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ABSTRACT

Background Cerebral venous disorder may have a harmful
effect on ischaemic stroke; however, the underlying mechanism
remains to be elucidated. Although DI-3-n-butylphthalide is a
multitarget agent for antiischaemic stroke, its neuroprotective
role in brain ischaemia accompanied by brain venous
disturbance remains unclear. In this study, we induced cerebral
venous disturbance by the occlusion of bilateral external jugular
veins (EJVs) to explore the potential mechanism of the adverse
effects of cerebrovenous disorders in cerebral infarction

and explore the protective effect of DI-3-n-butylphthalide on
cerebral infarction accompanied through cerebral venous
disturbance.

Methods Cerebral venous disturbance was induced in
Sprague-Dawley rats through the permanent occlusion of
bilateral EJVs, and cerebral ischaemic stroke was induced
through the permanent occlusion of the right cortical branches
of the middle cerebral artery. 2,3,5-triphenyltetrazolium chloride
staining, MRI, Evans blue extravasation and behavioural test
were performed to evaluate infarction volume, cerebral blood
flow (CBF), blood—brain barrier (BBB) integrity and neurological
function. Immunofluorescence staining and western blot
analysis were performed to detect loss of neuron, endothelial
cells, pericytes and tight junctions.

Results Bilateral EJVs occlusion did not cause cerebral
infarction; however, it increased the infarction volume
compared with the simple middle cerebral artery occlusion
(MCAQ) group, accompanied by severe neuron loss, worse
neurological function, lower CBF, increased EJVs pressure,
exacerbated Evans blue extravasation and brain oedema,

as well as attenuated angiogenesis. DI-3-n-butylphthalide
displayed a neuroprotective effect in rats with MCAQO
accompanied by EJVs occlusion by reducing neuron loss,
accelerating CBF restoration, promoting angiogenesis and
relieving BBB damage.

Conclusion Bilateral EJVs occlusion did not significantly
affect normal rats but aggravated brain damage in the case

of ischaemic stroke. DI-3-n-butylphthalide treatment plays a
neuroprotective role in rats with MCAO accompanied by EJVs
occlusion, mainly due to the promotion of CBF restoration and
BBB protection.

INTRODUCTION

Good collateral has always been considered a
predictor of small ischaemic core lesions and
a key factor for the prognosis of patients with
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acute ischaemic stroke (AIS), and numerous
clinical trials have used perfusion imaging
to select eligible patients for endovascular
thrornbectomy.l 2 However, a large ischaemic
core lesion with good collateral was also seen
in clinical practice.” Moreover, the no-reflow
phenomenon and other complications, such
as brain oedema and haemorrhage, often
confuse clinicians.”

The cerebral venous system is a compo-
nent of brain blood circulation, which can
drain out cerebral blood, regulate intracra-
nial pressure and maintain the integrity of
the blood-brain barrier (BBB). Meanwhile,
venous blood plays an important role in blood
storage, for 70%—-80% of the total intracere-
bral blood in the venous system.” A previous
study reported that spontaneous intracranial
hypertension was associated with complete
or partial internal jugular vein occlusion.’
Venous was confirmed to play an essential role
in maintaining the normal function of the
central nervous system as a series of diseases
were reported to be associated with venous
abnormalities, including cerebral oedema,7
high-altitude headache,8 transient monocular
blindness,” epilepsy'” and cortical dysplasia.''
Yura et al’® reported that the bilateral occlu-
sion of the external jugular veins (EJVs) would
significantly increase the infarct area in a rat
middle cerebral artery occlusion (MCAO)
model. With the evidence and obstacles of the
no-reflow phenomenon and the unresolved
adverse effects after recanalisation, although
few studies have been carried out, researchers
have begun to consider the venous system
as an influencing factor. Van den Wijngaard
et al found that the slow and poor extent of
cortical vein filling were related to poor clin-
ical outcomes." Delayed cortical vein filling
during the late venous phase on dynamic CT
angiography was thought to be a marker of
poor reperfusion after recombinant tissue
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plasminogen activator (rtPA) treatment in AIS patients."*
AIS patients with ipsilateral venous drainage deficiency
are more likely to develop early fatal oedema.'” Evidence
has established that venous drainage disorders could
aggravate ischaemic stroke; however, the mechanism of
adverse effects caused by venous circulation defects on
ischaemic stroke is unknown, and there are no reports
on the treatment of AIS accompanied by venous drainage
obstacles.

DI-3-n-butylphthalide (NBP) is a small-molecular and
multitarget agent used to treat ischaemic stroke, with
the effects of cerebral artery vasodilation,'® angiogen-
esis promotion,'” enhancement of axonal growth and
neurogenesis,'® and anti-inflammatory effects.'” While it
remains unclear whether NBP has the same neuroprotec-
tive effect in patients with AIS who are accompanied by
venous circulation disturbance. As over 20% of people
live with abnormalities in vein structure,20 2 it is worth
exploring the potential treatment of ischaemic stroke
accompanied by cerebral venous disturbance.

