European Review for Medical and Pharmacological Sciences 2018; 22: 8509-8518

Retigabine protects the blood-brain barrier
by regulating tight junctions between
cerebral vascular endothelial cells

in cerebral ischemia-reperfusion rats

Y.-J. ZHAO', Y. NAI', S.-Y. LI, Y.-H. ZHENG?

'Department of Neurology, the Affiliated Yantai Yuhuangding Hospital of Qingdao University,

Yantai, China

“Department of Neurosurgery, the People’s Hospital of Zhaoyuan City, Zhaoyuan, China
3Department of Neurology, the People’s Hospital of Weifang City, Weifang, China

Yujun Zhao and Yu Nai contributed equally to this work

Abstract. - OBJECTIVE: To investigate the ef-
fect of retigabine on the blood-brain barrier per-
meability in rats with cerebral ischemia-reperfu-
sion and its mechanism.

MATERIALS AND METHODS: A total of
90 Sprague-Dawley (SD) rats were selected
to prepare a rat model of focal cerebral isch-
emia-reperfusion. The blood flow changes were
detected using a laser Doppler flow meter, the
percentage of the cerebral infarction volume
was measured by means of the triphenyl tetra-
zolium chloride (TTC) staining, the effect of re-
tigabine on the permeability of the blood-brain
barrier after cerebral ischemia-reperfusion was
examined via Evans blue (EB) staining, and
the state of tight junctions between endothelial
cells was determined via the transmission elec-
tron microscopy (TEM) technique. Immunohis-
tochemistry was used to detect the effects of
retigabine on the distribution and expressions
of tight junction-associated proteins in the ce-
rebral ischemia-reperfusion blood-brain barrier.
Western blotting was adopted to examine the
changes in the expressions of related proteins
in cerebral ischemia-reperfusion tissues.

RESULTS: At 48 h and 96 h after cerebral
ischemia-reperfusion, retigabine notably re-
duced the cerebral infarction volume of rats,
and the tight junctions between microvascular
endothelial cells in the ischemic area opened
up, the permeability of the blood-brain barrier
was remarkably increased, and the permeabil-
ity of the blood-brain barrier was significantly
reduced under the action of retigabine. The
expressions of claudin-5, occludin, and ZO-1 in
the blood-brain barrier of the ischemic brain tis-
sue significantly declined, and retigabine nota-
bly increased the expressions of three proteins
and their distributions along the microvessels.
At 3 h, 24 h, 48 h, and 96 h after cerebral isch-
emia-reperfusion, the expressions of the MMP-2
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protein and MMP-9 protein in the ischemic brain
tissue were evidently increased, which were in-
hibited by retigabine. Moreover, the expressions
of the PKCb protein in the ischemic brain tissue
were markedly increased, which were signifi-
cantly inhibited by retigabine.

CONCLUSIONS: The regulatory roles of re-
tigabine in the distribution and expressions of
claudin-5, occludin, and ZO-1 may be associat-
ed with the inhibition of the expressions of the
MMP-2, MMP-9, and PKC3d proteins.
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Introduction

Thrombolysis immediately after that the
ischemic cerebrovascular disease occurs is the
premise and basis for the successful treatment'-2,
However, thrombolytic therapy is likely to cau-
se cerebral edema and even cerebral hemorrha-
ge primarily due to the increased permeability of
the blood-brain barrier’*. The blood-brain barrier
comprises brain microvascular endothelial cells,
astrocytes, pericytes, basement membranes, and
other components. The tight connection between
adjacent endothelial cells is a crucial functional
unit for the maintenance of the integrity of the
blood-brain barrier and a key factor determining
the permeability’. Tight junction-associated pro-
teins exert vital effects on the regulation of tight
junction function, and their distribution and/or
expression levels on vascular endothelial cells in-
fluence the opening or closing of tight junctions®.
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Matrix metalloproteinases (MMPs) are a family
of zinc-dependent proteolytic enzymes. According
to studies™®, the ischemia-reperfusion injury is ac-
companied by activation of MMP-2 and MMP-9
that can degrade the cerebral vascular basement
membrane and tight junction-associated proteins
and increase the permeability of the blood-brain
barrier. As a kind of Ca?" and phospholipid-depen-
dent phosphorylases, protein kinase C (PKC) can
catalyze the phosphorylation of serine or threoni-
ne residues on a variety of protein substrates. Stu-
dies®!? have confirmed that PKC delta type (PKCd)
is a signaling molecule in cells that is rapidly acti-
vated in cerebral ischemia-reperfusion injury, and
it regulates the inflammatory response, oxidati-
ve stress, and apoptosis triggered by reperfusion
injury. PKC$S exhibits continuous high expression
in the cerebral microvascular endothelial cells in
the ischemic area, and the involvement of PKC9 in
the regulation of the distribution or expressions of
tight junction-associated proteins has been found
in various endothelial cells'-'"2.

