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Abstract—Current antiepileptic strategies aim to normalize the interaction of the excitatory and
inhibitory systems, which is ineffective in treating patients with drug�resistant epilepsy.
Neuroinflammatory processes in the epileptic focus and its perifocal area can trigger apoptosis and
also contribute to the development of drug resistance. The level of pro� and anti�apoptotic proteins
(p�NF�kB, TNF�α, p53, FAS, caspase�3, caspase�9) was analyzed in intraoperative biopsies of the
temporal lobe gray and white matter in the brain of patients with drug�resistant epilepsy. An
increased level of pro�apoptotic proteins was revealed in the cortex and perifocal area’s white
matter against the background of an imbalance of protective anti�apoptotic proteins. It appears that
the activation of the extrinsic pathway of apoptosis occurs in the perifocal area, while in the
epileptic focus, there are proteins responsible for the activation of the anti�apoptotic survival
pathways. Active neuroinflammation in the epileptic focus and perifocal area of the temporal lobe
may contribute to the development of the resistance to antiepileptic drugs and the progression of
neurodegeneration in such patients.
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INTRODUCTION

Every year, around 2 million new cases of epi�

lepsy are diagnosed in the world. At the same
time, the International League Against Epilepsy
(ILAE) established that in young patients with
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epilepsy the mortality rate is 4 times that in the
same age group [1]. The incidence of drug�resis�
tant epilepsy (DRE) that requires surgical treat�
ment accounts for 30% of the total number of
patients. According to clinical studies, the pro�
portion of drug�resistant forms has been remain�
ing invariable over the past 30 years, despite the
emergence of new antiepileptic drugs with basi�
cally different mechanisms of action [2]. Drug�
resistant forms of epilepsy are characterized by
rapid progression and significantly reduce both
the patients’ quality of life and their work capacity
[3]. Surgical treatment, which is indicated with
focal DRE, in addition to being traumatic, leads
to positive outcomes only in 60% of cases, of
which the number of seizures decreases in 20% of
them, while in 20% the disease relapses [4]. These
data confirm the urgent need to seek for new
pathogenetic mechanisms of epilepsy.

Epileptogenesis is a dynamic process that grad�
ually alters the excitability of neurons, establishes
critical relationships, and requires complex struc�
tural changes before the first spontaneous seizure
occurs [5]. These changes may concern neurode�
generation, neurogenesis, gliosis, axonal injury,
dendritic plasticity, blood�brain barrier (BBB)
lesions, inflammatory cell recruitment into brain
tissue, reorganization of the extracellular matrix
and molecular functioning of individual neurons
[6].

The molecular mechanisms leading to a change
in the pharmacosensitivity of neurons to modern
drugs are still unknown. Presumably, the cellular
mechanism of drug resistance in chronic epilepsy
may consist in a reduction in the number of volt�
age�gated channels, as revealed in both experi�
mental models of epilepsy and clinical studies [7].
Neuroinflammation, which regularly occurs in
patients with other neurodegenerative diseases
(Alzheimer’s, Parkinson’s, Huntington’s, Pick’s
disease, etc.), may represent the key mechanism
of damaging voltage�gated channels and neuronal
death in the context of the development of drug�
resistant forms of epilepsy [8]. In preclinical trials,
the use of non�steroidal anti�inflammatory drugs
(NSAIDs) as agents that reduce convulsive activ�
ity did not reduce the proportion of rats who
developed epilepsy, however, reduced the fre�
quency and duration of seizures, the level of

microglial activation and leukocyte infiltration,
and also suppressed oxidative stress and the
release of cytokines, contributed to the reduction
of neurodegeneration [9].

Neuroinflammation and apoptosis of nerve
cells may play a significant role in the pathogene�
sis of epilepsy. Recent data confirm the active
process of death of brain neurons in the temporal�
lobe form of this disease [10]. For example, in
rodents, an increased expression of the pro�
inflammatory cytokines interleukin IL�1β and
tumor necrosis factor (TNF) was shown in the
brain, leading to neuroinflammation in an animal
model of focal cerebral ischemia [11]. In the
brain, resident cellular components contain sev�
eral so�called death receptors, such as TNFR1,
FAS, and DR4, which, when interacting with
TNF�α and FAS�L, activate the extrinsic recep�
tor pathway of apoptosis [12]. The receptor mech�
anism of apoptosis in epilepsy was previously
confirmed indirectly by administering TNF�α�
neutralizing antibodies having an in vitro neuro�
protective effect [13].