METHODS AND MATERIALS

Animals

Three hundred and ten 8-week-old male Sprague-Dawley
rats (weighing 300-380g) were purchased from the
Animal Experiment Centre of Southern Medical Univer-
sity (Guangzhou, China). All animal experiments were
performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals. The rats were kept with free food and water
under a 12hours/12hours light/dark cycle. The ambient
temperature and humidity were maintained at 22°C+1°C
and 50%=+10%, respectively. Animals were randomly
assigned to the sham-operated control group (Sham,
n=67), EJV occlusion group (EJVO), n=67, MCAO
(n=67), EJVO plus MCAO group (EJVO +MCAO, n=67),
and EJVO plus MCAO treated with dl-3-butylphthalide
group (EJVO +MCAO+NBP, n=67).

Surgery and drug administration

To induce cerebral venous circulation dysfunction,
bilateral EJVO was performed as previously described.'”
Briefly, rats were anaesthetised with 10% chloral hydrate
(350mg/kg, intraperitoneally), and a small midline inci-
sion was made in the neck to expose the bilateral EJV. The
bilateral EJV were cut-off with double-ligated silk sutures.
Permanent distal MCAO was performed as previously
described.? In brief, a 1 cm transverse incision was made
between the right eye and the right ear under deep anaes-
thesia with an intraperitoneal injection of 10% chloral
hydrate (350mg/kg). Then, the temporal muscles were
separated and retracted, followed by a 3mm diameter
craniotomy to explore the cortical branches of the MCA
using a mini skull drill (RWD Life Science, Shenzhen,
China). The dura was incised with a needle and the right
distal MCA was exposed and occluded by electrocoagula-
tion withoutdamaging the brain tissue. Finally, the muscles

and skin were sutured separately. In the sham-operation
control group, the EJV and MCA were not occluded.
In the EJVO group, the MCA was not occluded. In the
MCAO group, the EJV was not occluded. To measure the
pressure of the EJV, an intravenous indwelling needle was
inserted into the left EJV to monitor the pressure of the
vein dynamically. To avoid the breakage of the inserted
needle by rats, we created a tunnel from the anterior neck
to the head. Isoflurane was inhaled using a mask to main-
tain the sedative state of the rats. Continuous indwelling
needles were not placed in rats in the Sham and EJVO
groups as the needles were pulled out after recording
the venous pressure. NBP-treated rats received daily tail
vein injection of NBP solution (5mg/kg/day) for seven
consecutive days, being initiated 1 hour after the opera-
tion. 0.9%saline, at the same dose, was injected into the
rats in other groups as controls at the corresponding time
points.

Neurobehavioral examination

Forelimb grasping force

The grasping force exerted by both forelimbs was calcu-
lated using a grasping force tester. Animals were placed
on the tester, their tails were pulled back gently with
the hindlimb leaving the tester, and the grasp force was
recorded automatically by the tester. Each rat was meas-
ured four times during one test, and the average force
value was taken to reduce experimental error while
avoiding the exhaustion caused by several tests.

Balance beam test

Motor coordination was assessed using the balance beam
test. For 3days before surgery, the rats were trained to
traverse an elevated narrow beam (2.5 cm in width, 1.5m
in length, and 1.0m in height) to enter a safe location at
the opposite end of the beam. The test was conducted on
days 1, 3, 7 and 14 after the operation, and the perfor-
mance of the rats was analysed by a blinded investigator
using a six-point rating scale.

Adhesive-removal test

Animals were trained for 3days before inducing MCAO,
and the test procedure was carried out according to a
previous study.” The technique involved the application
of two small pieces of adhesive tape with an area of 1 cm?
to both forelimbs. The time taken to remove the adhesive
tape was recorded in each of the four trials within 120s.

MRI and assessment of cerebral blood flow

Twenty-five rats were scanned with MRI at five time
points: before the operation, immediately, day 3, day 7
and day 14 after the operation. MRI was performed using
a Discovery 750 3.0T scanner with an 8-channel wrist coil
(GE Healthcare, Mliwaukee, WI, USA). The detailed
scan parameters for the three dimensional arterial spin
labeling (3D ASL) series are described in our previous
study.** Cerebral blood flow (CBF) maps were generated
automatically with the use of a commercially available
scanner software programme (Functool 3D ASL, Software
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version 4.5, GE Medical Systems, Milwaukee, Wisconsin,
USA). The cortex of the infarction lesions was defined as
regions of interest (ROIs) to measure CBF values.

Measurement of EJV pressure

The EJV pressure was recorded using the Medlab biolog-
ical signal acquisition and processing system (Zhongshi
Technology, China). To estimate dynamic changes in
the EJV pressure, the pressure was measured before EJV
ligation, immediately after ligation and 1hour, 2hours,
4hours, 12hours, 24hours, 3 days and 7 days after EJV
ligation.