At present, retigabine is regarded as an ancil-
lary drug for partial epileptic seizures in adults,
which is characterized by the stabilizing effect
on the neuronal resting membrane potential and
anti-excitability’®. As a novel antiepileptic drug,
retigabine also has potential clinical therapeutic
value for diseases such as neuropathic pain, neu-
rodegenerative diseases, and dystonia'*". In the
meantime, retigabine exerts antioxidant effects
to reduce cell death when serum deprivation and
oxygen deprivation are applied to culture hippo-
campal slices's. Scholars'”!® have indicated that
retigabine can exert a protective effect after ce-
rebral ischemia, but its mechanism has not been
completely clear. In this work, a rat model of cere-
bral ischemia-reperfusion was used to investigate
whether retigabine can protect against cerebral
ischemia-reperfusion in rats by improving the
blood-brain barrier permeability after ischemia.

Materials and Methods

Laboratory Animals and Models

A total of 90 male Sprague-Dawley (SD) rats
weighing 250-300 g were provided by the Qingdao
University Laboratory Animal Center. This study
was approved by the Animal Ethics Committee
of Qingdao University Animal Center. An animal
model of focal cerebral ischemia-reperfusion was
established according to Longa middle cerebral
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artery occlusion (MCAO) method: rats were intra-
peritoneally injected with 10% chloral hydrate (0.3
mL/kg). After anesthesia, the rats were placed in
the supine position and fixed in the operating table.
A midline incision was made in the neck after
routine disinfection to fully expose the right com-
mon carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA). The ECA
was ligated at the bifurcation of ECA and CCA.
The suture was made of heparin-coated nylon with
a diameter of 0.26 mm. The nylon thread entered
the ICA about 18-20 mm via CCA. If there is re-
sistance, the MCA inlet was blocked. After the
embolization was successful, the suture was fixed,
and the nylon thread was pulled out after 2 h for
reperfusion. The operation of the sham operation
group was the same as that of the model group, but
the nylon thread was not inserted in the former.

Detection of Cerebral Blood Flow
Via a Laser Doppler flow meter

The anesthetized rats were placed in the prone
position and fixed on the brain stereotactic devi-
ce, and a small hole was drilled into the cerebral
dura mater at the intersection of 1 mm behind the
coronal suture and 5 mm to the right of the sa-
gittal suture. The laser Doppler flow meter pro-
be was inserted into the hole to measure changes
in the blood flow in the middle cerebral artery of
the rats. The baseline values of the cerebral blo-
od flow under normal conditions and blood flow
changes within 2 h of ischemia and at different
time points after reperfusion were recorded. After
MCADO, the brain flow was quickly reduced to less
than 30% of the baseline value, and animals that
did not meet the criteria were excluded.

Experimental Grouping

Rats were randomly divided into three groups,
namely, Sham group, Saline group, and Retigabine
group. Rats in Retigabine group were intraperito-
neally injected with retigabine (10 mg/kg) at 1 h
after operation. Rats in Saline group were intrape-
ritoneally injected with the same dose of normal
saline. According to different reperfusion time,
rats in Saline group and Retigabine group were
further divided into 3-h reperfusion group, 24-h re-
perfusion group, 48-h reperfusion group, and 96-h
reperfusion group, with 10 rats in each group.

Measurement of the Volume
of Cerebral Infarction

After excessive anesthesia in rats leading to
death, the rats were quickly decapitated, and their
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brains were taken and placed in a refrigerator at
-20°C for 10 min. From the frontal pole, 6 pieces
of brain tissues were cut from the front to the back
every 2 mm, placed in 2% triphenyl tetrazolium
chloride (TTC) solution and incubated in a water
bath at 37°C for 30 min in the dark, followed by
photographing with a digital camera. The percen-
tage of the cerebral infarction volume was calcu-
lated via the image analysis software.

