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Administration of an antagonist of P2X7 receptor to EAE rats prevents
a decrease of expression of claudin-5 in cerebral capillaries
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Abstract
Purinergic P2X receptors, when activated under pathological conditions, participate in induction of the inflammatory response
and/or cell death. Both neuroinflammation and neurodegeneration represent hallmarks of multiple sclerosis (MS), an autoim-
mune disease of the central nervous system. In the current study, we examined whether P2X7R is expressed in brain microvas-
culature of rats subjected to experimental autoimmune encephalomyelitis (EAE) and explore possible relationships with blood-
brain barrier (BBB) protein—claudin-5 after administration of P2X7R antagonist—Brilliant Blue G (BBG). Capillary fraction
isolated from control and EAE rat brains was subjected to immunohistochemical and Western blot analyses. We document the
presence of P2X7R in brain capillaries isolated from brain tissue of EAE rats. P2X7R is found to be localized on the abluminal
surface of the microvessels and is co-expressed with PDGFβR, a marker of pericytes. We also show over-expression of this
receptor in isolated capillaries during the course of EAE, which is temporally correlated with a lower protein level of PDGFβR,
as well as claudin-5, a tight junction-building protein. Administration of a P2X7R antagonist to the immunized rats significantly
reduced clinical signs of EAE and enhances protein expression of both claudin-5 and PDGFβR. These results indicate that P2X7
receptor located on pericytes may contribute to pathological mechanisms operated during EAE in cerebral microvessels influenc-
ing the BBB integrity.
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Introduction

During neuroinflammation, activated or injured cells release
high levels of extracellular ATP which act via specific metab-
otropic (P2Y) or ionotropic (P2X) groups of receptors. One of
the representatives of the latter group is P2X7 receptor
(P2X7R), which is among the most abundant receptors in
the central nervous system (CNS). The most significant
P2X7R-mediated response is activation of the inflammasome
and further maturation and release of interleukin-1β (IL-1β),
a potent proinflammatory cytokine which triggers the inflam-
matory cascade [1–3]. Apart from a release of inflammatory
mediators, over-activation of this receptor may also produce a
release of excitatory neurotransmitters such as glutamate [4]

or lead to the formation of plasma membrane pores and sub-
sequent cell death [5].

Therefore, this type of purinergic receptor evokes signifi-
cant interest in context of inflammatory/neurodegenerative
changes observed in various CNS disorders [6], including
multiple sclerosis (MS) [7–9].

MS is an autoimmune neuroinflammatory disease which
leads to progressive physical and cognitive disability. It is
characterized by inflamed plaques of demyelination in the
white matter, oligodendroglial cell death, and damage of
axons. Cells present in plaques (immune cells and glial cells)
exacerbate inflammation by secreting proinflammatory cyto-
kines. One of the characteristic pathological features of the
disease is the presence of Tcells in the perivascular area which
infiltrate the CNS from the peripheral circulation [10].
Infiltration of the CNS by immune cells is associated with
increased permeability of the blood-brain barrier (BBB) under
inflammatory conditions which is observed at a very early
stage of the disease. Studies performed on an animal model
of MS suggest the existence of a strong correlation between
BBB dysfunction and the severity of the disease [11, 12].
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Additionally, increased permeability of BBB has been linked
to loss or delocalization of endothelial tight junction proteins
in brain specimens obtained from MS patients [13, 14].

Morphologically the BBB is constructed of endothelial
cells connected by tight junctions. However, basement mem-
brane, pericytes, and astrocytes also play important roles in
maintaining integrity of the BBB and collectively form the
neurovascular unit. It is important to note that interactions
between endothelial cells and pericytes are crucial for proper
function of blood microvessels [15, 16].

Extracellular nucleotides and different groups of purinergic
receptors have been demonstrated to play significant roles in
MS pathology [17]. P2X7Rmay be involved inMS pathology
as it has been identified both in patients and animals subjected
to experimental autoimmune encephalomyelitis (EAE). Over-
expression of this receptor has been observed in oligodendro-
cytes [18], neurons, and astrocytes [8, 9] and is always accom-
panied by cell activation, dysfunction, or damage. However,
the changes in P2X7R expression in rat brain microvascula-
ture during the course of EAE as well as possible effects on
tight junctional proteins have not been studied.

