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Abstract

Epilepsy is a major global health issue, and despite the availability of antiepileptic drugs, more than 30% of patients
develop drug-resistant epilepsy and require surgical treatment. It is now known that disruption of the blood-brain
barrier (BBB) is one of the manifestations of this disease, and in animal studies, the severity of epileptic seizures
correlates with the degree of BBB disruption. Changes in the tight junctions of endothelial cells, specifically in the
amount of claudin protein, which is a key component of the BBB, are of great interest.

The purpose of this study was to investigate claudin immunoreactivity in the cerebral cortex and white matter of
patients with drug-resistant epilepsy (DRE).

Materials and Methods: Biopsy material from fragments of the temporal lobe was obtained intraoperatively from
15 patients (5 women, 10 men) with locally-caused DRE, aged 20 to 42 years with an average age of 28.7 years.
Autopsy material from 6 patients who died from somatic diseases and had no history of neurological disorders was
used as a comparison group. Histological sections stained with hematoxylin and eosin, as well as
immunohistochemical (IHC) reactions with antibodies to claudin, were studied. The results of the IHC reactions
were assessed by calculating the densitometric density of stained basement membranes of vessels in 10 fields of
view of the cortex and white matter of the resected temporal lobe in each patient. Statistical analysis was carried
out using the Statistica v.10 program, and a difference was considered significant at p<0.05.
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Results: Histological analysis revealed focal cortical dysplasia in all patients. IHC reactions with claudin showed
varying degrees of immunopositivity in the vascular endothelium of patients with DRE, with some cases showing
complete loss of claudin. In the cortex, the level of claudin expression ranged from 0.072 to 0.554 (mean = 0.267 +
0.088), and in the white matter, it ranged from 0.048 to 0.528 (mean = 0.181 + 0.064). Statistical analysis showed
no significant difference in claudin expression between patients with drug-resistant epilepsy and the comparison
group (p-value = 0.43). However, a significant difference was found in the cortex according to the Mann-Whitney
U test (p-value = 0.01). A correlation analysis using Spearman's correlation coefficient revealed a medium-strength

negative correlation.

Conclusion: In patients with drug-resistant epilepsy, there is a decrease in claudin-5 immunoreactivity in the
cerebral cortex. Defects in tight junction proteins, with a predominant effect on cortical vessels, may be both a
primary and secondary factor in epilepsy and could potentially be a therapeutic target in this group of patient.

Keywords: epilepsy; drug-resistant epilepsy; blood-brain barrier; tight junctions; claudin

Introduction

Epilepsy is a major global health issue, with more than 30% of patients
developing drug-resistant forms of the disease that require surgical
treatment [1]. Like many other neurological disorders, epilepsy is
associated with dysfunction of the blood-brain barrier (BBB) [2]. The
BBB serves as a protective layer in the central nervous system, regulating
the exchange of molecules between the blood and the brain
microenvironment [2]. It is composed of several components, including
vascular endothelial cells and tight junctions [3]. Enzymes also play a role
in altering the structure of drugs and neurotransmitters, making it difficult
for them to cross the BBB [3]. While endothelial cells are the main
component of the BBB, pericytes, astrocytes, and the basement
membrane also contribute to its barrier functions [4]. The tight junctions
between endothelial cells are particularly important in maintaining the
integrity of the BBB. These junctions are made up of various proteins,
including claudins, occludin, junctional adhesion molecules (JAMs), and
endothelial selective cell adhesion molecules (ESAMs), as well as
intracellular proteins such as zonula occludens (ZO-1/2) [5]. Other
proteins, such as cingulin, 7H6, Afadin, and JACOP, connect ZO-1 to the
cytoskeleton [5]. There are different types of claudin proteins, with
claudin-5 being the most abundant in the BBB [6]. It has been shown that
one endothelial cell can express up to 18 million claudin-5 molecules [6].
Damage to the BBB can both contribute to and result from various
pathological processes in the brain, including epilepsy.

Purpose of the study. To investigate the expression of claudin-5 in the
cerebral cortex and white matter of patients with drug-resistant epilepsy.