Some studies have reported the association of
the nuclear factor NF�kB, a master regulator of
the inflammatory response, with epilepsy in ani�
mals [14]. NF�kB consists of two subunits, and its
most common form is the p65/p50 heterodimer,
which typically exists in the cytoplasm in a form
inhibited by the IkB protein. Stimulation of cell
surface receptors by such factors as oxidative
stress, cytokines or pathogens activates the IkB
complex. Proteasome degradation of IkB proteins
leads to the release and translocation of NF�kB
dimers into the nucleus, where it promotes the
transcription of target genes to counteract oxida�
tive stress and cell damage [15]. Recent studies
have confirmed NF�kB activation in most cell
types, including neurons, astrocytes, microglia,
and oligodendrocytes [16]. In vitro, NF�kB acti�
vation was found in cultured neurons under the
influence of glutamate and β�amyloid. In vivo, a
similar picture was observed under conditions of
experimental autoimmune encephalomyelitis,
cerebral ischemia, and Alzheimer’s disease [17].
Thus, NF�kB plays an important role as a signal�
ing pathway in the central nervous system, acti�
vating survival cascades in response to neuronal
damage.
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In contrast to the activation of survival path�
ways, nerve cells can undergo apoptosis in
response to external stimulation. Apoptosis can be
activated via the extrinsic (receptor) and mito�
chondrial pathways. While the mitochondrial
pathway of apoptosis is often associated with oxi�
dative stress at the cellular level, then the extrinsic
pathway is activated due to a damage or cellular
immune response [18]. Microglia can function as
a substrate of cellular immunity in the brain, and
its activation leads to the secretion of pro�inflam�
matory factors in nervous tissue and causes neu�
roinflammation and apoptosis [19].

The present work aimed to identify the molecu�
lar mechanisms underlying the pathogenesis of
human DRE. Our objectives included an elucida�
tion of the possible role of TNF� and NF�kB�
dependent signaling pathways in the expression of
apoptosis�associated molecules (p53, caspase�9
and �3) in nervous tissue of the temporal lobe in
patients with DRE.

MATERIALS AND METHODS

All patients included in this study were
observed in the clinic of the Polenov Neurosurgi�
cal Institute, which is a branch of the Almazov
National Medical Research Center (St. Peters�
burg), in 2013–2020. During this period,
24 patients were examined and surgically treated
(mean age 27.75 ± 2.46 years; 9 women and
15 men) with an established diagnosis according
to International Statistical Classification of Dis�
eases and Related Health Problems classification
G40.2 “Temporal�lobe focal epilepsy of structural
etiology with frequent polymorphic seizures,
pharmacoresistant course”. The patients were
added to our study sequentially; the inclusion cri�
teria were the epileptic activity predominantly in
the temporal lobe of the brain, as confirmed by
invasive EEG monitoring, and the sufficiency of
the biopsy material obtained during surgery (e.g.,
en bloc resection of the temporal lobe) with
informed consent from each patient to sample,
transport, store and examine biopsy specimens. In
the case of insufficient biological material (e.g.,
due to stereotaxic intervention or pronounced
fragmentation of biopsy specimens), in the pres�
ence of neoplasms or brain infection, or with

autoimmune diseases or immunodeficiency states
in the anamnesis, the patients were excluded from
the study. In these patients, anteromedial tempo�
ral resection was carried out under electrophysio�
logical control in accordance with their diagnosis
and EEG examination data. The epileptic focus
area was determined using the MRI Epilepsy pro�
gram, PET�CT, and invasive EEG monitoring.
When performing invasive EEG monitoring, the
gyrus involvement in the epileptic process was
determined. During surgical intervention, under
the control of electrocorticography, the area of
epileptiform activity was specified and recorded in
the surgical intervention protocol, with en bloc
resection of the anterior portion of the temporal
lobe being performed thereafter. In the Morbid
Anatomy Department, the removed fragment of
the brain matter was anatomically oriented, mea�
sured and photographed. According to the surgi�
cal intervention protocol, the epileptic focal area
was determined to make a vertical incision there�
through, forming a lamina 0.2 cm thick. For fur�
ther examination, fragments of the gyral cortex
and underlying white matter were sampled
directly from the epileptic focus and perifocal
area, then labeled and frozen.

