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Abstract

Epilepsy is a serious neurological disorder that can greatly impact a person’s quality of life and even result in disability.
Unfortunately, despite the use of various antiepileptic drugs, more than 30% of patients develop a form of the disease that
is resistant to medication, leaving surgery as the only treatment option. In order to better understand and potentially treat
epilepsy, there has been a focus on the role of glial mechanisms and the potential for pathogenetic treatment. Specifically,
researchers have looked at the expression of cytoskeletal proteins, such as Glial Fibrillary Acidic Protein (GFAP) and vimentin,
in nervous tissue. Our study examined the expression of these proteins in the hippocampus of patients with different types
of hippocampal sclerosis and Drug-Resistant Epilepsy (DRE). We found a significant increase in the expression of GFAP and
vimentin in these structures, suggesting a potential role in the development of reactive gliosis. However, we did not find any
correlations between these proteins in all areas studied. This suggests that the activation of these cytoskeletal proteins may
occur independently and ultimately contribute to the development of reactive gliosis. These findings provide valuable insights
into the mechanisms of epilepsy and may help improve diagnostic and treatment approaches.
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Introduction anomaly is crucial and requires the integration of immunohisto-
chemical and genetic studies, as well as the possible incorpora-
tion of neuroimaging data into a multi-level system [2]. There is
also a significant focus on the potential for pathogenetic treat-
ment of epilepsy, particularly in relation to the expression of
cytoskeletal proteins in nervous tissue, such as Glial Fibrillary
Acidic Protein (GFAP) and vimentin, which are proteins of in-
termediate filaments type 3 [3]. These proteins often coexist in
glial cell lines, particularly in astrocytes, regulating their activ-
ity. GFAP is necessary for fundamental cellular processes in as-
trocytes, such as motility, migration, and mitosis. By regulating

Epilepsy is a severe neurological disorder that significantly
impacts a person’s quality of life and can even lead to disability.
Despite the availability of various antiepileptic drugs, more than
30% of patients develop a drug-resistant form of the disease,
leaving surgical intervention as the only treatment option [1].
One of the causes of drug-resistant epilepsy is focal cortical dys-
plasia and hippocampal sclerosis, which are congenital abnor-
malities of brain development that result in the formation of
pathological areas with giant neurons and abnormal astrocytes,
typically in the frontal or temporal lobes. The diagnosis of this
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the structure and functioning of astrocytes, GFAP influences the
formation and plasticity of synapses, energy and redox metabo-
lism, as well as the synaptic homeostasis of neurotransmitters
and ions [4]. Vimentin increases the antigen-presenting func-
tion of astrocytes by influencing the vesicles within them [5].
It also promotes the inclusion of other proteins involved in the
response of astrocytes to neurotrauma [6]. With a variety of
etiological factors contributing to epilepsy, the pathogenesis is
characterized by a disruption of the homeostasis of excitatory
and inhibitory neurotransmitters in the neurons of the central
nervous system. It is known that astrocytes play an important
role in maintaining a constant environment in nervous tissue,
and that dysfunction of these cells can contribute to the devel-
opment of epilepsy [7,8]. Hippocampal sclerosis is a common
condition found in temporal lobe epilepsy, characterized by
changes in the cellular structure of the hippocampus, includ-
ing neuronal death and gliosis [2]. While the term “sclerosis”
typically refers to the compaction of an organ with the replace-
ment of parenchymal cells by connective tissue, in the context
of nervous system pathology, it also encompasses gliosis. Ac-
cording to the International League Against Epilepsy (ILAE) clas-
sification, one form of hippocampal sclerosis is characterized by
gliosis alone, without any accompanying sclerosis. The role of
vimentin and GFAP in regulating astrocytes suggests their po-
tential involvement in epileptogenesis.

Purpose of the study

To examine the immunoreactivity of vimentin and GFAP in
the hippocampal structures of patients with drug-resistant epi-

