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Abstract

Protecting the blood–brain barrier (BBB) is a potential strategy to treat cerebral

ischaemic injury. We previously reported that hypertonic sodium chloride

hydroxyethyl starch 40 (HSH) treatment alleviates brain injury induced by

transient middle cerebral artery occlusion (tMCAO). However, other fluids,

including 20% mannitol (MN), 3% hypertonic sodium chloride (HTS) and

hydroxyethyl starch 130/0.4 solution (HES), have the same effect as HSH in

cerebral ischaemia/reperfusion injury (CI/RI) remains unclear. The present

study evaluated the protective effects of these four fluids on the BBB in

tMCAO rats. Sprague–Dawley (SD) rats were randomly assigned to six groups.

A CI/RI rat model was established by tMCAO for 120 min followed by 24 h of

reperfusion. The sham and tMCAO groups were treated with normal saline

(NS), whereas the other four groups were treated with the four fluids. After

24 h of reperfusion, neurological function, brain oedema, brain infarction

volume, permeability of the BBB, cortical neuron loss and protein and mRNA

expression were assessed. The four fluids (especially HSH) alleviated neurolog-

ical deficits and decreased the infarction volume, brain oedema, BBB perme-

ability and cortical neuron loss induced by tMCAO. The expression levels of
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GFAP, IL-1β, TNF-α, MMP-9, MMP-3, AQP4, MMP-9, PDGFR-β and RGS5

were decreased, whereas the expression levels of laminin and claudin-5 were

increased. These data suggested that small-volume reperfusion using HSH,

HES, MN and HTS ameliorated CI/RI, probably by attenuating BBB disruption

and postischaemic inflammation, with HSH exerting the strongest neuro-

protective effect.
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1 | INTRODUCTION

Cerebral ischaemia/reperfusion injury (CI/RI), which is a
major cause of death and long-lasting disability world-
wide, is a pathological condition characterized by
cerebral ischaemia and brain cell injury, and after
reperfusion, the injury is further aggravated (Al-Mufti
et al., 2018). It has been widely demonstrated that
excitotoxicity, ionic imbalance, adhesion molecule
expression upregulation, reactive oxygen species (ROS)
and reactive nitrogen species (RNS) formation, inflam-
mation and apoptosis are the main mechanisms involved
in the pathophysiological process of CI/RI (Chen
et al., 2017). All of these events contribute to blood–brain
barrier (BBB) breakdown, which is considered a critical
step in cerebral ischaemia pathogenesis. CI/RI occurs not
only in a variety of cerebrovascular diseases but also dur-
ing other acute events, such as cardiopulmonary resusci-
tation (CPR), acute heart failure (AHF), haemorrhagic
shock, hypotension, metabolic disorders and cardiac
arrest, particularly in elderly or critically ill patients. In
addition, once neurons are injured or dead, it can be
challenging to regenerate them. Therefore, strategies to
alleviate or prevent CI/R-induced brain damage are
urgently needed.

Clinically, reducing intracranial pressure and control-
ling cerebral oedema are the primary strategies for
treating cerebrovascular disease, and the most effective
treatment is osmotic therapy (Cook et al., 2020), which is
the main treatment used to mitigate the development of
cerebral oedema, decrease intracranial pressure and pre-
vent the formation of cerebral hernias. In vivo experi-
ments have shown that when the brain water content
decreases by 1.7%, the brain tissue volume decreases by
approximately 90 ml (Carney et al., 2017). Currently, the
osmotic agents used for osmotic therapy include manni-
tol (MN), glycerol fructose and albumin hypertonic saline
(HTS) (Deng et al., 2016).

Although many studies on the effect of MN and HTS
liquid crystal infiltration on ischaemic brain oedema
have been performed, there are relatively few reports
about colloids. Many studies have shown that plasma col-
loid administration causes the osmotic pressure to
decrease by 1 mmHg and the intracranial pressure
to increase by 0.37 mmHg (Farasatinasab et al., 2018;
Park et al., 2018). Our previous studies revealed that
hypertonic sodium chloride hydroxyethyl starch
40 (HSH) has neuroprotective effects against CI/RI
in vivo and the mechanism may be related to its
antioxidative effects, such as regulation of nitric oxide
(NO) levels, inhibition of inducible nitric oxide synthase
(iNOS) activity and improvement of cerebral energy
metabolism (Li et al., 2014). In the present study, we
compared the neuroprotective effects of four fluids, that
is, MN, 3% hypertonic HTS, hydroxyethyl starch 130/0.4
(HES) and hypertonic sodium chloride hydroxyethyl
starch (HSH), against CI/RI and examined the potential
mechanism by which they maintain the integrity of
the BBB.

