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Abstract—The blood–brain barrier (BBB) provides optimal conditions for the functioning of brain
neurons. The barrier properties of the cerebrovascular (CV) endothelium are determined by the
claudin family of proteins and occludin, which are major molecular determinants of selective
intercellular transport. Plasma membrane lipids play an important role in forming the structure of
tight junctions, being combined with these proteins into lipid rafts. The development of
neurodegenerative diseases and psychiatric disorders correlates with changes in claudin levels in the
CV endothelium. We studied the effect of methyl�beta�cyclodextrin (MbCD), which causes
destabilization of the plasma membrane lipid phase, on claudin�1, �5 and occludin levels in rat
brain tissue. Male rats were injected intravenously with MbCD at a dose of 5 mg/kg of body weight,
and 30 min later, brain tissue was prepared for Western blot and immunohistochemistry. MbCD
induced a significant decrease in the claudin�5 level in the frontal lobes of the rat brain, while
claudin�1 and occludin levels remained unchanged. Immunohistochemistry and confocal laser
microscopical image analysis confirmed that changes in claudin�5 localization are confined to the
CV endothelium. Since claudin�5 is a major contributor to the impermeability of the CV
endothelium, we can assume that a change in the orderliness of the raft lipid phase may lead to an
increase in intercellular permeability. The results suggest that the lipid environment is an important
molecular component of the tight junction in the rat brain CV endothelium, which may be
implicated in the maintenance and regulation of the barrier properties of the BBB.
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INTRODUCTION

The cerebrovascular (CV) endothelium is one
of the key structures of the blood–brain barrier
(BBB), which provides regulated transport of
ions, water, and various substances between blood
plasma and the brain parenchyma [1, 2]. The

functioning of the CV endothelium leads to the
stabilization and maintenance of neuronal func�
tions [3, 4], while the disruption of the BBB integ�
rity is involved in the pathogenesis of various
neurodegenerative diseases [5, 6]. Tight junctions
represent an apical complex of proteins located in
the plasma membranes of neighboring endothe�
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liocytes and interacting with each other in the
intercellular space. A variety of proteins compos�
ing this complex, primarily proteins of the claudin
family, provides selective paracellular permeabil�
ity [7, 8]. The molecular architectonics of tight
junctions is represented as clusters of interrelated
proteins [9], which form a signaling platform via
the adaptor proteins and protein kinases [10].
Lipids, combined into lipid rafts together with
claudins, play an important role in the clustering
of tight junctional proteins [11]. The role of the
lipid environment in the functional regulation of
plasma membrane protein clusters is studied using
the derivatives of the cyclic oligosaccharide cyclo�
dextrin. These compounds cause destabilization
of the plasma membrane lipid phase, leading to an
increase in the fluidity and permeability of these
membranes under model conditions [12, 13]. In
vivo studies in animal models of neurodegenera�
tive diseases predominantly use 2�hydroxypropyl�
beta�cyclodextrin [14]. Methyl�beta�cyclodex�
trin (MbCD) is used to analyze the role of the
lipid environment in the tight junctions [15, 16].

Data on the role of the lipid environment in the
formation of the endothelial barrier of brain blood
vessels in animals are limited. Claudin�5 is known
to be the main contributor to the non�permeabil�
ity of the CV endothelium [17]. The development
of psychiatric disorders correlates with changes in
claudin�5 of the CV endothelium [18, 19]. Data
on the effect of MbCD on the CV endothelium
are confined to a single article in which the immu�
nohistochemical method showed a decrease in the
claudin�5 signal in endotheliocytes upon expo�
sure to this compound [15]. These data require
confirmation using other methods of assessing
protein levels in endotheliocytes. It is worth not�
ing that various claudins are represented in the
tight junction of the CV endothelium. The pres�
ence of claudin�1 has been demonstrated in pri�
mary cultures of CV endotheliocytes of mice and
rats [20, 21]. The removal of cholesterol from
lipid rafts in Caco�2 cell line by MbCD indicates
that this protein, unlike other claudins, does not
respond to destabilization of the lipid environ�
ment [16]. This fact suggests a differential
response of tight junctional proteins in the CV
endothelium to MbCD, which may be fundamen�
tally important in predicting changes in the per�

meability of the CV endothelial barrier. While
claudins affect epithelial permeability for ions,
occludin is required to restrict the paracellular
transport of organic molecules [22]. Occludin is
present in the tight junction of human CV endo�
thelial cells and is involved in the permeability
regulation of these cells under the effect of various
factors [23, 24]. This study aimed to investigate
the levels of claudin�1, �5, and occludin in the rat
CV endothelium during intravenous injection of
methyl�beta�cyclodextrin.

MATERIALS AND METHODS

Experimental animals and experimental design.
Male Wistar rats (180–200 g, n = 5) were used in
the experiments. Animals were kept in cages by
five individuals in each under stabilized tempera�
ture and standard illumination (12 h light/12 h
dark). The animals were kept on a standard diet
with ad libitum access to food and water. All pro�
cedures conducted in the experiments involving
animals complied with the ethical standards
approved by legislative acts of the Russian Feder�
ation, the principles of the Basel Declaration, and
the recommendations of the St. Petersburg State
University Ethics Committee for Animals.