lepsy.
Materials and methods

The material of fragments of the temporal lobe and hippo-
campus of the Polenov Neurosurgical Institute — Branch of Alm-
azov National Medical Research Centre, obtained intraopera-
tively from 30 patients with drug-resistant epilepsy, including 17
women, 13 men, average age 32.6 years. The comparison group
was autopsy material from 10 patients who died from somatic
diseases and had no history of neurological disorders (4 wom-
en, 6 men, average age 51 years). The protein content in tis-
sue was studied using the Immunohistochemical (IHC) method
according to standard methods. The following antibodies from
Dako (CA, USA) were used for the study: mouse monoclonal an-
ti-glial fibrillary acidic protein (M0761), 1:100; mouse monoclo-
nal anti-vimentin (M0725), 1:200. The EnVision polymer detec-
tion system (Dako, CA, USA) was also used. For visualization, the
streptavidin—peroxidase polymer ultrasensitive system and DAB
chromogen (Sigma-Aldrich, Darmstadt, Germany) were used.
The sections were counterstained with Gill’s hematoxylin and
then embedded in Bio Mount HM synthetic embedding medium
(BIO-OPTICA, Milano, Italy). Additionally, reactions lacking pri-
mary antibodies were carried outto ensure the specificity of the
observed staining. Histological analysis and microphotography
were performed using a Leica DM2500 M microscope equipped
with a DFC320 digital camera and using an IM50 image man-
ager (Leica Microsystems, Wetzlar, Germany). For IHC, positive
staining with antibodies to GFAP and vimentin in sections of the
temporal lobes was assessed by calculating the optical density
(symb. units) of stained cells relative to the background areas
in 10 fields of view at x400 magnification using the Photo M
1.21 program. The result of the measurement is a coefficient

obtained by dividing the density of positive areas with respect
to the background. Statistical analysis was performed using Mi-
crosoft Office Excel 2010 (USA), Statistica v. 10. The Gaussianity
of the sample was determined using the Kolmogorov—-Smirnov
test. Differences between two samples with measured attri-
butes were determined using non-parametric statistical meth-
ods (for example, the Mann—-Whitney U test if at least one of
the samples was not normal).

Results

Histological examination revealed sclerosis of the hippocam-
pus of various types in all patients. Type 1 hippocampal sclero-
sis was detected in 16 patients (53.3%), type 2 — in 2 patients
(6.7%), type 3 —in 1 patient (3.3%), only gliosis without sclero-
sis —in 11 patients (36.7%). When examining the densitometric
density of cells that were positively stained with antibodies to
vimentin in the hippocampal formation of patients with DRE,
the following results were obtained (Figure 1). IHC reactions
with antibodies to vimentin, hippocampal structures in the CA1
nucleus were 0.019-0.048 (u=0.028+0.006); in the CA4 nucleus
0.016-0.039 (1=0.029+0.007); in the dentate gyrus 0.014-0.041
(1=0.026+0.008). In patients in the comparison group, the den-
sitometric density of vimentin in similar studied areas in the
CA1 nucleus was 0.006-0.028 (u=0.016+0.008); in the CA4 nu-
cleus 0.006-0.02 (u=0.014+0.005); in the dentate gyrus 0.008-
0.029 (u=0.014+0.007).
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Figure 1: Vimentin expression in the hippocampus of patients with
DRE and in the comparison group (description in the text).
Immunohistochemical reaction, x400.

A — CA1 nucleus of a patient with epilepsy. Reactive astrocytes are
indicated by an arrow.

B — CA4 nucleus of a patient with epilepsy. Vimentin-positive neu-
rons are indicated by an arrow.

C — Dentate gyrus of a patient with epilepsy. Vimentin-positive neu-
rons of the granular layer are indicated by an arrow.

D — CA1 nucleus of the patient of the comparison group.

E — CA4 nucleus of the patient of the comparison group.

F — Dentate gyrus of the patient of the comparison group.

When examining the densitometric density of cells that were
positively stained with antibodies to GFAP in the hippocampal for-
mation of patients with DRE, the following results were obtained
(Figure 2). IHC reactions with antibodies to GFAP, hippocampal
structures in the CA1 nucleus were 0.034-0.1 (u=0.067+0.019);
in the CA4 nucleus 0.037-0.121 (u=0.078+0.021); in the dentate
gyrus 0.028-0.268 (1=0.087+0.052). In patients in the compari-
son group, the densitometric density of GFAP in similar studied
areas in the CA1 core was 0.025-0.041 (u=0.033+0.006); in the
CA4 nucleus 0.007-0.037 (u=0.022+0.011); in the dentate gyrus
0.019-0.038 (u=0.026+0.007).
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Figure 2: GFAP expression in the hippocampus of patients with DRE
and in the comparison group (description in the text).
Immunohistochemical reaction, x400.

A — CA1 nucleus of a patient with epilepsy. Reactive astrocytes are
indicated by an arrow.

B — CA4 nucleus of a patient with epilepsy.