Determination
of the Blood-Brain Barrier
Permeability

2% Evans blue (EB) was injected into the fe-
moral vein of the anesthetized rats at 2 mL/kg
(body weight). After 2 h, the left ventricle was
perfused with normal saline until the clear liquid
was discharged. The rats were decapitated, and
their brains were taken. The brain tissues were
added with formamide solution (1 mL/100 mg)
and extracted in a water bath at 60°C for 24 h.
Then, the optical density value was measured at a
wavelength of 620 nm using a microplate reader.
A standard curve was made to obtain the EB con-
tent in brain tissues [ug/g (brain weight)].

Tight Junctions Observed
Under a Transmission Electron
Microscope

The anesthetized rats were perfused and fixed
with 4% paraformaldehyde, and 1 mm?® frontal
parietal cortex of the ischemic area was taken,
soaked in 2.5% glutaraldehyde and fixed in 2%
osmium tetroxide, followed by dehydration with
gradient alcohol and embedding in epoxy resin
618. Subsequently, ultrathin sections were double
stained with uranyl acetate and lead citrate, and
observed at 80 KV using the JEM-1200EX tran-
smission electron microscope.

Immunohistochemistry

The anesthetized rats were perfused and
fixed with 4% paraformaldehyde. Then they
were decapitated to take the frontal parietal
lobe, which was dehydrated with sucrose, em-
bedded in OTC, cut into coronal serial sections
(8 um in thickness) using the frozen sectioner,
diluted with the primary antibody at 1:150 and
subjected to immunohistochemical staining
[3,3’-Diaminobenzidine (DAB) method]. Ima-
ges of immunohistochemistry results were
collected using a Mode Images Advanced 3.2
image analysis system, and the results were
quantitatively analyzed.

Western Blotting

After excessive anesthesia in rats leading to
death, the rats were quickly decapitated, and the
protein of the frontal parietal lobe in the ische-
mic area was extracted. The protein concentra-
tion was determined by homogenization cen-
trifugation and bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL, USA). The protein was se-
parated using via 7.5%, 10% and 15% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), respectively and transferred onto
the nitrocellulose membrane. Z0-1 (1:500), oc-
cludin (1:500), claudin-5 (1:500), MMP-2 (1:500),
MMP-9 (1:500), PKCs (1:500) and B-actin anti-
bodies (1:5000) were added for incubation over-
night at 4°C. Then, the corresponding secondary
antibodies were added for incubation for 2 h at
room temperature. Enhanced chemiluminescence
(ECL; Thermo Fisher Scientific, Waltham, MA,
USA) was carried out, and Fluor Chem 2.0 image
analyzer was applied to analyze the band integral
optical density quantitatively.

Statistical Analysis

Data analysis was performed using Statisti-
cal Product and Service Solutions (SPSS) 19.0
software (IBM, Armonk, NY, USA). All data
were expressed as mean + standard deviation.
The #-test was used for the comparison between
two groups. One-way analysis of variance and
Bonferroni test were adopted for the comparison
among multiple groups. p<0.05 represented that
the difference was statistically significant.

Results

Influence of Blood Flow
in the Blood Supply Area
of the Rat Middle Cerebral Artery

Changes in the blood flow in the middle cere-
bral artery of rats were detected using the laser
Doppler flow meter, and the cerebral blood flow
decreased to less than 30% of the basal value re-
presented that the cerebral ischemia model was
successfully established. The results demonstra-
ted that there was no significant change in the
blood flow in the middle cerebral artery in Sham
group. The blood flow in the middle cerebral ar-
tery in Saline group and Retigabine group was re-
markable decreased, but there was no significant
difference in the cerebral blood flow between the
two groups at the same time point (Figure 1A).
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Figure 1. The beneficial effect of retigabine on rats with cerebral ischemia-reperfusion. A, Analysis of the blood flow in the
middle cerebral artery of rats by the laser Doppler flow meter. B, TTC staining showed that the infarction lesion was located
in the right frontal, apical and temporal cortexes and the lateral part of the new striatum. The normal tissue was red and the
infarction lesion was white. C, Analysis of the infarction volume calculated by Shrimakura's method. *p<0.05 vs. Saline group.