2, 3, 5-triphenyltetrazolium chloride staining and the
measurement of infarct volume

Rats were sacrificed at 24hours and 72hours after the
operation, and the brains were quickly preserved at
—20°C for 10 min. The brains were cut into 2mm coronal
sections and stained with 2% 2, 3, 5-triphenyltetrazolium
chloride (TTC, Synbio Technologies, China) as previ-
ously described. The total infarct volume was calculated
as the sum of each slice infarction as measured by Image]
(NIH, Bethesda, MD, USA). The infarct volume was
defined as V%=volume of the infarct area/volume of the
contralateral area x100% to avoid mismeasurement due
to oedema.

Brain edema assessment

The rats’ brains were quickly removed after deep anaes-
thesia with 10% chloral hydrate (400 mg/kg, intraperito-
neal injection). The olfactory bulb, cerebellum and lower
brainstem were discarded, and the ipsilateral hemisphere
was weighed before and after drying at 65°C for 72 hours.
Brain oedema was evaluated as brain water content, which
was defined as (1-dry weight/wet weight)x100%.

BBB permeability

For the analysis of BBB permeability, the rats were injected
with 4% Evans blue (EB; 2mL/kg, Aladdin) for 3hours
through their tail veins. The animals were then perfused
with 400mL of iced 0.9% saline, and the brains were
removed. Each brain was cut into five coronal sections.
The ipsilateral and contralateral cortices were homog-
enised in N,N-dimethylformamide (2pL/g wet weight
tissue, Aladdin). After EB was extracted by grinding, the
mixture was centrifuged for 45min at 15000rpm. The
supernatants were collected, and the concentration of EB
was quantified by measuring the absorbance at 620nm
minus the background calculated from the baseline
absorbance between 500 and 740 nm. Briefly, the formula
was used for permeability evaluation: EB value = A, -
A+ Ari) /2.

Western blots

Ischaemic cortical tissue was lysed in a whole-cell lysis
assay (containing protease inhibitors, phosphatase
inhibitors, and PMSF, KeyGEN BioTECH, China). The
total protein concentration was assessed using a BCA
protein assay kit (CWBIO, China). Equal amounts of

brain tissue proteins were subjected to sodium dodecyl
sulface-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene fluoride membrane.
The membranes were blocked with 5% skim milk powder
(BIOFROXX, Germany), incubated with a primary anti-
body, and then incubated with the appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibody.
The membranes were exposed to an ECL detection solu-
tion (Thermo Scientific, USA). The primary antibodies
used in the experiment were rabbit monoclonal anti-
PDGFRf (Abcam, ab32570, 1:4000), goat polyclonal anti-
desmin (Abcam, ab80503, 1:1000), rabbit monoclonal
anti-occludin (Abcam, ab167161, 1:10000) , rabbit poly-
clonal anti-TJP1 (Novus, NBP1-85047, 1:250), mouse
monoclonal anti-B-actin (ProMab, 20270, 1:1000), rabbit
polyclonal anti-NeuN (Invitrogen, PA5-78639, 1:1000),
and goat polyclonal anti-CD31 (R&D systems, AF 3628,
1:400). The secondary antibodies used for western blot-
ting were HRP-conjugated goat anti-rabbit secondary
antibody (Beyotime, A0208, 1:1000, Lot: 081619190201),
HRP-conjugated donkey anti-goat secondary antibody
(Beyotime, A0181, 1:1000, Lot: 100818181217), and
HRP-conjugated goat anti-mouse secondary antibody
(Beyotime, A0216, 1:1000, Lot: 081619190201).

Immunofluorescent staining and analyses

The animals were transcardially perfused with cryogenic
0.9% saline followed by 4% paraformaldehyde, and then
the brains were removed immediately and fixed in 4%
paraformaldehyde for 24hours. Coronal blocks from
the optic chiasm to the posterior level of the hypothal-
amus were prepared for paraffin embedding. The tissue
was cut into 4pm coronal slices for immunofluorescence
staining. The sections were treated with microwave heat
antigen retrieval in TrissEDTA (Servicebio, pH 8.8) and
blocked with 5% donkey serum (Solarbio) after dewaxing
and rehydration. For CD31 immunofluorescence, a 0.1%
trypsin digestion solution (Solarbio) at 37°C was used
for antigen retrieval. Then, the sections were incubated
with primary antibody diluted in a blocking solution at
4°C overnight. The primary antibodies used for immuno-
fluorescent staining were as follows: rabbit monoclonal
anti-PDGFRP (Abcam, ab32570, 1:100), goat polyclonal
anti-desmin (Abcam, ab80503, 1:100), rabbit monoclonal
antioccludin (Thermo Fisher, 71-1500, 1:100), rabbit
polyclonal anti-ZO-1 (Thermo Fisher,61-7300, 1:100),
rabbit polyclonal anti-NeuN (Invitrogen, PA5-78639,
1:100), and goat polyclonal anti-CD31 (R&D systems, AF
3628, 1:20). After that, sections were washed with 0.01 M
PBS and incubated with the corresponding secondary
antibody (DyLight 488 AffiniPure Donkey Anti-Rabbit,
Earthox, 1:400, DyLight 488 AffiniPure Donkey Anti-
Goat, Earthox, 1:200, CyTM3-conjugated AffiniPure
Donkey Anti-Goat, Servicebio, GB21404, 1:300) and
DAPI (4,6-diamino-2-phenylindole, Biyotime). Stained
sections were covered with antifading mounting medium
(Solarbio) and imaged using a fluorescence microscope
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(Leica). Image post-analysis was performed using Image]
software.