C — Dentate gyrus of a patient with epilepsy.

D — CA1 nucleus of the patient of the comparison group.

E — CA4 nucleus of the patient of the comparison group.

F — Dentate gyrus of the patient of the comparison group.

When statistically processing the data, a significant differ-
ence was obtained in the expression of vimentin in the hip-
pocampus in patients with DRE and in the comparison group
according to the Mann-Whitney U-test, Kolmogorov-Smirnov
criteria (p<0.05) in all studied areas (Figures 3A-C; Table 1).
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Figure 3: Scope plot of vimentin expression data in hippocampal
structures: in nuclei CA1 (A) and CA4 (B), dentate gyrus (C) (expla-
nation in text).

Group 1 — patients with DRE, group 0 — patients from the compari-
son group.

When statistically processing the data, a significant differ-
ence was obtained in the expression of GFAP in the hippocam-
pus in patients with DRE and in the comparison group accord-
ing to the Mann-Whitney U-test, Kolmogorov-Smirnov criteria
(p<0.05) in all studied areas (Figure 4A-C; Table 1).

When studying the Spearman correlation coefficient be-
tween the studied proteins in the structures of the hippocam-
pus, the following results were revealed. For GFAP expression in
hippocampal nucleus CA1 and CA4, the Spearman correlation
coefficient was 0.88, which corresponds to a high correlation
strength on the Chaddock correlation coefficient scale (Figure
5A). For vimentin expression in hippocampal nucleus CA1 and
CA4, the Spearman correlation coefficient was 0.9, which cor-
responds to a high correlation strength on the Chaddock cor-
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Figure 4: Scope plot of GFAP expression data in hippocampal struc-
tures: in nuclei CA1 (A) and CA4 (B), dentate gyrus (C) (explanation
in text).
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Group 1 - patients with DRE, group 0 — patients from the compari-
son group.

Table 1: Comparative characteristics of protein expression val-
ues in the hippocampus in patients with DRE and the comparison
group (Mann-Whitney U-test).

Hippocampus CA1
Descriptive Statistics: p
Protein p-Value
Patient with DRE | Comparison group
GFAP 0,067 0,033 0,0004
Vimentin 0,028 0,016 0,0048
Hippocampus CA4
Descriptive Statistics: p
Protein p-Value
Patient with DRE | Comparison group
GFAP 0,078 0,022 0,0001
Vimentin 0,029 0,014 0,0012
Hippocampus dentate gyrus
Descriptive Statistics: p
Protein p-Value
Patient with DRE | Comparison group
GFAP 0,087 0,026 0,0002
Vimentin 0,026 0,014 0,0048

Note: L — the arithmetic mean;
p-Value — the calculated level of significance.

relation coefficient scale (Figure 5C). For vimentin expression
in hippocampal nucleus CA1 and dentate gyrus, the Spearman
correlation coefficient was 0.72, which corresponds to a high
correlation strength on the Chaddock correlation coefficient
scale (Figure 5B). For vimentin expression in hippocampal nu-
cleus CA4 and dentate gyrus, the Spearman correlation coeffi-
cient was 0.83, which corresponds to a high correlation strength
on the Chaddock correlation coefficient scale (Figure 5D). For
other localizations, as well as between the proteins themselves,
the correlations were very weak, which can be ignored. Also, no
correlations were found between the level of protein expres-
sion and the type of hippocampal sclerosis, which can be ex-
plained by the small sample size.
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Figure 5: Spearman correlation coefficient for GFAP and vimentin
proteins in hippocampal structures. A — for the expression of GFAP
in the hippocampal nucleus CA1 and CA4, B — for the expression of
vimentin in the hippocampal nucleus CA1 and the dentate gyrus,
C — for the expression of vimentin in the hippocampal nucleus CA1
and CA4, D — for the expression of vimentin in the hippocampal
nucleus CA4 and the dentate gyrus (explanations in the text).