Retigabine Evidently Reduced
the Cerebral Infarction Volume
After Cerebral Ischemia-Reperfusion

The brain tissue was stained by TTC. The
experimental results manifested that after the
middle cerebral artery experienced ischemia-re-
perfusion, the infarction lesion was located in the
right frontal, apical and temporal cortexes and the
lateral part of the new striatum. The normal tis-
sue was red and the infarction lesion was white.
The infarction volume was calculated by Shrima-
kura’s method, which revealed that the cerebral
infarction volume in Retigabine group was mar-
kedly smaller than that in normal Saline group at
48 h and 96 h after reperfusion (Figure 1B, 1C).

Retigabine Reduced the Blood-Brai
n Barrier Permeability in Cerebral
Ischemia-Reperfusion

EB permeability test was conducted to assess
changes in the blood-brain barrier permeability.
No EB was seen in the brain tissue in Sham group.
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In Saline group, EB could be found in the cerebral
hemisphere ischemic area of rats, and the brain
sections showed EB in the frontal cortex of the
ischemic side and the lateral and central parts of
the caudate putamen. The EB content in the ische-
mic brain tissue in Saline group was significantly
higher than that in Sham group at each time point.
The EB content in the ischemic brain tissue in 3
h and 48 h reperfusion groups was markedly hi-
gher than that in 24 h and 96 h groups. At 3 h and
24 h after reperfusion, the degree of EB staining
in the ischemic brain tissue in Retigabine group
was remarkably lower than that in Saline group
(Figure2A, 2B).

Retigabine Changed the State
of Tight Junctions Between Brain
Microvascular Endothelial Cells
Observations under the transmission electron
microscope identified that the narrowed vascu-
lar lumen and vascular destruction were seen
in the ischemic brain tissue. The tight junctions
showed clear and identifiable intercellular fis-
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Figure 2. The effect of retigabine on blood brain barrier after cerebral infarction in rats. A, EB permeability test showed that
retigabine decreased the permeability of BBBs of rats. B, Analysis of Evan blue extravasation between different groups. C, The
results of TEM showed that the state of tight junctions between brain microvascular endothelial cells between different groups.

*p<0.05 vs. Saline group, #p<0.05 vs. 24 h and 96 h group.

sures. After the application of retigabine, the
integrity of the tight junction structure could
be restored. Then a tight junction dense band
appeared, indicating that retigabine can change
the open state of the tight junction of the blo-
od-brain barrier (Figure 2C).

Retigabine Significantly Increased
the Distribution and Expression

of Tight Junction-Associated Proteins
Claudin-5, Occludin, and Zonula
Occludens-1 (ZO-1)

Immunohistochemistry was used to detect the
distribution, changes in the expressions of tight
junction-associated proteins, claudin-5, occlu-
din, and ZO-1 at 3 h, 24 h, 48 h, and 96 h after
cerebral ischemia-reperfusion and the effects of
retigabine after application. The results denoted
that the three proteins in the brain tissue of rats in
Sham group were persistently expressed along the
microvessels of the brain, showing a continuous
distribution. In Saline group, the expressions of
three proteins along the microvessels in the brain

tissue of the ischemic area in rats were signifi-
cantly lower than those in Sham group. The distri-
bution and expressions of the three proteins along
the capillaries after the application of retigabine
were significantly increased compared with those
in Saline group at the same time point (Figure 3).

Retigabine Notably Inhibited
the Expressions of MMP-2
and MMP-9 Proteins

Western blotting was adopted to detect the
changes in the expressions of MMP-2 and MMP-
9 proteins at 3 h, 24 h, 48 h, and 96 h after ce-
rebral ischemia-reperfusion and the effects of
retigabine after application (Figure 4A). The
expressions of the MMP-2 protein in rats in Sa-
line group were markedly increased compared
with those in Sham group at 3 h, 24 h, 48 h, and
96 h after reperfusion (Figure 4B). The expres-
sions of MMP-9 protein in rats in retigabine
group were significantly reduced compared with
those in Saline group at 3 h, 24 h, 48 h, and 96 h
after reperfusion (Figure 4C).



