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Cerebral small-vessel disease (CSVD) is the main cause of vascular cognitive impairment

(VCI), and the accumulation of amyloid β-protein (Aβ) may be significantly involved in

CSVD-induced VCI. The imbalance between Aβ production and clearance is believed to

be an important pathological mechanism of Aβ deposition in Alzheimer disease. In this

study, we aimed to disclose the roles of aquaporin 4 (AQP4) and neuroinflammation

in CSVD, which were the key factors for Aβ clearance and production, respectively,

and the effect of mesenchymal stem cells (MSCs) on Aβ deposition and these two

factors. The stroke-prone renovascular hypertensive (RHRSP) rats were grouped and

received MSC and MSC + AS1517499 (an inhibitor of pSTAT6). The latter was used

to explore the underlying mechanism. The cognitive function, white matter lesions,

Aβ expression, expression, and polarity of AQP4, neuroinflammation and the STAT6

pathway were investigated. Compared with sham-operated rats, RHRSP rats showed

spatial cognitive impairment, white matter lesions and Aβ deposition. Moreover, AQP4

polarity disorder and neuroinflammatory activation were found, which were linked to

Aβ deposition. Treatment with MSCs markedly improved cognitive tasks and reduced

Aβ deposition but failed to reduce white-matter lesions. Furthermore, MSCs not only

promoted AQP4 polarity but also alleviated neuroinflammation probably through the

STAT6 pathway. The present study demonstrated that Aβ deposition, AQP4 polarity

disorder and neuroinflammation might be involved in CSVD and the regulatory effects

of MSCs on them suggested potential therapeutic value for CSVD.

Keywords: mesenchymal stem cells, cerebral small-vessel disease, amyloid β-protein, aquaporin 4,
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INTRODUCTION

Cerebral small-vessel disease (CSVD) is the clinical, radiological,
and pathological syndrome caused by lesions involving cerebral
microvessels (Pantoni, 2010), causing various lesions such as
white matter hyperintensities (WMH) usually identified by
neuroimaging with MRI (Wardlaw et al., 2013; van Veluw et al.,
2017). As one of the most important causes of vascular cognitive
impairment (VCI) (Inzitari et al., 2009; Gorelick et al., 2011;
Hachinski, 2015), CSVD affects almost everyone older than
90 years. Because of its high age correlation, CSVD is related
to pathological changes similar to those in neurodegenerative
diseases, such as amyloid β-protein (Aβ) deposition (Sweeney
et al., 2018). The pathology of vascular Aβ in cerebral amyloid
angiopathy (CAA, a subtype of CSVD) coexists with the
pathology of Alzheimer disease (AD).

The imbalance between Aβ production and clearance is an
important pathological mechanism of Aβ deposition in AD
(Hardy and Selkoe, 2002; Selkoe, 2003). In the process of
clearance, there has been evidence that soluble metabolites
in the brain can be eliminated along the perivascular space
(PVS) (Iliff et al., 2013; Abbott et al., 2018). Patients with
CSVD often have enlarged perivascular space (EPVS), which was
considered likely reflected perivascular clearance disorders. This
perivascular pathway that clears interstitial solutes was termed
the “glymphatic pathway” for its functional similarity to the
peripheral lymphatic system (Iliff et al., 2012; Mestre et al.,
2017). It has been found that EPVS is significantly associated
with vascular Aβ deposition (Perosa et al., 2022). Moreover, the
glymphatic system has been linked to plaque formation in AD
(Iliff et al., 2012; Arbel-Ornath et al., 2013; Xie et al., 2013). The
arterial pulsation is the main driver of the glymphatic flow, and
arteriosclerosis may impede this process. Mortensen et al. (2019)
reported that glymphatic clearance was inhibited in stroke-
prone spontaneously hypertensive rats (SHRSP), suggesting a
new link between vascular pathology and AD. Previous studies
also showed that reduced cerebral blood flow increased the
deposition of Aβ in patients with AD, which might be caused
by glymphatic system disorder that due to the abnormal blood
flow (Hama et al., 2015; Saito and Ihara, 2016). The glymphatic
system adjacent to the blood vessels is surrounded by the
end feet of astrocytes, which are rich in aquaporin 4 (AQP4)
(Nedergaard and Goldman, 2016). AQP4 plays an important
role in maintaining the function of the glymphatic system. Loss
of AQP4 in mice impaired glymphatic clearance of soluble
macromolecules (Iliff et al., 2012; Xu et al., 2015). In addition, the
improvement in AQP4 polarity promoted the clearance of Aβ by
the glymphatic system (He et al., 2017). These studies suggested
that astrocyte AQP4 was involved in the process of Aβ clearance,
but the existence of related pathological changes in CSVD has not
been supported by evidences.