The comparison group comprised 6 patients
(mean age 28.75 ± 3.73 years; 2 women and
4 men), comparable with the study group in their
sex and age, operated for craniocerebral trauma,
and included into this group on condition that
they had no epileptic syndrome in the anamnesis,
nervous system pathologies (tumors, brain infarc�
tion, stroke, infections), autoimmune diseases or
immunodeficiency states. Patients of this group
were hospitalized for reconstructive interventions
(plasty of cranial vault defects, surgical excision of
adhesions in the gliomesenchymal scar area) in a
distant post�traumatic period (0.5–1 year).
Patients with acute craniocerebral trauma were
excluded from the study. All specimens of the cor�
tex and white matter were stored at –80°C.

A fragment weighing 0.03–0.05 g was selected
from the surgical biopsies as quickly as possible at
low temperatures. Then, a lysate buffer was added
to the fragment in a ratio of 1:10, mixed ex tem�
pore with inhibitors of proteases (ProteaseInhibi�
tor Cocktail, Sigma�Aldrich) and phosphatases
(PhosSTOP, Sigma�Aldrich), and finally homog�
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enized. The resulting homogenate was kept cold
for 30 min and then centrifuged for 15 min at 4°C
at a relative centrifugal acceleration of 12000 g. At
the end of centrifugation, the resulting superna�
tant was aspirated, mixed with a Laemmli buffer
solution, and incubated for 5 min at 95°C.

Levels of the following proteins were studied by
immunoblotting: NF�kB p65 (phospho S536) (1 :
500), FAS (1 : 1000), p53 (1 : 250), TNF�α (1 :
1000), STAT1 (1 : 1000), caspase�9 (1 : 1000)
(Abcam, USA), caspase�3 (1 : 1000), tubulin (1 :
1000) (Cell Signaling Technology, USA). Incu�
bation with primary antibodies was carried out at
4°C for 8–12 h with constant stirring. To conduct
the chemiluminescence reaction after incubation
with secondary antibodies, a luminol�based
enhanced chemiluminescence (ECL) horserad�
ish peroxidase (HRP) substrate (SuperSignal
West Dura Extended Duration Substrate; Thermo
Scientific, USA) was used. The reaction was
assessed using the ChemiDoc gel documentation
imaging system (BioRad) with subsequent densi�
tometry of the resulting blots using the ImageJ
software. Statistical data processing was carried
out using the GraphPad Prism 8.0.1 software
package. For quantitative variables, the signifi�
cance of differences between unrelated groups
was assessed using the Kruskal�Wallis test. The
differences were considered statistically signifi�
cant at p < 0.05.

For immunohistochemical (IHC) analysis of
the expression of apoptosis proteins, the temporal
lobe biopsy, obtained by temporal en bloc resec�
tion, was fixed in 10% buffered neutral formalin
(pH 7.4), embedded in paraffin according to a
standard technique, and cut into frontal sections
6–7 μm thick. As a comparison group, we used
the autopsy material from 5 patients (3 men,
2 women), aged 40 to 67 years (mean age 54 ±
7.25), who died of trauma and had no neurologi�
cal problems in their medical history, including
epilepsy. The post�mortem delay before autopsy
ranged from 7 to 12 h (on average 8.65 ± 2.2).