HE staining

HE staining was used for the histological feature anal-
ysis. The paraffin-embedded sections were dewaxed with
xylene three times (each for 10 min) and dehydrated with
gradient alcohol (100%, 95%, 85%, 75% and 50%, each
for 10min), followed by distilled water for 5min. Sections
were then incubated with haematoxylin for 20min at
room temperature, followed by 10s colour separation
and eosin staining for 2min. The sections were then
washed with running water, dehydrated with 95% alcohol
(1min), and then dehydrated with 100% alcohol (1 min).
Xylene was used to clear the sections, and neutral balsam
was sealed. To observe the results, the slices were imaged
by light microscopy.

Statistical analysis

Data analysis was conducted using SPSS V.23.0 (SPSS
IBM). Data are presented as mean+SE, and one-way
analysis of variance (ANOVA) was performed to analyse
the differences between the various groups. The least
significant difference procedure was performed to eval-
uate differences between groups. The repeated-measures
ANOVA was conducted to compare the differences in
CBF and neurological function between the groups. The
threshold for statistical significance was set at p<0.05.

24h

Sham EJVO MCAO

EJVO+MCAO EJVO+MCAO+NBP EJVO MCAO

RESULTS

NBP reduced the increased infarct volume caused by venous
circulation disturbance

To investigate whether the occlusion of bilateral EJV
would increase the volume of an infarct, TTC staining
was performed to evaluate the ischaemic area. Two time
points were selected (24 and 72hours after MCAO) for
measurement. The results showed significant enlarge-
ment of the infarct volume in MCAO rats, which was
accompanied by venous circulation disturbance at both
time points. In rats with MCAO accompanied by venous
destruction, NBP treatment reduced the infarct area
3 days postoperatively (figure 1).

NBP decreased the aggravated deterioration of neurological
function caused by venous circulation disturbance

To assess neurological impairment after MCAO and the
therapeutic effect of NBP, and to investigate whether cere-
bral venous drainage blocking would affect the neurolog-
ical function of rats, we dynamically recorded motor and
sensory functions in each animal. The bilateral occlusion
of the EJV did not significantly influence the neurobe-
havioral score while venous circulation disturbance could
aggravate the impairment of both motor and sensory
function after the rats suffered cortical infarction. MCAO
rats with or without venous circulation disturbance had
significant neurological impairment compared with the

72h

EJVO+MCAO EJVO+MCAO+NBP

3 Sham
=3 EJVO
. MCAO
24h ™E EJVO+MCAO
EJVO+MCAO+NBP

30.

Infarct Volume(%)

Figure 1

=3 sham
=3 EJVO
. MCAO
(o] 72h  ™E EJVO+MCAO
EJVO+MCAO+NBP

Infarct Volume(%)

Cerebral venous circulation disturbance increased infarction volume, and NBP could reduce infarct area after 3days

of treatment. (A) Infarction volume was evaluated by TTC staining 24 hours and 72 hours postoperation in groups of MCAO,
EJVO+MCAO and EJVO+MCAO+NBP. (B) Quantification of infarction volume at 24 hours after operation. (C) Quantification

of infarction volume at 72 hours after operation. Data are presented as mean+SD; n=5 per group. *P < 0.05, EJ)VO+MCAOQOVvs
MCAO; #P<0.05, EJVO+MCAO +NBP vs EJVO+MCAO. Scale bar=5mm. EJVO, external jugular vein occlusion; MACO, middle
cerebral artery occlusion; NBP, DI-3-n-butylphthalide; TTC, 2, 3, 5-triphenyltetrazolium chloride.
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Figure 2 Cerebral venous circulation disturbance aggravate deterioration of neurological function, and NBP treatment
contributed to improved neurological function in rats of MCAO accompanied by EJVO. (A) Quantification analysis of forelimb
grasping force by repeated measurement ANOVA. (B) Quantification analysis of balance beam test score by repeated
measurement ANOVA. (C) Quantification analysis of balance beam test score by repeated measurement ANOVA. Data are
presented as mean+SD; n=5 per group. *P <0.05, EJVO +MCAOvs sham; **P <0.01, EJVO +MCAOvs sham; #p < 0.05,
EJVO +MCAOvs MCAO; ##p < 0.01, EJVO +MCAOvs MCAQO; §P < 0.05, EJVO +MCAO +NBP vs EJVO +MCAO; §§p <0.01,
EJVO +MCAO +NBP vs EJVO +MCAOQO. ANOVA, analysis of variance; EJVO, external jugular vein occlusion; MACO, middle

cerebral artery occlusion; NBP, DI-3-n-butylphthalide.

sham rats, and rats with cortical infarction accompanied
by venous circulation disorder suffered more severe brain
damage, which was mainly manifested in smaller fore-
limb grasping force (figure 2A), higher balance beam
test scores (figure 2B), and longer adhesive-removal time
(figure 2C). Rats receiving intravenous injections of NBP
showed better behavioural scores than the untreated rats
(figure 2A-C).