2 | MATERIALS AND METHODS

2.1 | Animals

Male Sprague–Dawley rats (6–8 weeks old, 250–300 g)
were purchased from the Experimental Animal Center of
Gannan Medical University (institutional licence
no. SCXK (Gan) 2014-0001) and were housed with free
access to food and water at a constant temperature of
22 � 2�C and a humidity of 55 � 5% on a 12-h light/dark
cycle. All experimental protocols were approved by the
Ethics Committee of Animal Experiments of Gannan
Medical College. All procedures were approved by the
Institutional Animal Care and Use Committees of
Gannan Medical University and followed the guidelines
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of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

2.2 | Materials

The experimental solutions included 20% MN (Jiangxi
Kelun Pharmaceutical Co., Ltd., Jiangxi, China), 3% HTS
(prepared from 10% HTS) and HES (Fresenius Kabi
Pharmaceutical Co., Ltd., Bad Homburg, Germany) and
hypertonic saline–hydroxyethyl starch (4.2% HTS + 7.6%
HHS), which was purchased from Fuji Pharmaceutical
Co., Ltd. (Shanghai, China). The following primary
antibodies were obtained from Abcam (United States):
anti-beta actin (ab8226), anti-RGS5 (ab172132),
anti-PDGFR-β (ab32570), anti-MMP9 (ab38898),
anti-GFAP (ab68428), anti-laminin (ab11575) and
anti-NeuN (ab104224). An anti-claudin-5 antibody
(sc-28670) was obtained from Santa Cruz (United States).
An Alexa Fluor 488-conjugated mouse secondary
antibody (#A11029), enhanced chemiluminescence
reagent (ECL) western blotting detection reagents
(#32106), a Reverse Transcription Master Mix Kit
(#4374966) and SYBR Select Master Mix (#4472908) were
purchased from Thermo Fisher Scientific (United States).
2,3,5-Triphenyl tetrazolium chloride (TTC, #T8877-25G)
was purchased from Sigma (United States).

2.3 | Experimental protocol

The rats were randomly assigned to the following six
groups (eight rats per group): the sham group, transient
middle cerebral artery occlusion and reperfusion
(tMCAO) group (tMCAO+4 ml/kg normal saline), MN
group (tMCAO+4 ml/kg 20% MN), HTS group (tMCAO
+4 ml/kg 3% HTS), HES group (tMCAO+4 ml/kg HES)
and HSH group (tMCAO+4 ml/kg HSH). Focal cerebral
ischaemia was induced by tMCAO using a nylon filament
as described in previous studies (Hao et al., 2020; Li
et al., 2017; Longa et al., 1989; Shu et al., 2020). Briefly,
each rat was anaesthetized with 1% pentobarbital sodium
(50 mg/kg, i.p.), and a midline incision was made on the
neck from Vertebrae 3 to 10, followed by blunt dis-
section of the subcutaneous tissue and muscle. The com-
mon carotid artery (CCA), external carotid artery (ECA)
and internal carotid artery (ICA) were isolated. A 5-cm
nylon filament (ϕ 0.26–0.28 mm, Xinongkeji, China) was
inserted into the ICA via the ECA stump, and the suture
was gently advanced to block the middle cerebral artery
(MCA) blood flow for 120 min. Afterwards, the nylon fil-
ament was carefully removed to allow blood flow to
return to the ischaemic artery. Finally, the incision was

closed with stitches. Sham-operated rats were subjected
to the same surgical procedures without occlusion of the
MCA. In the sham and tMCAO groups, intravenous infu-
sion of 0.9% NS with a constant speed pump was con-
ducted for 30 min after ischaemic insult for 120 min. The
other four groups were intravenously infused with
the corresponding liquid for 30 min.

2.4 | Neurobehavioural evaluation

All rats underwent assessment of neurobiological func-
tion according to the Longa and Garcia methods at 24 h
after tMCAO (Garcia et al., 1995; Longa et al., 1989).
Longa scores were assigned according to a 5-point scale
as follows: no neurological deficit = 0, failure to fully
extend the left forepaw = 1, circling to the left when
walking = 2, falling to the left when walking = 3 and fail-
ure to walk spontaneously with a decreased level of consci-
ousness = 4. All rats were assessed according to the
Garcia method at 24 h after cerebral ischaemia reperfu-
sion (I/R) to evaluate their neurobiological function. The
evaluation includes tests of the following six parameters
scored on a scale from 3 to 18: spontaneous activity, sym-
metry in movement of the four limbs, forepaw out-
stretching, climbing, body proprioception and response
to vibrissae touch. Each test was repeated three times,
and the average score is presented as the evaluation
score. The evaluation was conducted in a blinded
manner.

2.5 | Assessment of brain oedema

Brain oedema was analysed using the wet/dry method.
After neurological assessment, the rats were anaes-
thetized with 1% pentobarbital sodium (50 mg/kg, i.p.)
and sacrificed. Their brains were collected and weighed
immediately (wet weight). After 72 h of drying at 70�C,
the brains were weighed again (dry weight). The degree
of brain oedema was calculated as follows: [(wet
weight � dry weight)/wet weight] � 100%.

2.6 | Evaluation of cerebral infarction

After neurological assessment, the rats were anaes-
thetized with 1% pentobarbital sodium (50 mg/kg, i.p.)
and sacrificed. The brains were placed in a dish con-
taining phosphate-buffered saline (PBS), and the menin-
ges were isolated and cut into five coronal sections with a
thickness of 2 mm. The brain sections were immersed in
0.5% TTC solution for 15 min at 37�C and then fixed with
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4% paraformaldehyde solution. The brain tissues were
analysed according to colour as follows: White indicated
the infarct area and red indicated the non-infarcted area.
ImageJ software was used to calculate the cerebral infarct
area. The infarct areas in each section were summed and
multiplied by the section thickness to calculate the
infarction volume.