Materials and Methods

Biopsy samples from fragments of the temporal lobe of the brain were
retrospectively studied at Polenov Neurosurgical Institute — Branch of
Almazov National Medical Research Centre. The samples were obtained
intraoperatively from 15 patients (5 women, 10 men) with locally caused
EEG, aged 20 to 42 years with an average age of 28.7 years. The area of
the epileptic focus was determined using MRI, PET-CT, and EEG with
invasive monitoring. Autopsy samples from 6 patients who died from
somatic diseases and had no history of neurological disorders were used
as a comparison group. Of these, 1 was a woman and 5 were men, with

Auctores Publishing LLC — Volume 7(10)-225 www.auctoresonline.org
ISSN: 2690-1897

an average age of 51 years. The samples were fixed in 10% buffered
formalin, dehydrated, and embedded in paraffin. Histological sections
were stained with hematoxylin and eosin, and immunohistochemical
(IHC) reactions were performed using antibodies to claudin-5 and CD31
(antibodies from Diagnostic Biosystems, USA, EnVision imaging
system). Antibodies to CD31 were used to confirm the localization of
markers in the vascular endothelium. Histological analysis and
microphotography were performed using a Leica DM2500 M microscope
equipped with a DFC320 digital camera and IM50 image manager (Leica
Microsystems, Wetzlar, Germany). The results of the reactions were
assessed by calculating the densitometric density of stained basement
membranes of vessels in 10 fields of view of the cortex and white matter
of the resected temporal lobe in each case (PhotoM, Russia). The program
calculates the densitometric density relative to background areas (symb.
units, s.u.). Data are presented in the format M + m (arithmetic mean £
standard error). Statistical analysis was carried out using the Statistica
v.10 program. Since a normal distribution was not obtained,
nonparametric statistical methods were used for analysis, and a difference
was considered significant at p<0.05. The study was approved by the
Ethics Committee of the Polenov Neurosurgical Institute — Branch of
Almazov National Medical Research Center St. Petersburg (protocol No.
18052023 of May 15, 2023) and was conducted in accordance with the
Helsinki Declaration of Human Rights. Preoperative examination and
surgical treatment of patients were carried out in accordance with the
Clinical Guidelines of the Association of Neurosurgeons of Russia 2015.

Results

Upon studying the histological material, focal cortical dysplasia (FCD)
was verified in all patients, with the most common variant being FCD
type Ic with impaired tangential and radial lamination (7 cases, 46.7%).
IHC reactions with claudin showed immunopositivity in the walls of
blood vessels of varying severity: from weak to moderate in patients with
DRE (Figure. 1, A-B). A decrease in the density of endothelial staining
was observed in both the cortex and white matter, with some foci showing
complete loss of staining. In comparison, the expression was strong and
uniform in the comparison group (Figure. 1, C-D).
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Immunohistochemical reaction, x400
A — Cortex of a patient with epilepsy.

B — White matter of a patient with epilepsy. Areas of loss of staining are
indicated by an arrow.

C — Cortex of the patient in the comparison group.
D — White matter of the patient in the comparison group.

A study was conducted to examine the densitometric density of claudin-
positive vessels in the cortex and white matter of the temporal lobe in
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patients with DRE. The results showed that in the cortex, the level was
from 0.072 to 0.554 (n=0.267 + 0.088), and in the white matter, it was
from 0.048 t0 0.528 (1 =10.181+ 0.064). In comparison, the densitometric
density of claudin in similar areas studied in patients in the control group
was from 0.112 to 0.465 (n = 0.302 £ 0.07) in the cortex and from 0.142
to 0.391 (n = 0.264 + 0.06) in the white matter. Statistical analysis
revealed that there was no significant difference in claudin expression in
the white matter between patients with DRE and the control group (p-
value = 0.43). However, there was a significant difference in the cortex
according to the Mann-Whitney U test (p-value = 0.01) (Fig. 2, A-B).
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A correlation analysis was also conducted between the levels of claudin expression in the cortex and white matter of patients with DRE, which showed
a Spearman correlation coefficient of -0.56. According to the Chaddock scale, this indicates a negative moderate strength relationship (Fig. 3).
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Figure 3: Correlation analysis between the level of claudin expression in the cortex and white matter of the temporal lobe of patients with DRE.