Thus, in the current work, we demonstrate the presence of
P2X7R on pericytes of cerebral microvessels of rats subjected
to EAE, the temporal profile of P2X7R, PDGFβR, and
claudin-5 expression during the course of the disease, as well
as the protective effect provided by administration of Brilliant
Blue G (BBG; an antagonist of P2X7R) on the expression of
these proteins.

We investigated capillaries isolated from brain, although
MS/EAE is traditionally viewed as a CNS white matter dis-
ease with inflammatory lesions most often located in the spi-
nal cord. However, a lot of research have contributed to re-
finement of our understanding of this pathology, indicating
that it applies equally to the spinal cord and brain [9, 19–22].

Materials and methods

Animals and immunization procedure

Female Lewis rats weighing 180–210 g were obtained from
the Animal House at the Mossakowski Medical Research
Center, Polish Academy of Sciences (Warsaw, Poland). The
rats were housed in a temperature- and humidity-controlled
environment and had free access to water and standard labo-
ratory fodder. All procedures were performed according to the
EU Directive for Animal Use in Experiments and were ap-
proved by the Local Care and Use of Experimental Animal
Committee (approval no. 48/2011).

Rats were randomly assigned to four groups (control, EAE,
EAE + BBG, EAE + saline). The experimental autoimmune
encephalomyelitis (EAE group) was induced as described pre-
viously [9, 23] by subcutaneous injections of 100 μL of an

inoculum containing homogenate of guinea pig spinal cord in
PBS, Freund’s complete adjuvant (CFA; Difco, Detroit, MI),
and 2 mg/mL ofMycobacterium tuberculosis (Difco H37RA,
Detroit, MI) into each hind foot. The rats were weighed daily
and development of neurological symptoms was observed.
Neurological deficits were scored according to the following
scale: 0—no symptoms, 1—loss of tail tone, 2—tail and hind
limb weakness, 3—hind limb paralysis, 4—ascending paral-
ysis (paraplegia), and 5—moribund state or death [24]. The
control group of rats (control) was not immunized. In the
BBG-treated group (EAE + BBG), a Brilliant Blue G, a spe-
cific antagonist of P2X7R, was administered daily to EAE rats
at a dose of 50 mg/kg b.w. starting from day 0 until day 6
postimmunization via a catheter implanted into the internal
jugular vein. The vehicle-treated group (EAE + saline) re-
ceived saline chloride instead of BBG. Animals from the con-
trol and immunized groups were sacrificed on different days
postimmunization (2, 4, 6, 8, 12 d.p.i.), whereas the BBG/
NaCl-treated rats were sacrificed in the asymptomatic
(4 d.p.i.) and symptomatic phases (12 d.p.i.) of the disease.
After decapitation, the brains were rapidly removed and cap-
illary fractions were isolated.

Preparation of the capillary fraction

The capillary fraction was isolated from gray matter of rat
hemispheres according to the method described by Mrsulja et
al. [25]. Briefly, gray matter prepared from freshly isolated
brains (two brains per sample) was homogenized in Ringer’s
solution and centrifuged at 1500×g, for 10 min at 4 °C. The
pellet was re-suspended in the same buffer, and centrifugation
was repeated two times under the same conditions. The final
pellet was homogenized in 10 mL of 0.25 M sucrose and
centrifuged in a discontinuous sucrose gradient (0.25:1:1.5 M
sucrose) (30,000×g, 30 min, 4 °C). The fraction containing
microvessels obtained at the bottom of the tube was further
subjected to other procedures. The purity of the microvessel
fraction and the efficiency of preparation was monitored with
brief observations under a light microscope (Zeiss Axiovert
25) (Fig. 1a). Samples of the capillary fraction were frozen
and stored for Western blot analysis or smeared on a slide for
immunohistochemical analysis.