2.7 | Measurement of BBB permeability

The rats were injected with 2% Evans Blue (EB; E2129,
Sigma) solution (3 ml/kg) via the femoral vein 30 min
before death and then anaesthetized with 1% pentobar-
bital sodium. The heart was perfused with 0.9% normal
saline (200–300 ml) to flush the EB dye and then
reperfused with 200 ml 4% PFA. The whole brain was
taken and placed on filter paper. After the whole brain
was blotted dry, it was placed on black paper and
photographed with a small animal imaging system
(IVIS Lumina Series III, PerkinElmer, USA). The
emission wavelength was 540 nm, the absorption wave-
length was 620 nm, and the fluorescence intensity was
calculated.

2.8 | Immunofluorescence staining

The rats were anaesthetized intraperitoneally as
described previously and transcardially perfused with
heparinized saline, followed by transcardial perfusion
with 4% paraformaldehyde (Sigma, China). After perfu-
sion, the rats were decapitated, and the brain tissue
was removed from the skull, embedded in OCT
medium (Leica, Germany) and stored at �80�C. Coro-
nal sections (8 μm) were obtained from the frozen
brain tissue for immunohistochemical staining. The
sections were covered with 5% BSA (Sigma) for 30 min
at 37�C. The sections were then incubated with pri-
mary antibodies against NeuN (1:500) overnight at
4�C. The sections were washed with PBS three times
and then incubated with biotinylated anti-goat IgG
(1:1000, A-11029, Invitrogen) for 2 h at 37�C in the
dark. DAPI (P36971, Invitrogen) was used to stain the
nuclei. Finally, fluorescence was observed by using
a fluorescence microscope (Olympus). Six sections
were selected from each group, and three photos were
taken of each section. Using ImageJ software (National
Institutes of Health, Bethesda, MD, USA), the number
of NeuN-positive and DAPI-positive cells in the entire
photo was counted, and the NeuN-positive cell rate
was calculated and is expressed as the percentage of
DAPI-positive cells.

2.9 | Western blot analysis

Ischaemic penumbra tissues were collected after 24 h of
perfusion for western blotting. The brain tissue samples
were mechanically homogenized in protein lysis buffer
(Beyotime, China). The lysates were centrifuged at
12,000�g for 10 min at 4�C. The protein concentration
was determined using a BCA Protein Assay Kit
(Beyotime, China). The samples (50 μg per lane) were
separated by 10% SDS-PAGE and electrotransferred onto
a nitrocellulose membrane. The non-specific proteins on
the membrane were blocked with 5% skimmed milk for
1 h at room temperature and incubated overnight at 4�C
with primary antibodies against GFAP (1:1000), MMP-9
(1:300), RGS5 (1:300), laminin (1:300) and PDGFR-β
(1:300). After washing three times for 5 min, the mem-
brane was incubated with secondary antibodies (1:5000)
for 1 h at 37�C. The bands were visualized by incubation
with the chemiluminescence reagents provided in the
ECL kit for 1 min. Finally, the protein bands were
imaged, and the grey value of each band was analysed
using a chemiluminescence imaging system (Bio-Rad,
Hercules, CA, USA). The grey value of the target band
relative to that of the β-actin band was calculated, and
then, the value was normalized to that of the sham
group.

2.10 | Quantitative polymerase chain
reaction analysis

Total RNA was isolated from the penumbra of the
cerebral cortex using TRIzol reagent according to the
manufacturer’s instructions. Four micrograms of total
RNA was used to synthesize first strand cDNA using
the Reverse Transcription Master Mix Kit and SYBR®

Select Master Mix. Then, polymerase chain reaction
(PCR) was performed using the following reaction sys-
tem: 2 μl cDNA, 10 μl 1� SYBR Select Master Mix, 2 μl
10 μM primer and ddH2O to a total volume of 20 μl. The
parameters for PCR were as follows: predenaturation at
95�C for 20 min followed by 40 cycles (denaturation at
95�C for 10 s, annealing at 61�C for 20 s and extension
at 72�C for 25 s). Relative mRNA levels were calcu-
lated by the 2�ΔΔCt method and were normalized to
β-actin mRNA levels. The primers for PCR were pur-
chased from Sangon Biotech, Co., Ltd., Shanghai, China.
The sequences were as follows: GFAP, sense: 50-
GCAAGAAACAGAAGAGTGGTATCG-30, antisense:
50-CTCTCCAAGGACTCGTTCGTG-30; IL-1β, sense: 50-
CACCTCAATGGACAGAACATAAGC-30, antisense:
50-TCTTCTTTGGGTATTGTTTGGGA-30; TNF-α, sense:
50-CCACCACGCTCTTCTGTCTACTG-30, antisense:
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50-GGGCTACGGGCTTGTCACTC-30; laminin, sense: 50-
TGGCTTCACAGGCTGCTCA-30, antisense: 50-GGTCG
CTCACCTTCATTTCG-30; MMP-9, sense: 50-GGGGC
TAGGCTCAGAGGTAAC-30, antisense: 50-TCACCCGG
TTGTGGAAACTC-30; MMP-3, sense: 50-GCAGGTTA
TCCTAAAAGCATTCAC-30, antisense: 50-TGAAGATCC
GCTGAAGAAGTAAAG-30; AQP4, sense: 50-TGAATCCA
GCTCGATCCTTTG-30, antisense: 50-CAATGTCGATCA
CATGCACCA-30; RGS5, sense: 50-GCCAATCCCT
GGACAAACTTC-30, antisense: 50-ACAGGCAACCC
AGAACTCAAG-30; PDGFR-β, sense: 50-CCTGCAAGTG
TGAGACAGTAGTGA-30, antisense: 50-CATGGGTGTG
CTTAAACTTTCG-30; and β-actin, sense: 50TGTGACGTT
GACATCCGTAAAGAC-30, antisense: 50-GGACTCAT
CGTACTCCTGCTTG-30.