Protein antigenic epitopes were unmasked in
citrate buffer at 95C for 20 min. The IHC reaction
was performed using rabbit polyclonal antibodies
to caspase�3 (1 : 250) (Cell Signaling Technology,
USA). Sections were incubated first with primary
antibodies for 12 h at room temperature, then

with secondary antibodies for 1 h at the same tem�
perature, and finally in Streptavidin�Peroxidase
Polymer, Ultrasensitive (Sigma�Aldrich, USA).
The DAB Liquid Substrate System (Sigma�
Aldrich, USA) was used for visualization. After
the IHC reaction, the sections were counter�
stained with Gill’s hematoxylin and embedded in
a synthetic embedding medium Bio Mount HM
(BIO�OPTICA Milano, Italy). The reaction out�
comes were evaluated by counting the number of
stained nuclei (%) per 100 cells in 10 visual fields
in each case.

This work was implemented in accordance with
ethical standards based on the principles of volun�
tariness and confidentiality. An informed consent
was obtained from each patient. The experimental
protocol was authorized by the Ethics Committee
of the A.L. Polenov Neurosurgical Institute
(Extract from the minutes No. 0305�2016 dated
May 16, 2016). The study was carried out as part
of the provision of high�tech medical care.

RESULTS AND DISCUSSION

Our results demonstrated the presence of neu�
roinflammation and apoptosis in brain tissues.
Rana and Musto [20] reported that in patients
hospitalized with convulsive syndrome, the level
of the pro�inflammatory factor TNF�α in the
cerebrospinal fluid and blood was increased, while
in the rat hippocampus, TNF�α expression also
rose after seizures. However, no comparison has
been made so far between the level of this protein
directly in the cortex and white matter of epileptic
focal and perifocal areas in the human temporal
lobe and the TNF�α level in the cortex and white
matter of healthy living people. It is well known
that the pro�inflammatory cytokine TNF�α is
released in the brain from activated microglia and
astrocytes [21]. In our specimens, an increased
TNF�α level was revealed in epileptic focal and
perifocal areas of the temporal lobe cortex and
white matter (Fig. 1). Likewise, an increased
expression of the FAS receptor was detected in
the epileptic focus of the temporal lobe gray and
white matter as compared to the control group. In
the perifocal area, FAS expression was increased
in the cortex only, while in the white matter, an
upward trend was observed. In the studies by
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other authors, in patients with temporal lobe epi�
lepsy, there was revealed an increased level of the
TNF�α receptor (TNFR1) and FAS�associated
protein with death domain (FADD) [22]. A high
TNF�α level that we found in biopsies of the tem�
poral lobe cortex and white matter against the
background of increased expression of the FAS�L
receptor may indicate the activation of immune
cells in the brain of patients with DRE, as well as
the extrinsic pathway of apoptosis directly in the
cortex and white matter of the epileptic focus. In
the perifocal area, these processes may also pro�
ceed, but less intensively. TNF�α binds to the
matching receptor (TNFR1) and activates the
TNFR�associated domain of the TRADD pro�
tein, while FAS�L interacts with the FAS�associ�
ated domain of the FADD protein [23]. The
TNF�α activates adapter TRADD and thus
enables competitive parallel pathways to suppress
cell death caused by phosphorylation of the inhib�
itor protein to which NF�kB is bound. This phe�
nomenon may explain the data on differential
effects of TNF�α on apoptosis. In this case, the
FAS/FAS�L system does not initiate any parallel
pathways other than apoptotic [24].

The transcription factor NF�kB regulates the
expression of anti�apoptotic proteins [14].
TRADD�mediated degradation of the NF�kB�
IkB complex allows the NF�kB p65 isoform to
translocate into the nucleus, where it regulates the
transcription of a wide range of genes responsible
for the synthesis of proteins, such as Bcl�2, IL�6,
IL�8, and VEGF, which are involved in cell sur�
vival [25]. The p65 structure includes a C�termi�
nal domain of 30 amino acids, which constitutes
the most important site for NF�kB transactiva�
tion. Phosphorylation of the S536 site leads to an
acceleration of the transcription of survival genes,
or activates the NF�kB pathway outside IkB regu�
lation [26].