NBP reduce neuron damage in rate after MCAO and EJVO

HE staining was performed to observe the morphology
of the neurons. Representative images are shown
in figure 3A. As the disease progresses, the nuclear
membrane breaks down and the cytoplasm mixes with the
contents of the nucleus, hinting at neuronal cell damage.
Rats that underwent MCAO showed more obvious
neuronal damage than those in the sham group. In the
EJVO+MCAO group, neuronal cell damage occurred in
the early stage and suffered serious damage. In the NBP-
treated group, the degree of neuronal damage was mild,
and nuclear rupture occurred in the later stage compared
with the non-treated EJVO+MCAO group.

Nissl bodies in neurons were observed with the help
of Nissl staining. As shown in figure 3B, rats in the sham
group and EJVO groups displayed almost intact Nissl
bodies while among those in the MCAO, EJVO +MCAO,
and EJVO +MCAO+NBP groups, Nissl staining revealed
that the arrangement of neurons was disordered, and a
large number of dark neurons appeared in the early stage.
The number of Nissl-positive cells was lower than that
in the sham group. Compared with the EJVO +MCAO
group, the MCAO and EJVO +MCAO+NBP groups
preserved more Nissl-positive cells, which indicated
that EJVO aggravated neuronal damage in rats with the
MCAO group, while NBP treatment protected part of the
neurons.

To analyse preserved neuronal cells in the ischaemic
area, we used specific immunofluorescence staining of
NeuN to label neurons. Figure 3C shows neurons in the
regions of the cortical infarct. Rats’ neurons remained
similar after the EJVO operation compared with the
sham group. MCAO caused a significant loss of neuronal

cells, and rats in the EJVO +MCAO group suffered a more
severe neuronal loss than the ones in the MCAO group,
with the difference being statistically significant from the
third day after operation. Among rats with MCAO accom-
panied by venous disturbance, those treated with NBP
showed milder injury compared with the placebo group
(figure 3D). NeuN protein concentration was verified by
western blotting to be consistent with the immunofluo-
rescence (figure 3E-H). These findings suggest that once
cerebral infarction occurs, concomitant venous circu-
lation disorder aggravates neuronal damage. However,
NBP treatment had a protective effect in rats with MCAO
accompanied by venous disturbance.

NBP reduced the increased pressure of the distal end of the
ligated vein

The pressure of the EJV was measured at eight time
points (preoperation, immediately, 2hours, 6hours,
12hours, 1 day, 3 days and 7 days after the operation, as
shown in figure 5. The bilateral ligation of the EJV could
induce increased EV]’s pressure immediately after the
operation, and the elevated pressure began to decrease
2hours after the operation and returned to normal levels
on the third day. A single MCAO operation does not lead
to an increase in EJV pressure. In the EJVO +MCAO and
EJVO +MCAO+NBP groups, we detected a significant
increase in EJV pressure after the operation, similar to
the EJVO group. This high EJV pressure status lasted for
at least 3days in the EJVO +MCAO group, whereas in
the NBP-treated groups, it only lasted for less than 1 day.
NBP treatment may help restore venous circulation and
reduce EJV pressure in the early stage in rats with EJVO
plus MCAO.

NBP promote the recovery of decreased CBF after MCAOQ of
rats with venous circulation disturbance

In this study, 3D ASL was used for the dynamic assess-
ment of CBF in rats. Ischaemic cortical areas (or corre-
sponding brain areas in non-MCAO rats) were desig-
nated as ROIs and CBF values were measured at five
time-points: preoperation, immediately after the opera-
tion, and the 3rd, 7th and 14th day after the operation.
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Figure 3 Disturbance of venous circulation aggravates neuron injury after MCAQO, and NBP played a neuroprotective role in
rats of MCAO accompanied by EJVO. (A) Representative H&E staining showing neuron cells from first to 14th day in infarction
area or corresponding area in the sham, EJVO, MCAO, EJVO +MCAO and EJVO +MCAO+ NBP groups. (B) Representative
Nissl staining showing neuron cells from first to 14th day in infarction area or corresponding area in the sham, EJVO, MCAO,
EJVO +MCAOand EJVO +MCAO+ NBP groups. (C) Neuron cells were labelled with NeuN antibody (green) and merged with
DAPI (blue) in ischaemic area or corresponding regions of sham or EJVO group. (D) Changes of neuron cells as measured by
NeuN positive cell in the different time points after operation with immunofluorescence staining. (E, F) Western blots showed
NueN expression after operation treated with NBP or not. (G, H) Quantification analysis of relative expression of NeuN level.
Data are presented as mean+SD, n=5 per group for immunofluorescence staining and n=3 per group for Western bolt.