2.11 | Statistical analysis

All data are presented as the mean � SEM. Statistical
analysis was performed using GraphPad Prism 5.0 soft-
ware. Differences between groups were compared by
one-way ANOVA followed by the Newman–Keuls post
hoc test. *P < 0.05, **P < 0.01 and ***P < 0.001 were con-
sidered to indicate statistical significance.

3 | RESULTS

3.1 | Small-volume liquid reperfusion
ameliorated brain injury and improved
neurological function in rats subjected to
ischaemic brain injury

Transient MCAO was used to induce severe cerebral
ischaemia injury and neurobehavioural dysfunction
(Figure 1). The Longa score (Figure 1a) and infarct size
(Figure 1c,d) were significantly increased, and the
Garcia JH scale score (Figure 1b) was increased in the
tMCAO (NS) group compared with the sham group
(P < 0.05); however, the Longa score and infarct size
were significantly decreased, and the Garcia JH scale
score was increased in the groups treated with the
four fluids compared with the tMCAO (NS) group
(P < 0.05). Compared with that in the MN group and
HES group, the infarct size in the HSH group was sig-
nificantly smaller (P < 0.001); additionally, the infarct
size in the HTS group was smaller than that in the MN
group and HES group, but the difference did not reach
significance. These results showed that all four fluids
induced neuroprotection against CI/RI induced by
tMCAO in rats and that HSH might have been the
most effective.

3.2 | Small-volume liquid reperfusion
reduces brain oedema and BBB
permeability

When the BBB is disrupted, EB-labelled albumin extrava-
sates into brain tissues from the vasculature, and
EB extravasation can be measure to quantify BBB perme-
ability. EB signals (Figure 2a), fluorescence intensity
(Figure 2b) and brain water content (Figure 2c) were
increased in the tMCAO (NS) group compared with the
sham group (P < 0.05). Compared with those in
the tMCAO (NS) group, these indicators in the groups
treated with the four fluids were significantly lower
(P < 0.05). The differences in BBB permeability among
the groups treated with the four fluids were not statisti-
cally significant, but HSH was the most effective in
reducing brain oedema (P < 0.001 vs. the MN and HES
groups).

3.3 | Small-volume liquid reperfusion
increased the NeuN expression of protein
in brain tissue

NeuN is expressed in the nuclei of neurons and is often
used to evaluate the number of neurons. Figure 3 shows
that the fluorescence intensity (Figure 3a,b) and the
number of NeuN-positive cells (Figure 3a,c) in rat brain
tissue were decreased in the tMCAO group compared
with the sham group (P < 0.05). Compared with those in
the tMCAO (NS) group, these indicators in the groups
treated with the four fluids were significantly increased
(P < 0.05).

3.4 | Small-volume liquid reperfusion
increased laminin and claudin-5
expression levels and decreased matrix
metalloproteinase expression levels

MMP-3 and MMP-9 are two matrix metalloproteinases
(MMPs) that can digest vascular basement membrane
components. Laminin is a special non-collagen glyco-
protein of the basement membrane that comprises the
basement membrane structure of the BBB. Claudin-5 is
an important molecule in gap junctions. Therefore, the
protein and mRNA expression levels of these mole-
cules reflect the structure of the BBB. In this study,
the expression levels of laminin and claudin-5 were
significantly lower in the tMCAO group than in the
sham group (Figure 4a,d,f); in contrast, the expression
levels of MMP-3 (Figure 4c) and MMP-9 (Figure 4b,e)
were markedly higher, showing that the BBB was
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severely damaged after tMCAO. However, compared
with those in the tMCAO group, the expression levels
of laminin and claudin-5 in the groups treated with
the four fluids were higher (Figure 4a,d,f), whereas
the MMP-3 (Figure 4c) and MMP-9 (Figure 4b,e)
expression levels were lower, indicating that reper-
fusion with HSH, HES and HTS maintained BBB

integrity by increasing laminin and claudin-5 expres-
sion levels and decreasing MMP expression levels.
HSH was the most effective in increasing laminin
expression (P < 0.05 vs. the MN and HES groups) and
reducing MMP-3 (P < 0.01 vs. the HTS group) and
MMP-9 (P < 0.001 vs. the MN, HES and HTS groups)
expression.

F I GURE 2 Four different liquids

treatment decreased BBB permeability.

