glutamate release that activates
presynaptic mGIuRS5 [9]. LPS injection in vivo also exac-
erbates neuronal excitability and seizures via TLR4 acti-
vation and the subsequent IL-1fB signaling with the
involvement of microglia [58]. At the same time, LPS-
induced activation of microglia in combination with
hypoxia suppresses synaptic transmission by inducing
LTD [59].

In mammalian brain, activation of neuronal NMDA
receptors caused a pronounced P2Y12-dependent activa-
tion of microglial process growth promoting contacts of
microglia with neurons. Suppression of microglial
response by knockout of P2Y12 receptor was accompa-
nied by deterioration of epileptic phenotype [45]. Hence,
P2Y12-dependent contacts between microglia and neu-
rons might provide neuroprotective effects in epilepsy.
This suggestion was confirmed in experiments on the
developing Danio rerio brain, in that, during physiological
activity microglial processes strengthened their contacts
with hyperactive neurons, leading to suppression of neu-
ronal activity [60]. Therefore, microglia regulate neu-
ronal plasticity via several mechanisms, and such regula-
tion can also take place in epilepsy.

The contribution of microglia to the development of
epileptic seizures was studied in microglial P2Y12 recep-
tor knockout mice [45]. This receptor is involved in rapid
chemotactic response of microglia to ATP presumably
released by hyperactive neurons [45]. Epileptic seizures in
mice lacking P2Y12 receptor were much more pro-
nounced than in the control animals, which directly indi-
cates the involvement of microglia in the P2Y12 receptor-
mediated neuroprotective mechanisms in epilepsy. The
data show that microglia undergo morphological and bio-
chemical changes during seizures, while at the same time
regulating plastic remodeling of neuronal activity

ROLE OF EXTRACELLULAR MATRIX
AND PERINEURONAL NET
IN DYSREGULATION OF SYNAPTIC
TRANSMISSION AND PLASTICITY IN EPILEPSY

As mentioned above, epilepsy is characterized by
recurrent seizures that cause motor, sensory, cognitive,
psychic, or vegetative disturbances. By themselves, the
seizures represent the clinical manifestation of transient
disorders of neural activity, and the phenotypic expres-
sion of each seizure is determined by the location of the
hyperexcitability focus and the extent of its propagation
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in the brain. Molecules of the extracellular matrix (ECM)
regulate multiple aspects of nerve system development
and plasticity in various brain regions. It is therefore evi-
dent that disturbances in the ECM structure might asso-
ciate with many forms of epilepsy. Moreover, seizures
activate expression of numerous ECM molecules and
extracellular proteases. Pathological ECM rearrange-
ments in epilepsy might initiate plastic remodeling caus-
ing many long-term morphofunctional changes in the
CNS affecting the development of the disorder [61].

The main constituents of ECM in the CNS are gly-
coproteins (laminins, fibronectin, thrombospondins,
tenascins) and also various proteoglycans (syndecan,
glypican, agrin, aggrecan, versican, phosphacan), in
which glycosaminoglycans, such as hyaluronan, heparan
sulfate, chondroitin sulfate proteoglycans (CSPGs), etc.
are covalently bound to the core protein [62]. Most of
these glycoproteins and proteoglycans are synthesized by
glial cells, predominantly by astrocytes.

Activation of astrocytes after brain injury leads to
changes of the ECM composition. In addition to its sup-
porting function, ECM is involved in the regulation of
synaptic plasticity by modulating the structure, matura-
tion, and functioning of synapses [63]. By surrounding
the neurons, ECM affects the mobility of AMPA recep-
tors and synaptic function. Changes in the ECM compo-
sition because of proteolysis are critical for structural
remodeling of synapses. For example, it is known that tis-
sue plasminogen activator (tPA) mediates experience-
dependent pruning of dendritic spines in the visual cortex
during development [64].

The role of ECM in synaptic plasticity is especially
important regarding the perineuronal net (PNN), a spe-
cialized ECM structure that envelops neurons, primarily
those generating fast spikes, such as parvalbumin-positive
(PV") inhibitory interneurons [65]. The PNN is enriched
with some types of proteoglycans, including neurocan,
aggrecan, tenascin, and hyaluronan, and with proteogly-
can link proteins [61]. This net tightly enwraps synapses
at the cell body, proximal dendrites, and axon hillock
[66], which allows it to efficiently regulate the processes
of synaptic development, stabilization, and plasticity. For
example, in hippocampal cell culture, enzymatic cleav-
age of PNN by chondroitinase ABC (ChABC) or
hyaluronidase increases the number of interneuronal
synaptic contacts. Moreover, enzymatic removal of PNN
in vitro increases the diffusion constant of the AMPA
receptor GluR1 subunit and the area occupied by these
receptors at the cell surface [67]. Treatment with ChABC
after formation of a posttraumatic scar in the spinal cord
promotes axon regeneration and restoration of locomotor
responses [68].