**P <0.01, MCAO vs Sham; ##p <0.01, EJVO +MCAOvs sham; §§p < 0.01, EJVO +MCAO +NBP vs sham; % %p <0.01,
MCAO vs EJVO; &&p < 0.01, EJVO +MCAOvs EJVO; [[p < 0.05, EJVO +MCAOvs MCAO; $p < 0.05, EJVO +MCAO +NBP vs
EJVO +MCAOQO; $$p <0.01, EJVO +MCAO +NBP vs EJVO +MCAO. Scale bar=50um. EJVO, external jugular vein occlusion;
MACO, middle cerebral artery occlusion; NBP, DI-3-n-butylphthalide.

CBF in the ROI decreased immediately after the EJVO
operation but returned to normal on the 3rd day. Rats
in the MCAO group showed a significant decline in
CBFE, and the decline in EJVO +MCAO was more severe.

Compared with the EJVO +MCAO group, rats in the
NBP-treated group presented a quicker restoration of
CBF. The results showed that rats with MCAO suffered an
extreme decrease in CBF, among which EJVO delayed the
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recovery of CBF. NBP treatment accelerated CBF restora-
tion in EJVO +MCAO rats. The CBF map and normalised
quantitative analysis are shown in figure 6A, B.

NBP promoted microvascular angiogenesis of MCAOQ rats with
venous circulation disturbance

To explore the effect of venous circulation disturbance
on angiogenesis after cerebral infarction, we counted
the rate of CD31 (a classical endothelial cell marker)
coverage in brain sections by immunofluorescence and
evaluated the total ischaemic brain tissue concentration
of CD31 by western blot. The results showed a slight
decline in the EJVO group but the difference was not
statistically significant (figure 4). Significant reduction in
CD31 was detected on the first day after MCAO, whether
or not it was accompanied by venous circulatory distur-
bance. On the third day after the operation, the simple
MCAO group presented a prominent improvement in
CD31 extremely back to the normal level; however, the
EJVO +MCAO group showed a mild increase in CD31.
Statistically significant differences remained between
the EJVO +MCAOversus sham, EJVO, and MCAO
groups. Then, on the seventh day, the CD31 level in the
EJVO +MCAO group returned to normal; however, it was
still significantly lower than that in the MCAO group.

When the CD31 level in the MCAO group was higher
than that in the sham group on the 14th day, the CD31 of
the EJVO +MCAO group increased but not significantly.
Among rats with MCAO accompanied by venous distur-
bance, NBP treatment significantly increased vascular
endothelial density. Angiogenesis, as the third classifica-
tion of collateral in vivo, is conducive to the restoration of
blood flow. The results of our study suggest that venous
circulation disturbance caused by bilateral EJVO would
hinder angiogenesis in the infarction area, and NBP
treatment could promote angiogenesis in these rats.

NBP decreased the aggravated damage of BBB by venous
circulation disturbance

First, we used EB extravasation to assess BBB integrity.
After EB circulation for 3hour, the brain was sliced
for photographing and measuring the absorbance, as
displayed in figure 7A. Rats with bilateral EJVO did not
display obvious EB extravasation in our study, while
MCAO rats with bilateral EJVO aggravated BBB damage
to a large extent after MCAO (figure 7B). EB extravasa-
tion of MCAO alone was restored to normal 14 days after
the operation, while it remained at a high level in the
EJVO +MCAO group throughout the study period. In
rats with MCAO accompanied by EJVO, NBP treatment
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attenuated EB extravasation caused by MCAO plus EJVO
(figure 7A and B).

The brain water content was measured to evaluate the
brain oedema. Water content was briefly increased in the
bilateral EJVO on the first day after operation, and then
returned to normal rapidly (figure 7C), suggesting that
acute cerebral venous circulation disorder may cause
transient brain oedema. In the simple MCAO group,
brain oedema was detected from the first to the seventh
day after the operation compared with the sham group.
In addition, in the MCAO group accompanied by venous
circulation disturbance, the rats developed worse brain
oedema than simple MCAO rats, which hinted at the

adverse effects of venous circulation disturbance on
brain oedema. Moreover, when the brain water content
of simple MCAO rats returned to normal levels on the
14th day after operation, the EJVO +MCAO group had a
significantly higher water content than the sham group.
NBP treatment reduced brain oedema after 3days of
intervention in the rats with MCAO accompanied by
venous circulation disturbance.

NBP decreased the destruction of BBB integrity caused by
MCAO and EJVO

Pericytes are a type of cells that surround endothelial cells
and are essential components of the BBB. Pericytes are
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also distributed in venules and arterioles, which have the
ability to contract and migrate. To investigate changes in
pericytes in our animal model, PDGFRp and desmin were
selected to label pericytes. Regardless of the presence of
venous distortion, rats that underwent MCAO showed
a decrease in pericytes 1 d after the operation. On the
first day, EJVO+MCAO rats showed significantly lower
PDGFR and desmin levels than MCAO rats. There was a

prominent improvement in pericytes in the MCAO group
from 3days after the operation, which was far beyond
the normal level, while in the EJVO+MCAO group,
both PDGFRp and desmin increased to the normal level
at 3days after surgery, with a significantly lower level
than that in the MCAO group. All rats that underwent
MCAO displayed an increase in the number of pericytes
in the ischaemic region after 7days, and the increase in
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simple MCAO rats was more prominent. NBP-treated
rats reduced the loss of pericytes at an early stage and
increased PDGFRP and desmin levels to a greater extent
than in the non-treated group during the following proce-
dure (figure 8).