MbCD was injected intravenously (i.v.) at a
dose of 5 mg/kg of animal body weight. Previ�
ously, it was found that this dose, when adminis�
tered intravenously, affects the tight junctional
structure of brain blood vessels [15]. After 30 min,
the animals were decapitated on a guillotine
(OpenScience, Russia). Animals of the control
group received i.v. the same volume of physiologi�
cal solution. The tissue of the frontal lobes was
frozen at –80°C for subsequent Western blot anal�
ysis, and fixed in 10% buffered formalin for
immunohistochemistry. Samples for Western blot
and immunohistochemistry were taken in all ani�
mals from the same brain region. The section of
the brain region located anterior to the central
gyrus, which corresponds to the rat cortical motor
area, was dissected.

Western blot. For Western blot analysis, brain
tissue was homogenized using a Retsch MM 400
mechanical homogenizer (Retsch, Germany)
with addition of RIPA lysis buffer (25 mM
HEPES (pH 7.6); 2 mM EDTA; 25 mM NaF;
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1% SDS) containing protease inhibitors, cOm�
plete mini EDTA tablets (Roche, Germany).
Western blot was performed as previously
described [25]. Primary antibodies to claudin�1
(1 : 1000, Invitrogen, USA), claudin�5 (1 : 500,
Invitrogen, USA), occludin (1 : 1000, Invitrogen,
USA), as well as goat�anti�rabbit and goat�anti�
mouse secondary antibodies (1 : 1000, Abcam,
USA), were used. The claudin content was nor�
malized to a total protein of the same sample.
Protein levels in the control groups were taken as
100%.

Immunohistochemistry. After pre�fixation in
10% buffered formalin, before slicing, brain tissue
was placed in a 15% sucrose solution (24 h).
Then, the tissue was washed in PBS solution and
immersed in cryoprotectant (Frozen Section
Compound, Leica Biosystems, USA) for 30 min.
Serial slices of the frozen brain tissue (15 μm
thick) were obtained on a CM1850UV cryostat
microtome (Leica Microsystems, Austria). The
slices were heat�treated for 45 min in citrate buf�
fer (T = 80°C, 0.01 M, pH = 6.0) and incubated in
a blocking solution (0.2% Triton, 10% BSA, PBS
pH = 7.4) for 2 h at 37°C. Primary antibodies to
claudin�1 and occludin (1 : 100, Thermo Fisher
Scientific, USA, # 71�7800, 71�1500), as well as
to claudin�5 (1 : 100, Thermo Fisher Scientific,
USA, # 32�2500), were used for a 24�h incubation
at 4°C. Secondary antibodies conjugated to Alexa
Fluor�488 (1 : 800, Invitrogen, USA) were used
for 120 min at 37°C. Finally, the sections were
washed in PBS and mounted in a medium with a
nuclear dye 4',6�diamidino�2�phenylindole
(DAPI, 0.1 μg/mL). The sections were viewed
using a Leica TCS SP5 microscope (Leica Micro�
systems GmbH, Germany). To further confirm
the localization of tight junctional proteins specif�
ically in the brain blood vessels, we used primary
mouse monoclonal antibodies to PECAM�1 (M�
20, 1 : 200, Santa Cruz, USA) and claudin�5 (1 :
200, Thermo Fisher Scientific, USA) followed by
secondary antibodies conjugated to Alexa Fluor�
488 (1 : 800, Invitrogen, USA) and CF�633 (1 :
800, Sigma Aldrich, USA). To rule out nonspe�
cific fluorescence of secondary antibodies, a neg�
ative control was carried out, which showed the
absence of background fluorescence.

Composition of solutions and concentrations of

physiologically active substances. MbCD and
reagents for the preparation of solutions were pur�
chased from Sigma Aldrich (USA).

Statistical data processing. Statistical processing
was carried out conventional statistical methods
and the GraphPad Prism 8 computer statistical
program (GraphPad, San Diego, CA, USA).
One�way ANOVA with Dunnett’s correction
were used for data processing. A normal data dis�
tribution was tested using the Shapiro–Wilk test.
The significance level of p < 0.05 was taken as sta�
tistically significant. Data are presented as
means ± standard error of the mean (M ± m).

RESULTS

Exposure to MbCD for 30 min at a dose of
5 mg/kg body weight i.v. led to changes in claudin
levels in the tissue of the rat frontal lobes. A signif�
icant 75% decrease in the level of claudin�5 was
found compared to the control group. The clau�
din�1 and occludin levels remained unchanged
(Fig. 1a).