In our specimens, in the epileptic focus of the
cortex and white matter, the content of the S536�
phosphorylated NF�kB form was observed to be
increased, while in the perifocal area, the content
of this protein remained at the same level as in
patients without epilepsy. A significant content of
the phosphorylated NF�kB form directly in the
epileptic focus may indicate the TNF�α�induced
activation of transcription of pro�inflammatory
and anti�apoptotic genes, which leads largely not

Fig. 1. Relative content of TNF�α (a), FAS (b), and p�NF�kB (c) in the cortex and white matter of the temporal lobe. Lysates
of human temporal lobe cortex and white matter biopsies examined by immunoblotting in 10% polyacrylamide gel (d). (a)
Differences between the cortex vs. control group, p < 0.05; (b) differences between the white matter vs. control group, p <
0.05; (c) differences between the perifocal cortical area vs. the epileptic focus, p < 0.05; (d) differences between the perifocal
area white matter vs. the epileptic focus, p < 0.05.
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to cell death, but to their survival. However, a
high TNF�α level that we revealed in in this study
may indicate the presence of neuroinflammation
in the case of DRE. In the epileptic perifocal area,
at the same relative TNF�α concentration, trig�
gering of the parallel survival pathway does not
appear to occur, since no difference in the level of
the phosphorylated NF�kB form between the
control and DRE groups was found, from which
we can conclude that in the perifocal area, against
the background of neuroinflammation, the devel�
opment of apoptosis is not restrained by protec�
tive pathways.

The revealed increased expression of the FAS
receptor in the epileptic focus of the cortex and
white matter, as well as in the perifocal area of the
cortex, can be due to transcription of the p53
gene. The p53 protein that triggers the transcrip�
tion of this gene is in a latent state in the cyto�
plasm and can be activated not only in response to
DNA damage, but also due to the effect of oxida�
tive stress, pathogenic or cytotoxic agents [27].
Apoptosis initiation through p53 activation occurs
in several ways, one of which induces FAS mRNA
and translocation of the synthesized FAS to the

cell surface [28]. In addition, p53 acts directly on
the outer mitochondrial membrane, and once
inside the organelle, it interacts with Bcl�2 or
Bak, leading to the release of cytochrome C and
activation of caspase�3 [18]. In the present study,
an elevated p53 level was found in epileptic focal
and perifocal areas of the temporal cortex and
white matter (Fig. 2), which may be one of the
reasons for the increase in FAS on the cell mem�
brane, stimulating thereby the development of
apoptosis under the effect of extrinsic factors. In
this case, the effect of p53 on mitochondria acts as
an additional factor in the activation of caspases
and cell death.

The interaction of p53 with the membrane of a
damaged mitochondria and the resulting cyto�
chrome C release lead to the formation of a spe�
cific complex, apoptosome, which comprises the
APAF�1 protein (apoptotic protease�activating
factor 1), cytochrome C itself, and procaspase�9.
The fusion of these proteins into the apoptosome
leads to the activation of caspase�9. Caspase�9, in
turn, activates effector caspases, including
caspase�3, which release a bound DNase that
destroys chromatin [23].

Fig. 2. Relative content of caspase�3 (a), caspase�9 (b), and p�53 (c) in the cortex and white matter of the temporal lobe.
Lysates of human temporal lobe cortex and white matter biopsies examined by immunoblotting in 10% polyacrylamide gel
(d). (a) Differences between the cortex vs. control group, p < 0.05; (b) differences between the white matter vs. control group,
p < 0.05; (c) differences between the cortical perifocal area vs. epileptic focus, p < 0.05; (d) differences between the white mat�
ter perifocal area vs. epileptic focus, p < 0.05.
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In the gray matter specimens from the epileptic
focus, a high content of the initiator caspase�9
was revealed compared to the control group,
while the caspase�3 level in the same patients was
reduced (Fig. 2). In the perifocal area of the gray
matter, caspase�9 and caspase�3 levels obeyed the
same tendency, but in a less pronounced manner.
In epileptic focal and perifocal areas of the white
matter, the same situation was observed. A
reduced level of the effector caspase�3 combined
with a simultaneous elevation of caspase�9 may be
caused by the appearance of a cleaved caspase�3
form (c�caspase�3), indirectly indicating apopto�
sis activation via the mitochondrial pathway [10].
In our previous study using the same methods, we
revealed an increased caspase�8 level in the epi�
leptic focal and perifocal cortical areas in patients
with DRE [29], indicative of the activation of
apoptotic signaling pathways. In an experiment
on rats, it was shown that caspase�8 inhibitors
reduce the protease activity of caspase�3 and
caspase�9, while caspase�9 inhibitors, as applied
in temporal lobe epilepsy, affect effector caspase�
3 activity just insignificantly [22]. Thus, it can be
concluded that in temporal lobe epilepsy, the
extrinsic receptor pathway of apoptosis is domi�
nant. The activation of the mitochondrial path�
way in temporal lobe epilepsy is also evidenced by
other experiments, which showed the presence of
the pro�apoptotic protein Bax in the outer mem�

brane of mitochondria after the onset of a seizure
[10, 20]. In turn, mitochondrial dysfunction is
one of the key pathogenic mechanisms of neuro�
degeneration [22].

Based on our data, it can be hypothesized that
apoptosis proceeds more intensively in the perifo�
cal area of excitation, since no increased level of
protective NF�kB cascade proteins was detected
in the perifocal area, and hence it is assumed that
the survival pathways were not activated suffi�
ciently. In this case, the perifocal area was also
liable to the effect of inflammatory factors, like�
wise the focal areas. The involvement of perifocal
areas in inflammatory processes, as well as the
lack of protective mechanisms, may be among the
factors that promote the development of DRE.

To verify the cell specificity of the expression of
pro�apoptotic proteins, an IHC study of biopsies
obtained by en bloc resection of the temporal lobe
was performed. During IHC staining, in all
patients with DRE, a positive nuclear expression
of caspase�3 was observed not only in neurons,
but also in glial cells of the cortex and white mat�
ter. In the cortex, gliocytes showed a high inten�
sity of nuclear staining, their distribution was
diffuse in all layers of the cortex, but mainly in the
molecular layer (Fig. 3a). The mean relative
count of caspase�3�immunopositive glial cells in
the cortex of patients with DRE was 23.65 ±
0.82%. In the white matter, the nuclear expres�

Fig. 3. Immunohistochemical reaction for caspase�3 in the temporal lobe cortical epileptic focus of a patient with (a) and
without (b) drug�resistant epilepsy, as well as in the white matter perifocal area of a patient with drug�resistant epilepsy (c) vs.
control white matter (d). DAB visualization (brown staining), Gill’s hematoxylin counterstaining; magnification ×400.
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sion of caspase�3 was moderately pronounced,
with the mean relative count of immunostained
nuclei in glial cells of the white matter being
somewhat lower than in the cortex, amounting to
17.45 ± 0.54% (Fig. 3c). In the control group,
caspase�3 expression in the white matter was not
detected (Fig. 3d), while in the cortex, solitary
immunostained (mainly in the cytoplasm) cells
were observed, with no nuclear expression of
caspase�3 being found (Fig. 3b). Thus, the
detected expression of caspase�3 in cortical and
white matter gliocytes in the temporal lobe epi�
leptic focus may be an indicator of the involve�
ment of glia in apoptotic processes.

Previous studies of patients with DRE, as well
as the experiments on animals, indicate an
increase in the expression of pro�apoptotic pro�
teins in the hippocampus [18, 20]. In the present
work, we divided the study area into an epileptic
focus and a perifocal area. The results showed that
increased expression of protective p�NF�kB,
caspase�9, pro�inflammatory TNF�α, and FAS
receptor under the influence of p53 is observed in
the epileptic focus in patients with temporal lobe
DRE. It can be concluded that the neuroinflam�
mation process occurs in the epileptic focus, lead�
ing to apoptosis via the extrinsic (receptor) and
mitochondrial pathways, among which the
extrinsic one predominates. In the perifocal area,
the expression of pro�apoptotic proteins,
although less intense, was also observed, while no
activation of the NF�kB pathway’s protective
mechanisms was detected. Thus, active neuroin�
flammation in epileptic focal and perifocal areas of
the temporal lobe, as well as the imbalance of the
anti�apoptotic system in the perifocal area, promote
further degeneration in the focus of hyperexcitabil�
ity and the progression of epileptic encephalopathy,
being therefore a possible cause for the development
of therapeutic (drug) resistance.
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