On the other hand, as an important cause of Aβ formation,
neuroinflammation has been widely thought to be closely related
to chronic degenerative diseases, such as AD and Parkinson
disease (Kinney et al., 2018). Also, microglia, in particular, has
been proved to trigger the inflammatory cascades in the brain
(Gogoleva et al., 2019). Activated microglia has two phenotypes:

proinflammatory MI type and anti-inflammatory M2 type.
Aβ can induce neuronal oxidative stress, activate microglia
to convert into MI type, and trigger neuroinflammation and
neuronal apoptosis. At the same time, inflammation may lead
to more Aβ deposition, which leads to the transformation of
acute injury into chronic injury (Garcia-Alloza et al., 2013;
Saito and Saido, 2018). In the chronic cerebral hypoperfusion
model, the activation and proliferation of glial cells has been
observed to be an important pathological process leading to
cognitive impairment (Barrientos et al., 2015; Wang et al.,
2019), as well in RHRSP rats (Cai et al., 2020). Therefore,
regulating the transformation of microglia into M2 type, an anti-
inflammatory phenotype, is a new target for disease treatment.
Studies on macrophages revealed that signal transduction and
activator of transcription (STAT) family played an important
role in microglia or macrophage phenotypic transformation
(Sica and Bronte, 2007). STAT1 promoted the transformation
of IFN-γ-induced M1 phenotype (Qin et al., 2012), and STAT6
was found to be involved in transforming microglia into
beneficial phenotype and functional recovery in MCAO mice
(Liu et al., 2016; Cai et al., 2019). Therefore, STAT6 might
play an essential role in regulating neuroinflammation induced
by cerebral ischemia. However, whether STAT6 is involved in
the phenotypic regulation of microglia in CSVD brain lesions
remains unclear.

Mesenchymal stem cells are multipotent cells mainly reflected
in neuroprotection (Sasaki et al., 2009), neovascularization
(Onda et al., 2008), anti-neuro inflammation, and neuroplasticity
(Suzuki et al., 2013), supporting the use as a potential
therapy to promote functional recovery after stroke and chronic
degenerative diseases. Wu et al. found that MSCs could alleviate
AQP4-dependent glymphatic clearance in mice with Huntington
disease (Wu et al., 2020). MSCs were also found to promote the
M2-type transformation of microglia in vitro and the expression
of anti-inflammatory factors, but themechanism remains unclear
(Gao et al., 2014). Currently, studies on the use of MSCs in
CSVD-induced VCI are few. Whether MSCs can improve the
pathological changes related to chronic degenerative diseases in
CSVD, such as Aβ deposition, and whether STAT6 is involved in
the regulation ofMSCs on themicroglia phenotype in this disease
are still unclear.

The present study investigated the cognitive function,
Aβ deposition, distribution of AQP4 polarity, and
neuroinflammation in RHRSP rats, and the effects of MSCs
on cognitive impairment and aforementioned pathological
changes, as well as the potential mechanism.

MATERIALS AND METHODS

Experimental Animals
The study was approved by the Animal Research Ethics
Committee at Sun Yat-sen University (Guangzhou, China).
Male Sprague-Dawley rats (4 weeks old) were purchased from
the Laboratory Animal Center of Sun Yat-sen University
(Guangzhou, China) and housed under controlled temperature,
humidity and a constant light-dark cycle (12-h:12-h). They were
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also given free access to water and food. All efforts were made to
minimize the number and sufferings of animals.

Study Design
Total 57 rats were randomly divided into sham-operated group
(n = 12), and operated group (n = 45). After the 12 weeks of
the two-kidney two-clip operation, the systolic blood pressure
(SBP) was measured (tail-cuff sphygmomanometer, BP-2010A,
Softron, Japan). The rats with SBP ≥180 mmHg and no obvious
stroke symptoms at 22 weeks after surgery were included in the
experiment and further randomly divided into RHRSP group (n
= 15), RHRSP + MSC group (n = 15), and RHRSP + MSC
+ AS1517499 group (n = 15). Figure 1 shows the design of
the experiments.