Due to the high content of inhibitory CSPGs, the
PNN can suppress formation of new synapses and restrict
synaptic reorganization [69]. Genetic ablation of link
proteins activates plastic reorganization in the visual cor-
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tex of adult animals [70], and enzymatic cleavage of ECM
together with PNN erases fear memories in the amygdala
[71]. The appearance of PNN in postnatal ontogenesis
coincides with the end of the critical period during which
neurons undergo stabilization after plastic remodeling
induced by functional activity [69].

During development, synapses, after setting at target
cells, undergo a period of activity-dependent remodeling,
while some of them are stabilized and others are elimi-
nated. This period of CNS development is characterized
by the predominance of structural plasticity. Mature
ECM inhibits activity-dependent plasticity; however,
damage to already formed nerve tissue might reactivate
the mechanisms that act during brain development.
Prolonged seizures or SE lead to synaptic reorganization
in the hippocampus, including axonal sprouting and
increase in the number and size of spines, probably due to
activation of plastic processes [72]. These changes are
accompanied by rearrangements in the extracellular envi-
ronment, including the ECM, and promote plasticity
during epileptogenesis.

Impairments of GABAergic signaling induce and
sustain brain predisposition to SE. Since PNN closely
surrounds inhibitory neurons, changes in the expression
of PNN components might affect the morphofunctional
state of GABAergic signaling. In inhibitory basket cells of
fascia dentata that are most closely surrounded by the
PNN among all hippocampal cells, pilocarpine-induced
SE causes a reduction of synaptic inputs and outputs.
Considering the role of PNN in synaptic stability and its
location around GABAergic interneurons, it is possible
that PNN promotes epilepsy [73].

Neurocan and phosphacan, which are dominating
CSPGs in the developing hippocampus, were also found
in PNN. It is believed that their expression is associated
with the formation of axonal pathways, cell adhesion,
lengthening and arborization of neurites, synaptic devel-
opment, and synaptic plasticity [74-76]. Neurocan,
which is expressed around developing mossy fibers, pre-
sumably acts as a barrier to prevent their uncontrolled
promotion. The highest levels of neurocan expression are
observed in the developing brain; however, in the adult
epileptic hippocampus it is reexpressed [77]. Elevated
neurocan reexpression might promote sprouting of mossy
fibers and formation of new synapses in the granular layer
of fascia dentata, as observed in rats of the Ihara line with
congenital spontaneous epilepsy accompanied by the
development of SE [78].

Neurocan is expressed not only in the PNN, but also
in the ECM over the entire neuropil. Although ECM con-
tains all members of the GSPG family, aggrecan, unlike
other GSPGs and lecticans, is expressed only in the
PNN, mostly around hippocampal PV* interneurons
[79]. SE induction with kainic acid at early stages of
development, i.e. before PNN formation, resulted in
transient accelerated expression of aggrecan-positive PV*
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neurons that decreased by postnatal day 21. It is possible
that such early PNN expression affects synaptic plastici-
ty, although this assumption needs experimental testing.
At the same time, SE induction at early developmental
stages resulted in lesser neuronal damage, increased sen-
sitivity to seizures, diminished mossy fiber sprouting, and
less pronounced epilepsy [59].

In contrast, SE induction in adult animals resulted in
serious neuronal damage, cell death, active sprouting of
mossy fibers, and epilepsy. SE induced in adult animals,
i.e. after PNN formation, caused stable (up to two
months) decrease in the aggrecan-containing PNN, but
did not suppress PV expression, which remains the same
and even increased during the first week of SE [79].
Therefore, the absence of PV' cells does not cause
decrease in the aggrecan-containing PNN. The disap-
pearance of PNN two months after SE induction directly
correlated with the decrease in aggrecan mRNA Ievels,
thereby suggesting that the mechanism of this phenome-
non is different from that with which decreased aggrecan
transcription might promote alterations in the PNN one
week after SE. Perhaps not only the content of the aggre-
can-expressing PNN decreases, but also PNN loses its
structural integrity with the formation of PNN degrada-
tion products.

One of the reasons for PNN destruction and appear-
ance of its degraded form in the hippocampus after SE
might be changes in the PNN-supporting structures. The
disappearance of aggrecan is preceded by a decrease in
the immunoreactivity of hyaluronan and proteoglycan
link protein 1 (HAPLN1) and hyaluronan synthase 3
(HAS3), which are components of the PNN known to
stabilize the connection between aggrecan and hyaluro-
nan. It is known that the content of hyaluronan in the
brain of patients with temporal lobe epilepsy and animal
models of this disorder is increased. This increase, as well
as the decrease in the contents of aggrecan, HAPLNI,
and HAS3, might result in the elevation of extracellular
unbound hyaluronan [79, 80]. Such changes in the extra-
cellular space that accompany SE might activate neuron
growth and promote synaptic plasticity.