Discussion

The most studied now is vimentin (OMIM 193060). Due to
its extensive localization in the body (found in tissues of meso-
dermal origin), it performs many functions [9]. In the tissue of
the Central Nervous System (CNS), the participation of vimentin
in the development of neuroinflammation is important. It fa-
cilitates the transendothelial migration of lymphocytes across
the blood-brain barrier [10], promotes the penetration of infec-
tious agents into the endothelial cells of the CNS vessels [11],
and is involved in the activation of microglia [12]. GFAP (OMIM
137780) is a protein that is one of the key elements of the cyto-
skeleton of astrocytes and is their characteristic marker. At least
about ten GFAP isoforms have been identified [13], which can
change the properties of astroglial cells. In the absence of GFAP,
mice exhibited impaired myelin formation and organization
of white matter in the brain [14], suggesting that this protein
is required for the normal formation of these structures. The
gene encoding GFAP is located on the long arm of chromosome
[17,15], and its mutations are associated with a rare disease of
the central nervous system — Alexander disease, the pathogno-
monic sign of which is the presence of Rosenthal fibers: protein
aggregates in astrocytes containing GFAP. With this disease,
there is a disturbance in the structure of the white matter with
various neurological manifestations depending on the location
of the lesion. Vimentin and GFAP are type 3 intermediate fila-
ment proteins. Due to their morphofunctional similarity, they
can compensate each other. Thus, both compounds are in-
volved in neurogenesis, while during the maturation of progeni-
tor cells in astrocytes, a shift occurs in the predominance of in-
termediate filament proteins from vimentin to GFAP: vimentin
is expressed predominantly in the brain tissue of newborns, and
GFAP in the adult brain, since its protein product expression is
characteristic of the late stages of astrocyte differentiation [16].
However, the exact age of onset of GFAP expression remains un-
clear. It is known that its primary appearance is observed in the
bipolar cells of the ventricular zone, which are neuronal stem
cells. In the middle of the early fetal period of intrauterine de-
velopment, the subventricular zone becomes noticeable in the
fetus, the neural progenitor cells of which also express GFAP,
but this zone persists into adulthood, in contrast to the ventric-

ular zone, which disappears even before birth [17]. It has been
shown that in late fetal forebrain fetuses, like adults, immuno-
reactivity to GFAP is found mainly in white matter astrocytes
[18]. Currently, the role of vimentin and GFAP in the develop-
ment of reactive gliosis is attracting much attention, since the
increase in these markers, together with nestin and synemin in
astrocytes, is a characteristic feature of astroglial activation in
response to damage, ischemia, and neurodegeneration [19]. It
was found that in mouse astrocytes with knockout of vimentin
and GFAP, there is a lack of development of typical astrocyte
hypertrophy, impaired formation of glial scars [20], as well as
a slowdown in the immune response at the level of vesicular
transport [5]. This suggests that vimentin and GFAP regulate the
astroglial response to inflammation. Mice lacking vimentin and
GFAP exhibited lower central nervous system resistance to me-
chanical stress [21] and ischemia [22]. Multiple factors indicate
that vimentin and GFAP are important for the neuroprotective
functions of astrocytes in acute ischemic stroke [9]. Moreover,
astrogliosis of vimentin- and GFAP-immunoreactive astrocytes
plays a positive role in the acute stages of the response to neu-
rotrauma, but in later stages it limits the regenerative poten-
tial, worsens neurogenesis in the damaged area and promotes
scar formation [20,23]. With a deficiency of vimentin and GFAP
in reactive astrocytes during astrogliosis, better restoration of
the damaged area of brain tissue is observed [20,23]. Regen-
eration after sciatic nerve injury in mice lacking vimentin and
GFAP takes longer, but the result is the same [24]. The most
recent study demonstrated that after brain injury, GFAP-/-
Vim-/- mice exhibited maladaptive neuronal plasticity associ-
ated with impaired functional recovery, i.e. increased synaptic
plasticity in the perilesional region and increased loss and gain
of neural connections in sensorimotor networks [25]. This sug-
gests that reactive astrocytes modulate plasticity responses
that promote recovery after ischemic stroke. It should also not
be excluded that with GFAP and vimentin deficiency, increased
post-traumatic synaptic plasticity and increased basal and post-
traumatic neurogenesis in the hippocampus are observed [26].
In our study, we found a significant increase in the expression
of GFAP and vimentin in the structures of the hippocampus in
patients with drug-resistant epilepsy; however, no correlations
were found between these proteins in all studied areas. It can
be assumed that the activation of these cytoskeletal proteins
occurs independently and independently of each other, how-
ever, ultimately leads to the development of reactive gliosis.

Conclusion

The dysfunction of astrocytes, characterized by an increase
in the expression of vimentin and GFAP, plays an important role
in the development of epilepsy and the progression of neurode-
generation in affected patients. Further research on the mecha-
nisms that contribute to this increase in expression is warrant-
ed, as it may lead to the identification of a potential therapeutic
target for the treatment of epilepsy.
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