Rat Model of RHRSP
The RHRSP model was established following the two-kidney
two-clip method (Zeng et al., 1998). Briefly, 1% pentobarbital
(50 mg/kg) was used to anesthetize the animals, and a midline
longitudinal incision in the abdomen was made to expose the
bilateral kidneys. The renal artery was separated bluntly and
silver clips with an inner diameter of 0.3mm were used to clamp
the roots of bilateral renal arteries. The control group received
laparotomy without the clamp of clips. The mental state and diet
of rats were observed after the surgery.

Culture of MSCs
Human urine cell-derived induced pluripotent stem cells (U-
iPSCs) used in this study were donated by the Guangzhou
Institute of Biomedicine and Health, Chinese Academy of
Science (Guangzhou, China). The human MSCs were derived
from U-iPSCs following a previous study (Gao et al., 2017).

Intravenous Infusion of MSC/MSC +

AS1517499
The RHRSP + MSC group rats were injected with 4.0 × 106

MSCs suspended in 1ml of sterile phosphate-buffered saline
(8mM Na2HPO4+136mM NaCl+2mM KH2PO4+2.6mM KCl)
via the tail vein, and the RHRSP group rats received 1ml of
phosphate-buffered saline without cells. In the RHRSP + MSC
+AS1517499 group, the rats were intraperitoneally injected with
AS1517499 (10 mg/kg, dissolved in 10% DMSO, 40% PEG300
and 5% Tween80 in saline) 1 h before the intravenous injection
of MSCs (4.0× 106, 1 ml).

Cognitive Tests
After the 4 weeks of the infusion of MSCs, the Morris water
maze test was conducted as described previously (Vorhees and
Williams, 2006; Tang et al., 2015). Before one day of the trial, the
rats were trained to adapt to swimming freely in the device for
180 s. During the next 5 days of the navigation test, the rats were
daily put into the water from four quadrant positions sequentially
and given a maximum of 60 s to swim to find and climb the
hidden platform. The 6th day was for the spatial probe test. The
platform was withdrawn, and a single 60-s swim trial of rats
was recorded, which was used to record how many times the
rats crossed the hidden platform, the time ratio in the quadrant

where the platform was and the initial angle of tracks. The
swim paths were recorded with the SuperMaze software (Xinruan
Information Technology, Shanghai, China).

In the Y-maze test (Washida et al., 2010), the rats were placed
in one of the arms of a 3-arm maze (the angle between any two
arms was 120 degrees) to freely move for 8min. The movement
trajectories in the maze were noted, and spontaneous alternation
behavior, that is, successive triplet sets, was determined using the
following formula: [consecutive entries into three different arms
divided by (total number of arms entries minus 2)] × 100. A
higher percentage of spontaneous alternation behavior implied
improved cognitive function.

Histological Evaluation of White Matter
Lesions
The rats were anesthetized with 1% pentobarbital (50 mg/kg)
and perfused transcardially with 0.9% saline followed by 4%
formaldehyde. The brains were removed and dehydrated using
gradient sucrose and then sectioned at a thickness of 10µm
using a cryostat. Luxol fast blue staining was used to examine
myelin loss, and themyelin staining area was used to compare the
distribution of myelin in each group. The staining was performed
according to standard procedures (Barati et al., 2022).

Immunofluorescence
Anesthetized rats (1% pentobarbital) underwent the transcardiac
perfusion of 0.9% saline, followed by treatment with 4%
formaldehyde. The brains were removed and soaked in 4%
paraformaldehyde overnight, followed by gradient sucrose
dehydration. The coronal brain slices (10µm) were prepared
using a cryostat. The sections were incubated with serum
albumin and 0.3% Triton X-100 at room temperature for 1 h.
Subsequently, the sections were incubated overnight at 4◦C
with the following primary antibodies: anti-AQP4(ab9512, 1:200,
Abcam, USA), anti-GFAP (ab7260, 1:800, Abcam, USA), anti-
GFAP(BM0055, 1:400, Boster, China), anti-Aβ1-42(SIG39142,
1:200, Biolegend, USA), anti-Iba-1 (ab5076, 1:400, Abcam, USA),
anti-iNOS (AF0199, 1:200, Affinity, USA), anti-Arg-1 (16001-1-
AP, 1:300, Proteintech, USA), anti-C3 (A13283, 1:100, Abclonal,
China), and anti-S100A10 (PA5-95505, 1:100, Thermo scientific,
USA). The difference between these two GFAP antibodies lies
in their different species; they were selectively used when co-
stained with different indicators. For example, GFAP (rabbit,
Abcam) was used to co-stain with mouse derived AQP4antibody,
and GFAP (mouse, Boster) was used to co-stain with rabbit
derived C3 antibody. Then, the sections were incubated with
appropriate fluorophore-conjugated secondary antibodies for
1 h at room temperature. The immunofluorescence-labeled cells
were observed under a fluorescence microscope (Nikon, Tokyo,
Japan) and a laser-scanning confocal microscope (Nikon C2).