Y.-J. Zhao, Y. Nai, S.-Y. Li, Y.-H. Zheng

Occludin

Figure 3. Immunohistochemistry showed that retigabine increased the distribution and expression of tight junction-associat-

ed proteins claudin-5, occludin, and ZO-1.

Retigabine Evidently Inhibited
the Up-Regulation
of the PKCS Protein Expression

The changes in the expressions of the PKCd
protein at 3 h, 24 h, 48 h, and 96 h after cerebral
ischemia-reperfusion and the effects of retigabi-
ne after application were detected using Western
blotting (Figure 4D). It was found that the expres-
sions of the PKC9 protein in rats in saline group
were significantly higher than those in Sham
group at 3 h, 24 h, 48 h, and 96 h after cerebral
ischemia-reperfusion. After the retigabine inter-
vention, the PKCd protein expression was remar-
kably reduced compared with that in saline group
(Figure 4E).

Discussion

In the beginning, cerebral ischemia-reperfu-
sion causes a sharp increase in the cerebral blood
flow. A large number of neutrophils adhere to the
cerebral vascular endothelial cells to block micro-
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vessels, resulting in continuous hypoperfusion'.
The decreased local blood supply in the ischemic
area, metabolic disorders in the brain tissue and
swelling vascular endothelial cells and astrocytes
lead to an increase in the permeability of the blo-
od-brain barrier®. As the reperfusion time goes by,
numerous neutrophils ooze a lot, a large amount
of microglia cells are activated, and various in-
flammatory cytokines are released, which directly
damage endothelial cells, increase the permeabili-
ty of the blood-brain barrier and cause secondary
cerebral edema and even cerebral hemorrhage*-2.
Studies®?* indicated that cerebral ischemia-re-
perfusion injury causes a bimodal change in the
blood-brain barrier permeability. In this research,
cerebral blood flow changes in rats with cerebral
ischemia-reperfusion showed that the cerebral
blood flow in the ischemic area was increased
after reperfusion, and there was a significant dif-
ference compared with that after MCAO, but the
cerebral blood flow in the ischemic area did not
return to the baseline level within 96 h after re-
perfusion, suggesting that the reperfusion during
this period is in a consistently low perfusion level.
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Figure 4. Retigabine notably inhibited the expressions of MMP-2, MMP-9 and PKC$ protein. A, Western blotting showed
that retigabine inhibited the expressions of MMP-2, MMP-9. B, Semi quantitative analysis of protein level of MMP-2. C, Semi
quantitative analysis of protein level of MMP-9. D, Western blotting showed that retigabine inhibited the expressions of PKCS
protein. E, Semi quantitative analysis of protein level of PKC3. p<0.05. vs. Sham group, #p<0.05 vs. Saline group.w

The changes in the blood-brain barrier permeabi-
lity at 3 h, 24 h, 48 h, and 96 h after reperfusion
were observed. The results showed that the EB
content in the ischemic brain tissue at 3 h and 48

h after reperfusion was significantly higher than
that at 24 h and 96 h after reperfusion in Saline
group, suggesting that the double-peak changes in
the blood-brain barrier permeability of reperfu-
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sion occur at about 3 h and 48 h after reperfusion.
After retigabine was applied in rats with ische-
mia-reperfusion, the EB content in the ischemic
brain tissue of rats was significantly lower than
that in Saline group, indicating that retigabi-
ne significantly reduces the permeability of the
blood-brain barrier in rats. The ultrastructure of
brain microvascular endothelial cells was obser-
ved under the transmission electron microscope,
and it was found that retigabine could change the
open state of tight junctions between endothelial
cells and restore the intact structure of tight jun-
ctions in the ischemic brain tissue, prompting that
retigabine may influence tight junctions between
endothelial cells and reduce the permeability of
the blood-brain barrier of cerebral ischemia-re-
perfusion injury through the paracellular pathway.