Discussion

BBB dysfunction is a hallmark pathology of many neurological diseases.
However, establishing a cause-and-effect relationship between the
destruction of the BBB and the development of pathology is challenging.
While there is a significant amount of data supporting the link between
seizures and disruption of the BBB, the exact relationship between the
two remains unclear. For instance, a study on rats with epilepsy showed
that increasing the permeability of the BBB with mannitol led to an
increase in the frequency of seizures [7]. However, this effect was only
observed in some rats, while others showed no change or a return to the
original level of seizures. Additionally, there is evidence that damage to
the BBB may be a contributing factor in the development of seizures. In
one study, a quarter of patients experienced seizures immediately after the
BBB was disrupted [8]. There are several potential mechanisms by which
BBB disruption may lead to epilepsy [9]. For example, increased
permeability can allow blood albumin to enter brain tissue, where it can
be taken up by neurons, astrocytes, and microglia. This can lead to
downregulation of potassium channels in astrocytes, activation of NMDA
receptors, and hyperexcitability. Albumin uptake by neurons can also
result in cell death. Furthermore, the presence of albumin in the brain can
induce transcriptional changes in genes such as transforming growth
factor (TGF-B), which can increase inflammation and contribute to
hyperexcitability [9]. The claudin-5 protein is a member of the claudin
family, which consists of 27 characterized members in mammals [10]. It
is encoded by the CLDN5 gene, located on chromosome 22 in humans.
Mutations in this gene have been linked to developmental delay, seizures
(primarily infantile-onset focal epilepsy), microcephaly, pontine atrophy,
and brain calcifications [11-12]. Claudin-5 is expressed in various tissues,
with the highest levels found in the brain and lungs [13]. The protein has
a molecular weight of 23 kDa and consists of four transmembrane
domains, two extracellular loops (ECL1 and ECL2), one intracellular
loop, and intracellular -NH2 and -COOH ends [2]. The first extracellular
loop (ECL1) plays a crucial role in creating the barrier properties of tight
junctions [14], while the second loop is involved in the interaction
between claudins [15]. Claudins are divided into two groups based on the
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length of their C-terminus: "classical" and "non-classical" [16]. The
"classical" group includes claudins 1-9, 14, 17, and 19, which have similar
structures and short C-termini. The "non-classical" group includes
claudins 10-12, 15, 16, 18, 21, and 24, which have long C-domains [17].
In some claudins (1, 2, 4, 5, and 16), the C-domain can be phosphorylated,
which regulates barrier functions. For example, phosphorylation of
claudin-5 in the BBB leads to decreased permeability, while in the lung
epithelium, it increases permeability [18-19]. Additionally, claudin
proteins have a PDZ-binding domain at the C-terminus, which allows
them to bind to intracellular proteins such as ZO-1/2/3. The intracellular
loop and C-domain also contain cysteine molecules, which are sites of
palmitoylation, the significance of which is not fully understood [20]. The
question remains: what happens to the claudin-5 protein during BBB
dysfunction? Our study revealed an uneven distribution of claudin-5, with
some areas showing partial or complete loss. In another study, brain tissue
from individuals with DRE showed no significant difference in claudin-5
expression between damaged and adjacent areas. However, vessels in
damaged areas showed either overexpression or underexpression, as well
as distorted distribution of claudin-5 [21]. This suggests that the uneven
distribution of claudin-5 may contribute to increased permeability and
subsequent damage to brain structures. It is worth noting that mice lacking
claudin-5 died within 10 hours of birth [22]. Another study on mice found
that both epileptic seizures and a pre-existing decrease in claudin
expression in blood vessels can lead to an increase in the frequency of
seizures [6]. This suggests that a pre-damaged BBB may be a contributing
factor in the development of seizures, and that subsequent seizures can
further increase barrier permeability. These studies demonstrate that BBB
damage, specifically decreased levels of claudin-5, is associated with the
development of epilepsy. This suggests that increasing claudin-5 levels
may be a potential treatment for epilepsy. In a study aimed at investigating
the therapeutic properties of increasing claudin-5 expression, mice were
injected with a drug that indirectly increases the formation of the protein
[6]. The injections reduced the severity of seizures and helped stabilize
the blood-brain barrier. However, there are still some challenges to
consider. Should claudin expression be increased throughout the entire
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brain, or only in specific structures [23-25]? Additionally, our study found
a statistically significant decrease in claudin-5 in the cortex, raising the

question of whether increasing its expression in the white matter would
also be beneficial. Furthermore, in some vessels of patients with DRE, an

increase in protein expression was noted, but its distribution was uneven
[21], highlighting the importance of not only the quantity, but also the

correct distribution of claudin-5.

In conclusion, our study found a decrease in claudin-5 immunoreactivity
in the cerebral cortex of patients with DRE. Defects in tight junction

proteins, with a predominant impact on cortical vessels, may be both a
primary and secondary factor in epilepsy and could potentially be targeted
for therapeutic intervention in this patient population.
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