In mature CNS, epilepsy induces changes in the
extracellular space composition, such as activation of neu-
rocan expression, disturbances in phosphacan biosynthe-
sis, downregulation of aggrecan expression. These changes
are similar to those that take place in immature CNS. In
adults, SE produces deteriorating effect on the aggrecan-
expressing PNN. One of the major functions of PNN is to
bind hyaluronan in the extracellular space. Suppression of
proteoglycan expression, which impairs binding of exces-
sive hyaluronan, might enhance the plasticity of a neu-
ronal network and promote epileptogenesis [79].

Another reason for the disappearance of PNN and
appearance of its degradation products in the hippocam-
pus is PNN enzymatic cleavage. It is believed that lecti-
can-hydrolyzing proteases, such as ADAMTS (a disinte-
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grin and metalloproteinase with thrombospondin motifs)
and matrix metalloproteases (MMPs), are activated by
seizures. SE is followed by the appearance of structurally
damaged PNN resulting from its degradation exacerbated
by the deficit of HAPLN1 and HAS3. In the CNS, lecti-
cans are degraded by ADAMTS4/5. ADAMTS4 mRNA is
actively expressed in various CNS regions including the
hippocampus. Kainate-induced seizures dramatically
upregulate ADSMTS4 mRNA transcription, which
directly correlates with an increase in the hippocampal
content of the degradation products of brevican, a mem-
ber of the lectican family [81].

MMPs are membrane-bound or secreted zinc-
dependent proteases involved in ECM remodeling.
Moreover, MMPs cleave lecticans and participate in
many pathological processes in the CNS. MMP-9 plays
an important role in the pathogenesis of epilepsy [80].
MMP-9 knockout mice displayed lower excitability, and
seizures induced by pentylenetetrazole (PTZ) kindling
were less severe in these animals. On the contrary, mice
overexpressing MMP-9 were more susceptible to PTZ
kindling. Moreover, MMP-9 activity after kainate-
induced SE increased in the areas close to hippocampal
synapses. Expression of MMP-9 was activated 24 h after
SE, reached its maximum after 72 h, and remained ele-
vated for the next 7 days. The MMP-9 deficit prevented
seizure-induced elimination of dendritic spines after
kainate-induced SE. MMP-9 is also involved in PNN
degradation in epileptogenesis.

Tissue plasminogen activator (tPA) is a serine pro-
tease that is only insignificantly expressed in the CNS.
The substrates of tPA are CSPGs, and tPA activation
results in site-specific lectican degradation mediated by
MMP activation. The biosynthesis of tPA is upregulated
in events that require synaptic remodeling or activation of
neuronal activity, e.g. motor learning, kindling, and
seizures [82]. In tPA knockout mice, the sprouting of
mossy fibers and delayed seizure progression are reduced.
Seizures promote the activity of tPA that either directly
cleaves CSPGs and activates MMPs, or mediates CSPG
degradation. Simultaneously, increased secretion of
ADAMTS might cause lectican degradation.

In mice with modeled fragile X syndrome
(Martin—Bell syndrome), aberrantly high tPA expression
in glial cells was accompanied by impairments in cell
migration and activity-dependent calcium responses [83].
Proteases of ADAMTS family regulate morphological
properties of synapses in neuromuscular junctions of
Caenorhabditis elegans. Proteolysis of proteoglycans by
ADAMTS is associated with neuronal growth [84].
MMP-9 has been repeatedly demonstrated to play a cru-
cial role in the regulation of synaptic structure and LTP,
especially in aberrant synaptic remodeling in rodent
models of epilepsy [85].

Epileptogenesis is a unique phenomenon that takes
place in adult brain and involves active synaptic remodel-
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ing, including ECM reorganization tightly associated
with epileptic pathology [86]. For example, changes in
the receptor expression of urokinase-type plasminogen
activator are observed in humans with frontal lobe epilep-
sy and in animal models of this disorder [87, 88].
Mutations in reelin, an ECM component that regulates
cortex stratification, cause spontaneous seizures in mice
[89]. These data indicate the leading role of ECM in the
regulation of the synaptic microenvironment in epilepto-
genesis.

Despite the demonstrated ability of ECM enzymatic
cleavage to restore the critical period of plasticity and to
increase the excitability of PV* cells in vitro, ECM degra-
dation or removal of its key constituents result in neural
network dysfunction [90]. For example, knockout of gly-
coprotein tenascin-C or CSPG brevican alters LTP in
mouse synapses. Hippocampal neurons lacking tenascin-
C, tenascin-R, brevican, and neurocan display abnormal
synaptic structure and functions in vitro [91]. However,
since enzymatic degradation or genetic ablation of ECM
components affect not only the PNN around neurons,
but also other PNN types including those surrounding
excitatory synapses, PNN deprivation may not be the
only reason for aberrant synaptic plasticity. Nevertheless,
the above data suggest that ECM molecules, including its
main component PNN, play a central role in the fine reg-
ulation of plasticity and functional integration of neu-
ronal networks.