To investigate the molecular mechanism by
which retigabine regulates tight junctions, the
changes in the distribution and expressions of
tight junction-associated proteins, claudin-5,
occludin, and ZO-1 were examined. As the first
isolated tight junction transmembrane protein,
occludin is tightly linked to claudin-5 and di-
rectly involved in the regulation of tight junction
permeability?®. ZO-1 is a member of the mem-
brane-associated guanylate kinases (MAGUK)
family (a family containing the guanylate kinase
domain or the GUK domain) that interacts with
occludin and claudin-5 in the cytoplasm, links
the transmembrane protein to the cytoskeleton
and is the basis of the supporting structure of ti-
ght junctions?’. The results of this work revealed
that the distribution and expressions of tight jun-
ction-associated proteins, claudin-5, occludin,
and ZO-1 were markedly reduced at 3 h, 24 h, 48
h, and 96 h after cerebral ischemia-reperfusion,
indicating that the increase in the blood-brain
barrier permeability during this period has a
correlation with the down-regulated expressions
of the three proteins. Retigabine can up-regula-
te the expression levels of claudin-5, occludin,
and ZO-1 as well as their protein expression le-
vels, and restore the intact structure of tight jun-
ctions. Therefore, it was believed that retigabine
may reduce the blood-brain barrier permeability
through the paracellular pathway by affecting
the distribution and expressions of claudin-5, oc-
cludin, and ZO-1.

When a cerebral ischemia-reperfusion injury
occurs, the expressions of MMP-2 and MMP-9
proteins are increased, which may increase the
permeability of the blood-brain barrier by degra-
ding the vascular basement membrane and the
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tight junction protein®*°. Knockout by inhibitors
of MMPs or MMP-9 in mice can reduce brain tis-
sue damage and brain edema*®. In this study, the
changes in the expressions of MMP-2 and MMP-
9 proteins were examined, so as to further analy-
ze the mechanism of action of retigabine on the
distribution and expressions of tight junction-as-
sociated proteins, claudin-5, occludin, and ZO-1.
It was found that the expressions of the MMP-2
protein and MMP-9 protein were remarkably in-
creased at 3 h, 24 h, 48 h, and 96 h after reper-
fusion, and retigabine significantly inhibited the
expressions of MMP-2 and MMP-9. The above
findings suggest that retigabine may reduce the
hydrolysis of tight junction-associated proteins,
claudin-5, occludin, and ZO-1, up-regulate the
protein expression and reduce the blood-brain
barrier permeability by inhibiting the expressions
of MMP-2 and MMP-9 proteins.

PKC is an important signaling molecule in
cells, whose main type is PKCS that mediates
the cerebral ischemia-reperfusion injury. Spe-
cific inhibition of PKCd markedly reduces the
number of damaged neurons caused by the ce-
rebral ischemia-reperfusion injury®. The cere-
bral infarction volume of PKCd knockout mice
was significantly smaller than that of wild-type
mice*. According to studies®***, the PKCS pho-
sphorylation of the activator protein 1 family is
involved in the activation of MMP-2 and MMP-
9. The activation of PKC$ in the blood cerebro-
spinal fluid barrier leads to an increase in MMP-
9 activity, a decrease in the expression of tight
junction-associated proteins, and an increase in
the blood-cerebrospinal barrier permeability>-*,
The application of PKC3J selective inhibitors can
increase the associations of ZO-1 and occludin
with the cytoskeleton, and reduce the damage
to the tight junction structure®. The data of this
paper demonstrated that the expressions of the
PKC3 protein were evidently increased at 3 h, 24
h, 48 h, and 96 h after cerebral ischemia-reper-
fusion, indicating that cerebral ischemia-reper-
fusion injury may participate in the up-regula-
tion of the expression or activity of MMP-2 and
MMP-9 and changes in the tight junction protein
phosphorylation/expression through the PKCS
pathway, thus increasing the blood-brain barrier
permeability. Retigabine can significantly inhi-
bit the up-regulation of the PKCd protein expres-
sion, indicating that retigabine is involved in the
regulation of the blood-brain barrier permeabili-
ty of cerebral ischemia-reperfusion through the
PKC6 pathway.
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Conclusions

We observed that retigabine up-regulated the
expressions of claudin-5, occludin, and ZO-1 and
alters the distribution of these proteins, so as to
protect the integrity of the tight junction structure
of brain microvascular endothelial and reduced
the permeability of the blood-brain barrier. The
regulatory roles of retigabine in the distribu-
tion and expressions of claudin-5, occludin, and
Z0-1 may be associated with the inhibition of the
expressions of the MMP-2, MMP-9, and PKC6
proteins.
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