Transient MCAO rats were treated with

HSH, HES, MN, HTS or equivalent NS

30 min before reperfusion. 24 h

following reperfusion, EB test and brain

water content were evaluated. (a) The

fluorescence photo of brain after

staining EB. (b) The fluorescence

intensity of EB. (c) The brain water

content. One-way ANOVA followed by

Newman–Keuls test, ***P < 0.001 vs. the

sham group; ***P < 0.001 vs. the tMCAO

group; ***P < 0.001 vs. the HSH group,

n = 6–9

F I GURE 1 The effect of the four

different liquids on brain infarction and

neurological scores. Transient MCAO

rats were treated with HSH, HES, MN,

HTS or equivalent NS 30 min before

reperfusion. 24 h following reperfusion,

the brain infarcted volume, neurological

function scores and brain water content

were evaluated. (a,b) The results of

neurological function scores. (c) The

representative images of TTC staining

for infarcted brain. (d) The analysis

results of brain infarcted volume. One-

way ANOVA followed by Newman–
Keuls test, ***P < 0.001 vs. the sham

group; *P < 0.05, **P < 0.01, ***P < 0.001

vs. the tMCAO group; *P < 0.05,
***P < 0.001 vs. the HSH group, n = 9
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F I GURE 3 Four different liquids

treatment reduced neuronal loss.

Transient MCAO rats were treated with

HSH, HES, MN, HTS or equivalent NS

30 min before reperfusion. 24 h

following reperfusion,

immunofluorescence staining was used

to test NeuN expression. (a) The

fluorescence photo of cortex after

staining NeuN (scale bar = 50 μm).

(b) The fluorescence intensity of NeuN.

(c) The NeuN-positive cell rate.

One-way ANOVA followed by

Newman–Keuls test, **P < 0.01,
***P < 0.001 vs. the sham group;
**P < 0.01, ***P < 0.001 vs the tMCAO

group, n = 6

F I GURE 4 The effect of the four different liquids on the expression of BBB relevant factors. The laminin, MMP-3, and MMP-9 mRNA

or/and protein expression in ischaemic penumbra regions were measured 24 h after four different liquids treatment. (a–c) qPCR results of

laminin, MMP-3 and MMP-9 mRNA expression. (d–f) Western blot results of laminin, MMP-9 and claudin-5 protein expression. One-way

ANOVA followed by Newman–Keuls test, ***P < 0.001 vs. the sham group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. the tMCAO group;
*P < 0.05, **P < 0.01, ***P < 0.001 vs. the HSH group, n = 6
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3.5 | Small-volume liquid reperfusion
decreased the expression levels of RGS5
and PDGFR-β

RGS5 and PDGFR-β are the characteristic proteins of
pericytes. By evaluating RGS5 and PDGFR-β protein
expression, we can indirectly determine the condition of
pericytes to determine the degree of BBB damage. The
mRNA and protein expression of RGS5 and PDGFR-β
was upregulated after CI/R, and the expression levels of
these two molecules were lower in the groups treated
with the four fluids than in the tMCAO group (P < 0.05),
suggesting that the four fluids stabilized the BBB and
might have alleviated CI/RI (Figure 5a–d). HSH was the
most effective in reducing PDGFR-β (P < 0.001 vs. the
MN group) and RGS5 (P < 0.01 vs. the HES group)
protein expression.

3.6 | Small-volume liquid reperfusion
inhibited the activation of astrocytes

Astrocytes are an important component of the BBB. Dur-
ing CI/RI, astrocytes are activated, which is manifested
by increased expression of GFAP, followed by increased
AQP4 and pro-inflammatory cytokine levels, accelerating
the damage and permeability of the BBB. As shown in

Figure 6a–c, the mRNA and protein expression of GFAP
in the sham group was increased. Activation of this astro-
cyte marker was significantly inhibited in the four liquid-
treated groups. Moreover, the mRNA expression levels of
AQP4, IL-1β and TNF-α showed the same change in
expression as GFAP (Figure 6d–f ).

4 | DISCUSSION

CI/RI is a major cause of death and long-lasting disability
worldwide. It has been widely demonstrated that
excitotoxicity, ionic imbalance, adhesion molecule
expression upregulation, ROS and RNS formation,
inflammation and apoptosis induced by CI/R contribute
to BBB breakdown, which is considered a critical step in
cerebral ischaemia pathogenesis (Guell & Bix, 2014;
Kassner & Merali, 2015). An increase in BBB permeabil-
ity results in endogenous and exogenous injuries, which
are the primary causes of brain oedema and high cranial
pressure (Gu et al., 2011; Shang et al., 2010). Therefore,
the current key strategy for treating cerebral oedema
involves maintaining the normal structure of the BBB.

The BBB is a physical and functional barrier between
the central nervous system (CNS) and blood that main-
tains CNS homeostasis. The BBB is the primary compo-
nent of the neurological vascular cell structure, and it is

F I GURE 5 The effect of the four

different liquids on the expression of the

characteristic proteins of pericytes. The

PDGFR-β and RGS5 mRNA and

proteins expression in ischaemic

penumbra regions were measured 24 h

after four different liquids treatment.