Immunohistochemical procedures

Microvessels smeared on a slide were stained using primary
antibody anti-claudin-5 (Invitrogen Corp., Carlsbad, CA,
USA, 1:500), anti-P2X7R (Alomone Labs, Jerusalem, Israel,
1:200), or anti-platelet derived growth factor β receptor
(PDGFβR) (Abcam, 1:1000). The samples were then stained
with secondary antibody conjugated with AlexaFluor 546 or
AlexaFluor 488 (Invitrogen Corp., Carlsbad, CA, USA,
1:100). Nuclei were stained with Hoechst 33342 dye
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(Sigma-Aldrich). Analyses of specimens was performed using
a LSM 780 Zeiss confocal microscope with the Zen 2011
software system. Figures were created using Corel Draw X3.

Western blot analysis

Protein concentrations in microvessel fractions were mea-
sured according to the method of Lowry et al. [26] using
bovine albumin as a standard.

Microvessel fractions were subjected to SDS-polyacrylamide
gel (10%) electrophoresis (SDS-PAGE). Samples containing
50 μg of protein were separated and transferred onto a nitrocel-
lulose membrane. Membranes were blocked using 4% fat free
milk for 30 min followed by overnight incubation at 4 °C with
primary antibodies: anti-P2X7R (Alomone Labs, Jerusalem,
Israel; 1:200), anti-PDGFβR (Abcam, Cambridge, UK;
1:500), or anti-claudin-5 (Invitrogen Corp., Carlsbad, CA,
USA; 1:500). Then, the membrane was incubated with the sec-
ondary antibody conjugated with HRP (Sigma-Aldrich, 1:
10000). Bands were visualized using the ECL kit (Amersham)
and Hyperfilm ECL. Blots were digitized using Image Scanner
III (GE Healthcare) and densitometry was performed with the
ImageJ program (Wayne Rasband, National Institutes of Health,
USA).

Statistical analysis

Results are presented as means ± SD from three to four exper-
iments. Inter-group comparisons of densitometric measure-
ments of immunoblots was performed using one-way analysis
of variance (ANOVA) followed by the post hoc Dunnett’s test.

Results

P2X7R is located on pericytes of the capillary fraction
isolated from control and EAE rat brain

Immunoreactivity of P2X7R was observed in isolated
microvessels (Fig. 1a) after double immunostaining with an-
tibody against P2X7R and claudin-5, a tight junction protein
and accepted marker of endothelial cells. The pattern of dis-
tribution of this protein was found to be consistent with con-
tinuous junctional complexes between endothelial cells.
Claudin-5-positive endothelial cells were found to form a
deeper layer of the vessel, whereas P2X7R-positive cells were
observed on the abluminal surface of microvessels. The su-
perficial position of the P2X7R-immunostained cells suggests
that the receptor is located on pericytes. The characteristic
round morphology of nuclei of P2X7R-positive cells supports
this observation (Fig. 1b). To confirm that P2X7R is localized
on pericytes, these cells were contacted with an antibody
against PDGFβR, which is a specific marker of pericytes.

Fig. 1 a Typical light microscopic image of cerebral capillaries isolated
from control rat brain. Magnification ×20. b Localization of P2X7R in
capillaries isolated from control rat brain. Triple immunofluorescent
staining, P2X7R—green, claudin-5—red (BBB marker), Hoechst
33342 dye (DNA marker)—blue. P2X7R-specific green fluorescence is
observed on the abluminal surface of microvessels in the cellular layer
with round nuclei (arrows). Bar 20 μm. c Co-localization of P2X7R and
PDGFβR in capillaries isolated from EAE rat brain. Double
immunofluorescent staining: P2X7R—green, PDGFβR—red, merge—
yellow. Bar 20 μm
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Double immunostaining shows co-localization of immunore-
activity against P2X7R and PDGFβR (Fig. 1c).

The course of the disease in immunized rats:
the effect of BBG, an antagonist of P2X7R

Immunized female Lewis rats were observed to gain weight
and develop neurological deficits characteristic of EAE as
described in detail previously [9, 23]. The first symptoms
(paralysis of tail and hind limbs), which were assessed using
the five-score scale, were observed to appear at days 9–10
postimmunization (p.i.). Subsequently, the symptoms peaked
at days12–13 p.i., followed by recovery at day 18 p.i.