In addition, the levels of tight junction proteins,
including ZO-1 and occluding, were significantly
decreased after MCAO; however, no difference was
detected in the EJVO group throughout the study period.
By comparing ZO-1 levels between MCAO rats with or
without venous outflow disorder, we found a statistically
significant decrease in the EJVO+MCAO group begin-
ning at 7days after operation, and ZO-1 remained at a
low level for 14 days while it was restored to normal in
the simple MCAO group. We then tested the effect of
NBP and found a significant improvement in ZO-1 in
the treated group of MCAO rats accompanied by venous
distortion, especially 7 days after the operation (figure 9).

For occludin, the same declining trend was detected
after MCAOQ, as well as the more severe loss of occludin in

the EJVO+MCAO group. Rats in the NBP-treated group
presented a higher occlusion level after 3 days (figure 8).
These results showed that venous distortion accelerated
BBB breakdown after MCAQO, and NBP treatment showed
a protective effect on the BBB in MCAO rats accompa-
nied by venous disturbance.

DISCUSSION

Ischaemic stroke is a serious threat to human health
because of its high morbidity, disability and mortality.
The pathological causes of the disease lie in the death
of neurons caused by the sudden interruption of blood
flow, ischaemic-reperfusion injury, brain oedema and so
on. Very early blood recovery is the most effective way to
reverse nerve injury after cerebral infarction, but no-re-
flow often causes problems for medical workers. Clinical
studies have found thatvenous circulation affects the prog-
nosis of stroke patients.”” In the current study, we discov-
ered that blocking the outflow channel of intracranial
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blood would increase the infarct area of MCAO rats,
accompanied by the aggravation of motor function and
sensory function. The malignant effect might be related
to the aggravation of BBB damage and delay of angio-
genesis in rats after cortical cerebral infarction. NBP
treatment significantly improved neurological function
in rats with MCAO accompanied by venous disturbance.
This study provides preclinical evidence suggesting that
brain venous circulation function is an important factor
for ischaemic stroke prognosis, and NBP treatment may

have a protective effect on ischaemic rats accompanied by
brain venous circulation disorder.

Clinical and preclinical research has demonstrated
that the infarction area is the most important prognostic
factor after ischaemic stroke.” In the current study, we
occluded the anterior branch of the distal right MCA and
detected the infarct volume by TTC staining. The results
showed that cortical cerebral infarction was found in all
animals undergoing MCAO, accompanied by a decline
in neurological function. Compared with simple MCAO,
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rats with MCAO accompanied by EJVO had a larger  function, presented as a lower forelimb grasping force,
infarct size and aggravated neuron loss. Meanwhile, a higher balance beam test score and increased adhesive-
MCAO rats with EJVO displayed worse neurological removal test time. Previous clinical research revealed
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that over 20% of people have abnormal development of
intracranial veins, and most of them remain asymptom-
atic.** *' Yu et al considered that venous collaterals may
be sufficient to prevent cerebral venous congestion and
oedema in the case of normal intracranial pressure, while
abnormalities of cerebral venous drainage would accel-
erate and aggravate brain oedema in the case of large
MCA infarction.'” The current findings of our study are
consistent with those of previous studies showing that the
occlusion of bilateral EJVs would not lead to neuron loss
or behavioural decline; however, in the setting of MCAO,
bilateral EJVO could significantly exacerbate neuronal
damage. Therefore, we concluded that brain venous
disturbance would aggravate ischaemic stroke injury.

In this study, we detected a slight decline in CBF in
EJVO rats immediately after bilateral EJVO; however, this
decline was not statistically significant, as we performed
analysis by repeated-measures ANOVA during the study
period. CD31 levels remained normal throughout the
study period in the EJVO group. Compared with the sham
group, a prominent decrease in CBF was detected in rats
that underwent MCAO, regardless of EJVO. In addition,
rats with MCAO accompanied by EJVO displayed a lower
CBF value and a later CBF restoration in the infarct cortex
than the simple MCAO rats. Published research reported
that angiogenesis occurred 1-2 weeks after the onset of
infarction.”® In our current study, vascular endothelial
cells in the simple MCAO group were restored to the
sham group 3days after the operation and were signifi-
cantly higher than those in the sham group 14 days after
surgery, which was consistent with the findings of previous
studies. In the EJVO +MCAO group, lower endothelial
cells remained within 3 days and showed a non-significant
increment on the seventh and 14th days compared with
the sham group. We considered that the disturbance of
venous circulation could aggravate the damage of micro-
vasculature and delay angiogenesis and CBF restoration.