(a,b) qPCR results of PDGFR-β and

RGS5 mRNA expression. (c,d) Western

blot results of PDGFR-β and RGS5

protein expression. One-way ANOVA

followed by Newman–Keuls test,
**P < 0.01, ***P < 0.001 vs. the sham

group; *P < 0.05, **P < 0.01, ***P < 0.001

vs. the tMCAO group; **P < 0.01,
***P < 0.001 vs. the HSH group, n = 6
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mainly composed of cellular structures (endothelial cells,
pericytes, astrocytes and immunocytes) and molecular
structures (tight junctions, basement membranes and
leukocyte adhesion molecules) (Obermeier et al., 2016),
which form a highly selective permeability barrier that
separates the circulating blood from the extracellular
fluid in the brain and maintains the microenvironment
in the brain (Obermeier et al., 2016). In the physiological
state, the BBB strictly regulates the transport of electro-
lytes, water-soluble substances and small molecules and
only permits lipid-soluble substances to be transported
into brain tissue (Abbott et al., 2010). The components of
the BBB are activated in response to acute ischaemic
stroke and then secrete inflammatory factors that directly
or indirectly disrupt its integrity (Shan et al., 2019),
which results in increased permeability of the BBB and
leads to the formation of cerebral oedema (Borlongan
et al., 2012; Feng et al., 2010; Gu et al., 2011; Obermeier
et al., 2013). As we found in our study, EB signals were
increased in the tMCAO (NS) group, which suggests that
the permeability of the BBB was increased after CI/RI.

The BBB is connected by tight junction proteins
on the endothelial cell surface. There are three types
of transmembrane tight junction proteins: claudins,
occludin and junctional adhesion molecules. Their dys-
function could contribute to failure of the BBB (Gloor
et al., 2001), trigger brain oedema and cause cerebral
injuries (Ayata & Ropper, 2002). At the BBB, claudin-5 is
the most highly expressed tight junction protein, and its
dysfunction has been implicated in stroke and brain
injury (Greene et al., 2019). In this study, we found that

in the tMCAO (NS) group, the expression of claudin-5
was significantly downregulated, indicating destruction
of tight junctions. Decreased expression of claudin-5 was
promoted by the four fluids, suggesting the potential
mechanism underlying the effects of the four fluids in
maintaining the structure and function of the BBB.

Astrocytes play an important role in maintaining the
integrity of the BBB under physiological conditions.
However, under pathological conditions, such as trau-
matic and ischaemic injury, astrocytes secrete inflamma-
tory factors, such as MMPs, chemokines and cytokines;
these factors directly or indirectly aggravate brain dam-
age and BBB disruption (Wiese et al., 2012). MMPs
mainly contribute to degrading the BBB extracellular
matrix structure (Zhao et al., 2020). Numerous studies
have shown that MMP-3 and MMP-9 are two critical fac-
tors in BBB damage. In normal tissues, MMP-3 and
MMP-9 are expressed at low levels, but the levels of these
proteins are significantly increased after CI/RI (Fan
et al., 2018; Ljubisavljevic et al., 2015).

A recent report showed that suppressing BBB disrup-
tion and inflammation alleviates CI/RI (He et al., 2017; Ji
et al., 2015; Zhang, Park, et al., 2017). Laminin is mainly
found in the basement membrane structure, which is a
distinct non-collagen glycoprotein of the basement mem-
brane. Laminin has a major role in assembly of the base-
ment membrane, forming a network structure that
allows cells to attach to the basement membrane (Jyoti
et al., 2016). In this study, we analysed the expression of
MMP-3, MMP-9 and laminin to determine the degree
of BBB damage. Our results showed that the expression

F I GURE 6 Effects of the four different liquids on activity of astrocytes and the expression of inflammatory factors. The GFAP, AQP4,

IL-1β and TNF-α mRNA and/or protein expression in ischaemic penumbra regions were measured 24 h after four different liquids

treatment. (a,b) Western blot result of GFAP protein expression. (c-f) qPCR results of Gfap, AQP4, IL-1β and TNF-α mRNA expression.

One-way ANOVA followed by Newman–Keuls test, *P < 0.05, ***P < 0.001 vs. the sham group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. the

tMCAO group, n = 6
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of MMP-3 and MMP-9 was increased, whereas that of
laminin was decreased after CI/RI, which is consistent
with previous studies (Morancho et al., 2010; Jickling
et al., 2014; Yang & Rosenberg, 2015; Zhang, Fan, et al.,
2017). The four treatment groups had lower MMP expres-
sion and higher laminin expression than the tMCAO
group, which indicates that these treatments stabilized
the BBB.

Astrocytes are a major source of inflammatory factors
in the damage zone after acute ischaemic stroke (Chen
et al., 2018; Gelderblom et al., 2012; Shan et al., 2019;
Wiese et al., 2012), which contribute greatly to peripheral
immune cell recruitment, microglial activation, brain
damage aggravation and BBB disruption (Gelderblom
et al., 2012; Shan et al., 2019). Astrocyte activation is
characterized by increased expression of GFAP, followed
by increased expression of pro-inflammatory cytokines,
such as IL-6, IL-1β and TNF-α, which directly affect the
BBB. In addition, the activation of astrocytes increases
AQP4 expression, inducing astrocyte swelling and
promoting BBB injury (Chu et al., 2017; Jennifer
et al., 2011). In this study, the four fluids decreased the
expression of GFAP, AQP4, IL-1β and TNF-α, indicating
that they can inhibit the activation of astrocytes and then
alleviate inflammation and BBB damage.