Administration of BBG was found to delay the onset of the
disease and the peak of symptoms by about 2 days relative to
both the EAE and vehicle control (EAE + NaCl) rats. A re-
duction in the severity of neurological deficits was also
observed. The maximal disease score was reduced from
3.0 (EAE) and 2.5 (EAE + NaCl) to 1–1.5 (EAE + BBG)
(Table 1).

Time course of changes in immunoreactivity
of P2X7R, PDGFβR, and claudin-5 in capillaries
isolated from brain of EAE rats and effect
of administration of the P2X7R antagonist

We observed changes in P2X7R, PDGFβR, and claudin-5
expression in microvessels during the course of EAE.
Western blots revealed a significant increase in P2X7R protein
concentration along with development of the disease (Fig. 2)
exceeding the control value by an average of 123% at 2, 4, 8,
and 12 d.p.i. (p < 0.05 − p < 0.01 vs. control). Exclusively at
day 6 p.i., we did not observe elevation of P2X7R protein.
Instead, P2X7R protein levels were found to decrease below
those of the control group. Concomitantly, relative protein
level of PDGFβR tend to decrease by about 20–25% relative
to control rats (p < 0.05 − p < 0.01), starting from the fourth
day p.i. (Fig. 3). We further investigated whether expression
of claudin-5 protein is altered in parallel with changes in pro-
tein levels of P2X7R and PDGFβR during development of
EAE. We observed decreased levels of claudin-5 protein

ranging from 36 to 69% of control values (p < 0.01 − p <
0.001) at all of the time points (Fig. 4). Analysis of immuno-
histochemical staining of capillary fractions for P2X7R/
claudin-5 (Fig. 5) indicates a similar pattern of changes, i.e.,
decreased immunoreactivity of tight junction proteins and in-
creased immunoreactivity of P2X7R protein during EAE rel-
ative to non-immunized animals.

Administration of BBG did not influence significantly pro-
tein expression of P2X7R (Fig. 6a) but recovered the level of
PDGFβR in the symptomatic phase (12 d.p.i.) (Fig. 6b).
Western blot analysis of PDGFβR in microvessels of rats
subjected to EAE and treated simultaneously with BBG re-
vealed prevention of the expected decrease of PDGFβR ex-
pression by about 20% (p < 0.05) relative to vehicle-treated
animals. Furthermore, selective inhibition of P2X7R was
found to influence the observed profile of changes in endothe-
lial junction protein. In the asymptomatic phase (4 d.p.i.), the
protein concentration of claudin-5 was found to be significant-
ly (p < 0.01) higher in BBG-treated rats than in vehicle-treated
EAE rats by about 70%. In the symptomatic phase (12 d.p.i.),
protein expression was observed to recover to the control val-
ue but was still higher than its value in the vehicle-treated EAE
animals (p < 0.01) (Fig. 6c).

Discussion

Microvascular expression of P2X7R during the course
of EAE

P2X7R is widely distributed in brain in neurons and glial cells
(astrocytes, oligodendrocytes, and microglia) [27, 28]. Its
presence has also been confirmed in retinal microvasculature,
wherein ATP has been shown to regulate the contraction of
isolated rat retinal microvessels through the activation of
P2X7R [29]. In cerebral microvessels, P2X7R has been re-
ported to be over-expressed in endothelial cells after experi-
mental intracerebral hemorrhage [30]. Results of the current
study using a capillary fraction isolated from both control and
EAE rat brains clearly showed that this receptor is expressed
on pericytes rather than on endothelial cells. The P2X7R-

Table 1 Clinical parameters of
animals subjected to EAE and
animals simultaneously treated
with P2X7R antagonist (BBG) or
vehicle (NaCl)

Parameter EAE EAE + BBG EAE + NaCl

Body weight in symptomatic phase (g) 130 ± 0.8 165 ± 0.5*, # 135 ± 0.7

Maximal CI (score) 3 ± 0.5 1.5 ± 0.5*, # 2.5 ± 0.8

Inductive phase (days) 10 ± 1.3 12 ± 1.1 10 ± 1.4

The values represent the means ± SD from 12 animals in the EAE group and 8 animals in the EAE + BBG/NaCl
group

CI cumulative index

*p < 0.05 values significantly different from EAE, # p < 0.05 values significantly different from EAE + NaCl
group
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specific immunofluorescence was found to be present in the
cellular layer with round-shaped nuclei on the abluminal sur-
face of endothelial cells indicating localization on pericytes.
Pericyte-related expression of this receptor was confirmed by
using an antibody against PDGFβR, which is known to be a
useful marker of these cells [31]. To our knowledge, P2X7R

has not yet been reported to be present in pericytes of cerebral
microvessels, although its presence was confirmed in
pericyte-containing microvessels isolated from rat retina [29].