PECAM�1 is one of the main proteins of inter�
cellular contacts between endothelial cells, so that
it has been referred to the marker of these cells
since the earliest studies [26]. Another marker of
the vascular endothelium in various brain regions
is claudin�5 [27]. Double immunohistochemical
labeling on control samples demonstrated identi�
cal distribution of PECAM�1 and claudin�5 fluo�
rescence signals in brain tissue, indicating their
localization in blood vessel (Fig. 2). Moreover,
the extended pattern of signal distribution and the
oval shape of the nuclei suggest that immunola�
beling is confined to the area of vascular endothe�
lial cells. Claudin�1, �5, and occludin signals were
detected in all samples. An image analysis shows
that MbCD exposure led to no redistribution of
these proteins across the brain tissue. Both the
decrease and increase in their levels were endo�
thelium�specific because they were localized
within the blood vessels (Fig. 1b).

DISCUSSION

The results of this study show that destabiliza�
tion of the plasma membrane lipid composition in
the rat CV endothelium affects the structure of
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tight junctions between endothelial cells. Intrave�
nous administration of MbCD at a dose of 5 mg/kg
for 30 min alters the level of tight junctional pro�
teins. MbCD decreases the expression of claudin�5,
which is the main tight junctional protein in the
vascular endothelium, while claudin�1 and occlu�
din levels remained unchanged. As it is well
known that claudin�5 is the main barrier�forming

protein of tight junctions in brain endotheliocytes
[17], we assume that changes in the orderliness of
the raft lipid phase may lead to an increased BBB
permeability.

MbCD is a xenobiotic for the mammalian
organism. However, in the blood plasma, there
are metabolites that can also affect membrane lip�
ids. A decrease of the epithelial barrier properties

Fig. 1. Expression and localization of tight junctional proteins in frontal lobe tissue of the rat brain in the Control and after
intravenous injection of methyl�beta�cyclodextrin (MbCD) at a dose of 5 mg/kg for 30 min. (a) Representative immunoblots
(upper panel) and densitometry (lower panel) of tight junctional proteins (n = 4 in both groups). One�way ANOVA with Dun�
nett’s correction: **p < 0.01 vs. control. (b) Localization of tight junctional proteins in the vascular region of the frontal lobes.
Distribution of claudins (green channel) and the oval shape of endothelial cell nuclei (DAPI, blue channel) coincide with the
characteristic topographic pattern of blood vessels in brain tissue (scale bar, 50 μm).

Fig. 2. Localization of cerebrovascular endothelial markers claudin�5 and PECAM�1 in rat brain tissue. (a) Cell nuclei
(DAPI, blue channel signal); claudin�5 (red channel signal); (b) PECAM�1 (green channel signal), claudin�5 (red channel
signal). Scale bar, 10 μm.
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under the effect of sodium caprate (fatty acid,
C10) may result from the lipid raft destruction
[28], suggesting a possible alteration in the state of
the BBB when metabolic changes occur in the
blood plasma biochemical profile.

The immunohistochemical method has previ�
ously shown an MbCD�induced decrease in clau�
din�5 in the CV endothelium [15]. In our
experiments, Western blotting confirmed a
decrease in the claudin�5 level when the same
dose of MbCD was applied, as well as no changes
in claudin�1 and occludin levels. It is worth not�
ing that the results obtained on animals agree with
the experiments on claudin distribution in lipid
rafts during the incubation of MDCK line cells
with sodium caprate. Sodium caprate application
results in the displacement of claudin�5 from lipid
rafts but does not affect claudin�1 distribution
[28]. Perhaps this is due to the fact that rafts have
different lipid compositions [5]. Cyclodextrins
show a selective activity toward lipid extraction.
MbCD removes predominantly phospholipids
and cholesterol from the plasma membrane [29].
These observations may indicate the selective
interaction of individual claudins, which have dif�
ferent amino acid compositions, with raft lipids,
as well as their heterogeneous distribution in the
structure of tight junction.

The absence of changes in the content of occlu�
din, which is important for the stabilization of
tight junction in epithelial tissues [30], also sup�
ports the heterogeneous effect of MbCD on the
structure of tight junctions in the vascular endo�
thelium. MbCD�induced changes in levels of var�
ious tight junctional proteins may occur in the
activation of different cell signaling systems. Inte�
gral proteins of the plasma membrane, which
include claudins and occludin, interact through
adaptor proteins with the apical actomyosin com�
plex and various signaling proteins [10]. MbCD
exposure leads to cholesterol destabilization in the
plasma membrane, changes in its mechanical
properties, and hence to cytoskeleton rearrange�
ment and actin polymerization, which triggers
intracellular signaling [31]. Remodeling of the
apical actomyosin ring causes molecular reorga�
nization of tight junctional composition and
structure, as well as changes in epithelial permea�
bility, including for sodium ions [32]. In experi�

ments on cell lines, it was shown that a decrease in
plasma membrane cholesterol leads to a decrease
in the expression of the Na,K�ATPase alpha�1
subunit upon activation of the Src�dependent sig�
naling pathway [33]. The use of the specific
Na,K�ATPase ligand ouabain confirms the func�
tional interaction between Na,K�ATPase and
modulation of the expression claudins in tight
junction via Src�signaling [25]. Thus, the results
obtained in this study indicate that the lipid envi�
ronment is an important molecular component of
the tight junction in the rat CV endothelium,
which and may be involved in the maintenance
and regulation of the barrier properties of the
BBB.
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