Changes in the expression of RGS5 and PDGFR-β, as
the characteristic proteins of pericytes, cellular compo-
nents of the BBB, can indirectly reflect the condition of
these cells and reveal the degree of damage to the BBB
after CI/R injury (Özen et al., 2018; Yang et al., 2019).
PDGF and the PDGF receptor (PDGFR) are widely
expressed in the CNS and function as mitotic agents and
growth factors by acting on a series of cells, promoting
mitosis and chemotaxis of glial cells and mesenchymal
cells. They are also involved in angiogenesis after vascu-
lar injury, which plays an important role in neuro-
protective and vascular remodelling after cerebral
apoplexy (Funa & Sasahara, 2014). The PDGF-B/PDGFR-
β signalling system also has a function in maintaining
the integrity of the BBB. When brain tissue ischaemia
occurs, the expression of PDGF and PDGFR is upre-
gulated to promote peripheral cell proliferation and
migration (Arimura et al., 2012). RGS5 belongs to the
family of G-protein signalling regulators, which nega-
tively regulate G-protein signal transduction and play an
important role in maintaining the morphology and
migration of peripheral cells (Roth et al., 2019). In addi-
tion, RGS5 inhibits downstream tyrosine kinases and
activates the MAPK signalling pathway, which is closely
related to hypoxia and angiogenesis (Wang et al., 2019).
RGS5 is an important oxygen receptor, and its protein
level increases in response to hypoxia, which suggests
that hypoxia inhibits the degradation of RGS5, resulting

in many RGS5 aggregates (Zhou et al., 2008). In our
results, the mRNA and protein expression of RGS5 and
PDGFR-β was increased in the tMCAO group compared
with the sham group. This could be attributed to CI/RI-
induced stimulation of peripheral cell proliferation,
secretion, recruitment and migration, which all indicate
damage to the BBB. The four treatment groups had lower
expression of RGS5 and PDGFR-β than the tMCAO
group, which indicates that these treatments stabilized
pericytes and protected the BBB.

NeuN is a neuron-specific marker that is mainly
expressed in the cytoplasm and nuclei of neurons in the
nervous system (Jia et al., 2010). In some studies on cere-
bral ischaemic injury, neuronal necrosis was assessed
by evaluating the expression of NeuN (Unal-Cevik
et al., 2004). Liu et al. (2009) found that CI/RI can down-
regulate the expression of NeuN in the damaged area,
and this can be observed during the early stages of
ischaemia. This shows that we can judge changes in the
number of neurons by assessing the expression of NeuN.
In this study, we studied the expression of NeuN in rats
with CI/RI through an immunofluorescence assay to ana-
lyse the changes in the number of neurons. Compared
with that in the sham group, the expression of NeuN in
the injured areas was significantly reduced in the tMCAO
(NS) group, which indicates that CI/RI can damage neu-
rons in the brain and may promote neuronal apoptosis.
The expression of NeuN was significantly increased after
reperfusion with the four fluids, especially HSH. These
results indicate that these four fluids can reduce the
apoptosis of neurons and exert a neuroprotective effect.

MN is a classical osmotic dehydrating agent, and its
short-term application can effectively reduce intracranial
pressure (Wise & Chater, 1962). Both clinical and animal
experiments have shown that MN is more effective than
other solutions in reducing intracranial pressure and
relieving cerebral oedema. Its mechanism involves reduc-
ing the water content of brain tissue through permeabil-
ity dehydration. In addition, MN can reduce the swelling
of astrocytic end feet, preventing the microvascular com-
pression and stasis they cause and consequently reducing
the infarct size (Ito et al., 2014). Neurological scores,
brain water content and infarct size were decreased in
the MN group compared with the tMCAO group, which
indicates that MN has a protective effect against
CI/RI. Although the protein expression level of laminin
was higher in the MN group than in the tMCAO group,
there was no significant difference. The expression levels
of MMP-3, MMP-9, RGS5, PDGFR-β, GFAP, AQP4, IL-1β
and TNF-α were decreased in MN-treated rats, which
may be associated with its ability to alleviate brain
oedema and improve the function of pericytes and astro-
cytes. Although MN has been demonstrated to clearly
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reduce cranial pressure, an increasing number of studies
have suggested that long-term treatment with or large
doses of MN can cause BBB injury, intracranial pres-
sure rebound, hypotension, electrolyte disorder, etc.
(Witherspoon & Ashby, 2017). There is some evidence
showing that repeated administration of MN may even
aggravate brain oedema (Cho et al., 2007).