Evidence indicates that P2X7R is involved in a vast major-
ity of central nervous system (CNS) pathologies, including
MS (for a review, see [32]). Development of clinical signs of
EAE as well as axonal damage and activation of astroglia
were found to be significantly reduced in P2X7R-deficient
mice [33] and BBG-administered rats [9]. However, it has
not been determined whether P2X7R is present on cerebral
microvessels during MS/EAE. The time course of P2X7R
expression in capillaries isolated from the rat brains along with
EAE development indicates that its expression increases early
after immunization (2 d.p.i.) and persists at elevated levels in
the symptomatic phase. The decrease of P2X7R levels at
6 d.p.i. is an interesting observation. One possible explanation
is activation of cellular mechanisms negatively regulating the
expression of the protein in this phase of the disease.
However, pericytes are the cells that express P2X7R, and thus,
any reduction in the number of pericytes could be the cause of
lower protein levels. The decreased number of pericytes, pre-
ceded by high over-expression of P2X7R at 2–4 d.p.i., may be
the result of cytotoxic activity of P2X7R. Such explanation
might be supported by visible decrease of relative expression
of PDGFβR which is regarded as a marker of these cells.

Alternatively, it may be the effect of migration of pericytes
from the microvessel walls to the surrounding tissue [34]. It
has been reported that the loss of pericytes is correlated with
pathology of diseases such as stroke, brain tumors, and

Fig. 2 Relative protein concentration of P2X7R in cerebral capillaries
isolated from control and EAE rats at different time points
postimmunization (d.p.i.), representative immunoblots and graph
illustrating the mean results of densitometric measurements of four
independent immunoblots performed using four distinct animals per
group. The relative density was measured against β-actin as an internal
standard and expressed as a percentage of non-immunized control. *p <
0.05, **p < 0.01 vs. control (one-way ANOVAwith post hoc Dunnett’s
test)

Fig. 3 Relative protein concentration of PDGFβR in cerebral capillaries
isolated from control and EAE rats at different time points
postimmunization (d.p.i.), representative immunoblots and graph
illustrating the mean results of densitometric measurements of four
independent immunoblots performed using four distinct animals per
group. The relative density was measured against β-actin as an internal
standard and expressed as a percentage of non-immunized control. *p <
0.05, **p < 0.01 vs. control (one-way ANOVAwith post hoc Dunnett’s test)

Fig. 4 Relative protein concentration of claudin-5 in cerebral capillaries
isolated from control and EAE rats at different time points
postimmunization (d.p.i.), representative immunoblots and graph
illustrating the mean results of densitometric measurements of four
independent immunoblots performed using four distinct animals per
group. The relative density was measured against β-actin as an internal
standard and expressed as a percentage of non-immunized control. **p <
0.01, ***p < 0.001 vs. control (one-wayANOVAwith post hoc Dunnett’s
test)
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diabetic retinopathy [35] leading to local disintegration of the
BBB [36]. This topic warrants further studies, because
pericytes play a crucial role in communication with other cells
of the neurovascular unit via physical contact as well as auto-
crine and paracrine regulation [31]. In endothelial cells (EC),
pericytes have been reported to induce synthesis of occludins
and claudins through the release of angiopoetin-1 [37].
Moreover, PDGFβR-deficient mice exhibit the reduction of
tight junction proteins such as ZO-1, occluding and claudin-5
[38], as well as increased vascular permeability due to en-
hanced transcytosis and tight junction abnormalities [16].
These data indicate that undisturbed communication between
pericytes and ECs allows proper function of the BBB.