In this study, we found that the occlusion of bilateral
EJVs did not reduce the number of pericytes but a signif-
icant decrease in pericytes was detected in the early stage
after MCAO and returned to an extremely high level on
the third day. Additionally, we found worse brain oedema
and EB extravasation in EJVO+MCAO rats. Pericytes are a
type of mural cell that envelope endothelial cells and play
important roles in BBB maintenance, intracranial pres-
sure regulation, endothelial proliferation and blood vessel
maturation.”” ®* Researchers observed the ultrastructure
of the brain vessels after ischaemia and found that peri-
cytes separated from the endothelial cells for migration
after 1-2hours of hypoxia.* Ghori A e al reported that
pericytes drop off from the microvasculature within 24
hours post-MCAO, leading to increased vascular permea-
bility.”” An in vitro experiment revealed that rat brain peri-
cytes increased the expression of occludin by the Ang-1/
Tie-2 pathway.” In addition, endothelial cell survival of
pericytes is promoted by the upregulation of VEGF-A.*
The in vivo experiment demonstrated that the injec-
tion of blood-derived MSC-like pericytes could rescue

ischaemic hindlimb tissue by enhancing revascularisa-
tion.” Our current results show that in the EJVO+MCAO
group, a more severe loss of pericytes and later increment
was detected. This is at least part of the cause of serious
brain oedema and EB extravasation. Venous drainage
disturbances may cause BBB damage after MCAO.

Tight junctions contain a series of proteins located
between endothelial cells, playing a significant role in
the formation of continuous blood vessel structures and
maintaining the integrity of the BBB.* Tight junctions
were associated with increased BBB permeability.” In
this study, the levels of tight junction proteins, including
Z0-1 and occludin, were significantly decreased after
ischaemic stroke, accompanied by brain oedema and EB
extravasation. Lower ZO-1 and occludin levels and more
consistent EB extravasation, as well as more severe brain
oedema, were detected in the EJVO+MCAO group than
in the MCAO group. We can speculate from the current
results that EJVO alone would not degenerate BBB integ-
rity, while in the case of MCAO, EJVO would deteriorate
BBB permeability.

Published studies have demonstrated that NBP
reduces the infarct area, decreases neuronal cell
death, preserves the BBB, and improves neurological
function.'” Preclinical studies have shown that NBP
could increase CBF after MCAO.”® The mechanism
by which NBP increases CBF may involve the dilation
of the cerebral artery after acute or chronic cere-
bral ischaemia.'® In addition, NBP has been shown
to upregulate the expression of vascular endothelial
growth factor and angiopoietin-1 to promote angio-
genesis.'” In addition, the neuroprotective effects of
NBP on anti-inflammatory,”” antithrombotic®® and
mitochondrial dysfunction™ have been confirmed in
previous studies. Although the multifunction of NBP
in cerebral ischaemia has been determined, the effec-
tiveness of NBP in AIS accompanied by brain venous
disturbance is still not known and is worth exploring.
In our current study, we found a prominent protec-
tive effect of NBP on rats with MCAO combined with
EJVO. The treated rats showed reduced infarct size,
decreased brain oedema, attenuated EB extravasation,
and improved neurological function accompanied by
decreased neuron loss. We found an improvement in
CBF and ameliorated angiogenesis in the NBP-treated
group compared with the vehicle group. We speculate
that the protective effects of NBP in our animal model
may contribute, at least in part, to its enhancement
of CBF. Furthermore, pericytes were protected from
a great deal of loss by NBP at the early stage after
surgery and were increased with a greater number in
later stages, which may promote the repair of BBB and
angiogenesis. Additionally, we found that the levels
of tight junction proteins, another key component of
the BBB, increased with NBP treatment. Therefore,
we believe that NBP also has a significant effect on
BBB protection in MCAO rats with venous circula-
tion disturbance. Based on our findings, we speculate
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that NBP-mediated CBF restoration and BBB damage
alleviation may contribute to nervous protection.
Furthermore, we found that NBP could improve
venous circulation as a faster recovery of EJV pressure
was obtained in the NBP-treated group. The mecha-
nism by which NBP reduces venous pressure remains
unclear. A previous study reported that NBP dilates the
main artery supplying the brain tissue, promotes the
opening of the leptomeningeal anastomotic branches
and promotes angiogenesis. It was also found in the
chronic cerebral hypoperfusion model of rats that NBP
treatment can help to dilate the vertebral artery and
promote the recovery of CBF. We speculate that NBP
plays a role in reducing venous pressure by increasing
the diameter of the drainage veins and promoting the
opening of anastomotic branches. Further research is
required to elucidate the mechanism of adverse effects
of venous circulation disturbance on AIS and explore
potential therapeutic targets.

CONCLUSION

We revealed that bilateral EJVO did not significantly affect
the normal rats but aggravated brain damage in the case
of ischaemic stroke. NBP treatment plays a neuroprotec-
tive role in rats with MCAO accompanied by EJVO mainly
due to the promotion of CBF restoration, EJV’s pressure
decline and BBB protection.
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