Because of the above-mentioned limitations of MN,
HTS solutions have been investigated as alternatives for
the treatment of cerebral oedema (Lewandowski-Belfer
et al., 2014; Rallis et al., 2017). HTS is a sodium chloride
solution with a concentration greater than 0.9%. Cur-
rently, it is commonly used at concentrations of 3%, 5%,
7.5%, 10% and 23.4%. In this study, we used 3% HTS
with an osmotic pressure equal to that of 20% MN. HTS
has many theoretical advantages over MN, such as the
ability to increase plasma volume and augment cerebral
blood flow, whereas MN reduces the intravascular
volume and cerebral perfusion pressure (Fink, 2012). In
addition, HTS has a larger osmotic reflection coefficient
than MN; therefore, it is more effective in reducing
intracranial pressure and alleviating cerebral oedema. As
we showed in this study, neurological function scores,
brain water content and infarct size were reduced in the
HTS group compared with the MN group, which is con-
sistent with previous studies. HTS can also improve cere-
bral perfusion pressure and relieve tissue ischaemia and
hypoxia to avoid the aggravation of oedema and cell dys-
function. In this study, we also demonstrated that HTS
protected the BBB. This finding was supported by our
results showing that the expression level of laminin was
reduced, whereas the expression levels of MMP-3,
MMP-9, PDGFR-β, RGS5, GFAP, AQP4, IL-1β and
TNF-α were increased in the HTS group compared
with the tMCAO group, which may be associated with
oxygen free radical scavenging, a reduced inflammatory
response and inhibition of MMP activation (Huang
et al., 2014; Theobaldo et al., 2012).

Because of the rapid reestablishment of the osmotic
balance between intra- and extracellular fluids, HTS has
a short duration of action. However, colloidal solutions
are different, such as HES, which can be retained in
vessels for a longer period to effectively maintain the
intravascular volume by elevating the colloid osmotic
pressure. Hydroxyethyl starch 130/0.4 solution (HES), a
synthetic colloid with a molecular weight of 130 kDa, has
a good capacity for expansion and rarely induces anaphy-
lactic reactions. Kaplan et al. (2000) proposed that HES
reduces leukocyte adhesion and vascular injury under
hypoxic conditions. In our study, we observed that
HES had a neuroprotective effect by decreasing neuro-
logical scores, brain water content and infarct size. Previ-
ous studies indicated that the main mechanism of

hydroxyethyl neuroprotection includes haemodilution
treatment, which reduces blood viscosity, leading to an
increased blood flow and oxygen supply. Furthermore,
haemodilution treatment has also been shown to be ben-
eficial in scavenging harmful metabolites, such as oxygen
free radicals, catecholamines and malondialdehyde, in
brain tissues and reducing nerve cell damage. In addition
to haemodilution treatment, reduced permeability of
microvessels is also involved in the neuroprotective effect
of hydroxyethyl. Using EB as an indicator of microvascu-
lar permeability, it has been shown that HES reduces the
permeability of microvessels and brain injury after
ischaemia and reperfusion. Subsequent research has con-
firmed that this effect of HES may be associated with
decreased levels of inflammatory cytokines and ICAM-1,
suppression of NF-κB activation and downregulation of
the expression of TLR2 and TLR4 in the brain (Feng
et al., 2010). Previous studies showed that HES has a ben-
eficial effect in decreasing BBB permeability (Feng
et al., 2010). Our results showed that HES stabilized the
BBB by decreasing the expression of MMP-3, MMP-9,
PDGFR-β, RGS5, GFAP, AQP4, IL-1β and TNF-α and
increasing laminin expression, which may be associated
with anti-inflammatory activity (Jung et al., 2018; Öztürk
et al., 2015).

HHS is a mixture of two components: sodium
chloride, which is mainly responsible for the osmotic
gradient, and HES, which prolongs the expansion effect
of the HTS and has anti-inflammatory effects. Therefore,
HHS is more effective than the two components individu-
ally (Wang et al., 2015). Several studies have demonstrated
that HHS improves the restoration of microperfusion by
alleviating endothelial perivascular oedema. Similarly,
there are an increasing number of reports showing that
HHS improves neurological function and neuronal sur-
vival and reduces infarction size and mortality (Noppens
et al., 2012). In this study, we used HSH injection, which
is composed of 4.2% sodium chloride and 7.6% hydroxy-
ethyl starch 40. Our results are consistent with the
hypothesis that HSH is the most effective of the four
fluids. It significantly decreased neurological scores, brain
water content and infarct size and was clearly superior
to the other three fluids. In addition, the HSH group
showed the lowest expression levels of MMP-3, MMP-9,
RGS5, PDGFR-β, GFAP, AQP4, IL-1β and TNF-α and the
highest expression of laminin among the four treatment
groups, indicating that HSH alleviates brain injury due to
its protective effect on the BBB and ability to suppress
the inflammatory response. Our previous studies
suggested that after cerebral ischaemia, MDA, NO
and iNOS levels decreased dramatically, whereas the
activities of SOD, GSH-Px, Na+/K+-ATPase and Ca2+/Mg2
+-ATPase significantly increased in response to HSH
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infusion, which is consistent with other studies (Shan
et al., 2011, 2012; Yu et al., 2012).

However, there are some limitations to this study.
First, we did not use an EB dye tracer, which can mea-
sure BBB permeability directly. Second, we did not assess
the long-term outcomes of the rats, including the survival
rate and mortality rate. In future studies, we will extend
the observation period and examine the effects on other
organs.

In conclusion, as shown in Figure 7, our study
showed that reperfusion with a small volume of 20% MN,
3% hypertonic sodium chloride (HTS), HES or HSH leads
to cerebroprotective effects against brain ischaemia. The
mechanisms are probably attenuation of BBB disruption
and a reduction in postischaemic inflammation, and
HSH achieved the best neuroprotection.
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