Possible involvement of pericytic P2X7R
in disintegration of tight junction complexes
during EAE

As mentioned above, the main role of pericytes is to regulate
proper functioning of the BBB by integrating endothelial and

astrocytic functions at the level of the neurovascular unit [16].
The integrity of cerebral microvessels depends mainly on the
tightness of junction complexes between endothelial cells.
Thus, disturbances in protein complexes and decreased ex-
pression may lead to disintegration of the BBB and increased
permeability of vessels [39].

In the context of our findings that P2X7R protein expres-
sion increases in EAEmicrovessels, in parallel with decreased
PDGFβR, starting from the early asymptomatic phase of the
disease, we sought to determine if it would be connected with
changes in protein markers of EC. The level of claudin-5 was
analyzed, since it has been shown to be connected with the
integrity of the BBB (for a review, see [40]) as one of the most
important tight junctional proteins. Loss of claudin-5 actively
contributes to severe BBB dysfunction and increased perme-
ability of vessels [41]. A significant decrease in protein con-
centration of claudin-5 was found to coincide temporarily with
both increased expression of P2X7R and diminished expres-
sion of pericytic PDGFβR. This temporal correlation between
three proteins: pericytic P2X7R, pericytic PDGFβR, and

Fig. 5 P2X7R- and claudin-5-
specific immunofluorescence in
the capillary fraction obtained
from control and EAE rat brains
in different phases of the disease
(4, 6, and 12 d.p.i.). Double
immunofluorescent staining:
green—P2X7R, red—claudin-5.
Bar 20 μm
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endothelial claudin-5, appears to be significant because it sug-
gests that pericyte-EC interactions may be partially mediated
by P2X7R. Indeed, it appears that administration of a selective
P2X7R antagonist to EAE rats partially recovered the level of
PDGFβR and has a protective effect, considerably increasing
expression of claudin-5 protein in an early asymptomatic
phase. The results are in agreement with those of Zhao and
coworkers [30], who have shown that administration of the
selective P2X7R inhibitor A438079 upregulates the expres-
sion of occludin in rats subjected to experimental intracerebral
hemorrhage. Moreover, inhibition of P2X7R by BBG has
been found to partially alleviate neurological deficits in EAE
rats. This observation is consistent with our previous results

[9]. It has been reported that the severity of the neurological
symptoms has a strong correlation with dysfunctional BBB
[11, 12].

This indicates that there is direct or indirect regulation of
this junctional protein through the P2X7R-dependent path-
ways. As evidenced recently, RhoA kinase may directly con-
tribute to the P2X7R-induced disruption of the BBB during
experimental hemorrhage [30]. Indirect regulation under in-
flammatory conditions in MS/EAE may occur through IL-1β
and other proinflammatory cytokines [3] which are released
by immune cells, astroglia, and microglia in a P2X7R-
dependent manner (for a review, see [27]) affecting the BBB
[10]. Interleukin IL-1βmay indirectly destabilize the BBB by

Fig. 6 The effect of BBG administration on the expression of P2X7R,
PDGFβR, and claudin-5. Relative protein concentration of P2X7R (a),
PDGFβR (b), and claudin-5 (c) in cerebral capillaries isolated from
control, EAE rats, and BBG-treated EAE rats in asymptomatic (4 d.p.i.)
and symptomatic (12 d.p.i.) phases of the disease. Representative
immunoblots and graphs illustrating the mean results of densitometric

measurements of four independent immunoblots performed using four
distinct animals per group and expressed as a percentage of non-
immunized control. The relative density was measured against β-actin
as an internal standard. *p < 0.05, **p < 0.01 vs. control or vehicle-
treated EAE rats (one-way ANOVAwith post hoc Dunnett’s test)
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enhancing expression of metalloproteinase-9 (MMP-9) [42],
which is involved in proteolysis of tight junction proteins such
as occludins and claudin-5 [10, 43].

In conclusion, we demonstrate that P2X7R is present on
cerebral microvessels of control and EAE rats and its expres-
sion is connected with pericytes. Starting from the very early
phase of EAE, this receptor is over-expressed and this is ac-
companied by downregulation of expression of PDGFβR and
claudin-5. An important finding from our study is the demon-
stration that blockage of P2X7R preserves this effect, thereby
suggesting that it may be considerable involvement of this
receptor located on pericytes in disintegration of the BBB
during EAE.
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