The fluorescence intensity and the number of cells were
quantified following the approaches used previously (Cai et al.,
2020). About three separate sections of each rat and eight
nonoverlapping 40×fields in the cortex and the hippocampus
areas were chosen in a random and blinded manner to quantify
the expression of Aβ1-42, AQP4, Iba-1, GFAP, Iba-1/iNOS-
positive M1 microglia, Iba-1/Arg-1-positive M2 microglia,
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FIGURE 1 | Experimental protocol. Rats received surgery at the age of 4 weeks to establish RHRSP animal model. 22 weeks after the surgery, intervention treatment

was applied. Morris water maze and Y maze were performed after 4 weeks of intervention treatment and then rats were sacrificed.

GFAP/C3-positive A1 astrocytes and GFAP/S100A10-positive
A2 astrocytes. The unit of integrated densities is pixel. The
AQP4 polarity, evaluated using a laser scanning confocal
microscope with a 60× objective, was calculate during the ratio
of the mean intensity of low stringency to high stringency as
previously described (Wang et al., 2012). The low-stringency
threshold meant the overall area of AQP4 immunofluorescence
the high-stringency threshold meant the area of intense AQP4
immunofluorescence localized to perivascular astrocytic end
feet in sham-operated rats. Thus, the “AQP4 polarity” was
defined as the ratio of the mean intensity of low stringency to
high stringency.

Western Blot Analysis
Western blot analysis was performed following the protocol
from previous studies (Fan Y. et al., 2015).The anesthetized
rats were transcardially perfused with saline. The brains were
removed, and the hippocampi were dissected. Lysis buffer
was prepared by RIPA and PMSF according to a ratio of
100:1, and one tablet phosphatase inhibitor (4906837001, Roche,
Switzerland) was added to every 10mL lysis buffer. The tissues
were homogenized in lysis buffer (containing phosphatase
inhibitor). After cracking and centrifugation, the supernatant
was collected. Equal amounts of total proteins were resolved by
SDS-PAGE and transferred on to a nitrocellulose membrane. The
membranes were incubated overnight at 4◦C with the following
primary antibodies: anti-STAT6 (ab217998, 1:1,000, Abcam,
USA), anti-pSTAT6 (ab263947, 1:1,000, Abcam, USA), anti-
TGF-β1 (ab92486, 1:1,000, Abcam, USA), anti-IL-10 (DF6894,
1:500; Affinity, USA), anti-IL-1β (AF5103, 1:500; Affinity, USA),
anti-IFN-γ (ab9657, 1:1,000, Abcam, USA), and anti-α-tubulin
(2144, 1:1,000, CST, USA). Then, the membranes were washed
with 1×TBST (10mM Tris-HCl+10mM NaCl+0.05%Tween-
20), incubated with appropriate secondary antibodies: HRP-
conjugated anti-rabbit antibody (5571, 1:3,000, CST, USA), at
room temperature for 1 h, and then treated with ECL substrate
(Millipore, USA).

Statistical Analysis
All data were expressed as mean ± standard error of the mean
(SEM). The Image J software (National Institutes of Health, USA)
was used to calculate the immunofluorescence intensity and the
relative expression levels of target proteins. IBM SPSS v22.0

(Chicago, IL, USA) and GraphPad Prism 7 software (San Diego,
CA, USA) were used to perform one-way analysis of variance
followed by the least significant difference t test. A p < 0.05
indicated a statistically significant difference.