Because the underlying cause of epilepsy is excita-
tion/inhibition imbalance, most anticonvulsive treat-
ments are aimed at modulation of inhibitory signaling
[92]. Considering that PNN is associated primarily with
inhibitory, rapidly discharging PV" interneurons, it is
possible that alterations in the ECM affect synaptic plas-
ticity of these cells. In normal conditions, PV* neurons
generate synchronized gamma oscillations, which makes
possible coordinated activation of major cell assemblies
required for information processing [93]. In in vivo mod-
els of epilepsy (e.g. post-traumatic epilepsy), alterations
in rapidly discharging GABAergic interneurons are
accompanied by functional deficiency and structural
reorganization [94]. Optogenetic activation of PV* neu-
rons in mouse cortical slices revealed functional dichoto-
my of these cells [95]. Selective activation of PV* neurons
in the epileptic focus not only did not block generation of
ictal activity, but rather triggered it by inducing post-
inhibitory spikes of pyramidal neurons. On the other
hand, activation of PV* cells in regions distant from the
epileptic focus delayed propagation of seizures and short-
ened their duration in the focus. Besides, activation of
PV* interneurons initiated low-voltage fast-onset seizures
[96]. Although the question whether the effect of this
activation on seizure generation is sufficient for the onset
of chronic epilepsy remains to be elucidated, the critical
role of PV' interneurons in neuronal synchronization is
obvious.
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It has been shown that seizures can be induced by
changes in some ECM components, in particular by
upregulation of tenascin-C and neurocan expression or
downregulation of aggrecan and HAPLINI expression
[73]. Impairment of PNN structural integrity was
observed in rat brain in pilocarpine-induced SE [80].
Enzymatic treatment of ECM with ChABC decreased the
threshold of myoclonic PTZ-induced seizures, but at the
same time delayed their onset and decreased their dura-
tion. Mice deficient in tenascin-R, one of the main PNN
components, displayed decreased perisomatic inhibition,
increased excitatory neurotransmission, impaired LTP,
and slowed kindling progression [97, 98]. All these facts
are clear indications of the important plastic role of PNN
in pathophysiology of seizures and epilepsy.

Close interactions between different cell types with-
in the limits of neurovascular modules are the basis of the
full-fledged activity of neuronal networks. Various types
of brain damage, such as brain trauma or stroke, cause
blood—brain barrier deterioration followed by astrocyte
activation, which initiates a cascade of pathological reac-
tions resulting in epilepsy. Because astrocytes are key
components in ECM regulation, and ECM modulation is
crucial for synaptic plasticity during CNS development or
upon its damage, it is reasonable to suggest that the
response of astrocytes to destructive processes can modi-
fy the extracellular space in a way that induces epilepsy
[99]. Impairments in the composition and structural
integrity of the ECM in general and PNN in particular
directly affect neuronal activity and synaptic stabiliza-
tion, especially in fast-spiking inhibitory interneurons,
which in turn causes imbalance between excitation and
inhibition. Such sequence of pathological events might
underlie delayed seizure onset that is often observed in
acquired post-traumatic or post-stroke epilepsy.

Until recently, it had been commonly believed that
epilepsy is related mostly to the pathology of neurons.
Only during the last decade, epilepsy has been associated
with dysfunction of glial cells, primarily astrocytes. In
normal brain, astrocytes are essential for maintaining
water and ion balance. Besides, due to close interaction
with neurons, astrocytes modulate synaptic plasticity via
producing components of the extracellular matrix.
Recent studies in vivo and in vitro have demonstrated that
astrocytes and microglia are active participants of plastic
brain tissue remodeling in epilepsy. Although neurons are
principal brain cells that generate convulsive discharges,
an increasing amount of experimental data indicate that
deteriorations of the homeostatic functions of glia in
epilepsy promote induction, development, and maintain-
ing of pathological plastic rearrangements in epileptic
nervous tissue.

However, our knowledge about the functional inter-
actions between glial cells and neurons in conditions of
epileptic pathology is still very limited. It remains unclear
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how significant is the contribution of glia-mediated plas-
tic processes to the development of epilepsy and how
these processes could be corrected. It is not entirely clear
whether plastic reconstructions mediated by glia is a con-
tributing factor to the development of epilepsy, or they are
its consequence. It remains to be seen whether glia medi-
ate plastic reconstruction of neurons and interneuronal
connections in epilepsy not only in experiment but also in
humans. Search for answers to these questions may be the
subject of future research whose results should contribute
to the development of new approaches to treatment of

epilepsy.
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