RESULTS

Mortality and SBP
Exactly 22 weeks after surgery (before other interventions), 3/15,
2/15, and 3/15 rats died in the RHRSP group, RHRSP + MSC
group and RHRSP + MSC + AS1517499 groups, respectively.
All rats in the sham-operated group survived. The average SBP
in the operated group (196.64 ± 11.07 mmHg) was significantly
higher than that in the sham-operated group (104.33 ± 14.92
mmHg) 12 weeks after surgery, but with no significant difference
in SBP between the RHRSP, MSC andMSC+ AS1517499 groups.
SBP was 201.40 ± 4.88, 198 ± 13.49 and 193.6 ± 15.41 mmHg,
respectively, 4 weeks after intervention.

Cognition Function
For the Morris water maze test, the escape latencies gradually
declined during the training period, but the RHRSP group
showed longer escape latencies in the last three training
days (Figure 2D). In terms of the time ratio in the target
quadrant and the number of times of crossing the hidden
platform, the RHRSP rats showed a shorter time ratio and
less number of times compared with those in the sham-
operated group, suggesting a spatial cognitive disturbance in
the RHRSP rats. On the contrary, the rats in the MSC group
showed shorter escape latencies, longer time spent in the
target quadrant and a greater number of times to cross the
hidden platform compared with RHRSP rats, indicating that
MSCs improved the cognitive tasks (Figures 2A–C,E,F). The
Y-maze data also revealed similar results, in that the RHRSP
rats had a reduced percentage of spontaneous alternations
than had the rats in the sham-operated group, indicating
impaired memory function. However, the percentage of MSC
group significantly increased compared with that in the RHRSP
group (Figures 2G,H).

White Matter Lesions
As shown in Figures 3A–C, the RHRSP and RHRSP + MSC
groups showed demyelination in the corpus callosum that
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FIGURE 2 | MSCs improved memory, learning, and cognitive behavior in RHRSP rats. (A–C) the representative trajectories of spatial probe test at the last day. (D)

mean escape latency to reach the platform during training days. (E,F) the number of times crossing the hidden platform and the time spent in the target quadrant

where the platform was previously present. (G) the representative trajectories spontaneous alteration behaviors of Y maze. (H) the spontaneous alternations of Y maze

(*P < 0.05, **P < 0.01, vs. Sham-operated group; #P < 0.05, vs. RHRSP group; n = 6/group).

was characterized by vacuole formation and loss of nerve
fibers. Figure 3D shows the statistical results of myelin sheath
staining area. The RHRSP and RHRSP + MSC groups had less

myelin area compared with the sham-operated group, but with
no significant difference between the RHRSP and RHRSP +

MSC groups.
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FIGURE 3 | LFB staining of white matter. (A–C) Representative images of LFB staining of Sham-operated, RHRSP and RHRSP+MSC groups. Arrows indicate the

main observation area. (D) Quantification of myelin sheath area (**P < 0.01, vs. Sham-operated group; n = 6/group). scale bar = 50µm.
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Deposition of Aβ1–42
The Aβ1-42 deposition in the cortex and hippocampus [the
average integrated density of the CA1, CA3, and dentate gyrus
(DG)] was assessed (Figure 4A). The integrated density of Aβ1–
42 deposition in the cortex and hippocampus increased in the
RHRSP rats. While in the MSC group, Aβ1–42 deposition in the
aforementioned regions was markedly lower than in the RHRSP
group (Figures 4B,C).

Expression and Polarity Distribution of
AQP4
The integrated density of the AQP4 deposits clearly increased in
the cortex, CA1, CA3, and DG areas in RHRSP rats compared
with the sham-operated group. On the contrary, the RHRSP +

MSC group presented a significant reduction in the levels of
AQP4 expression (Figure 5). Furthermore, significantly higher
expression of AQP4 was found within the astrocytic body, but
not in the astrocytic end feet, in the RHRSP group, which was
contrary to that in the sham-operated group. However, AQP4
polarity was greatly restored in the MSC group (Figure 6A).
Figure 6B shows the sample images of low stringency and
high stringency of AQP4. Following the previous methodology,
the“AQP4 polarity” was calculated using the ratio of the mean
intensity of low stringency to high stringency. Figures 6C,D
shows a higher AQP4 polarity after MSC treatment in the cortex
and hippocampus than in the RHRSP group.

Activation of Microglia and Astrocytes
Figure 7 shows the activation state of microglia and astrocytes
in the three groups. Obvious activation and proliferation of the
microglia and astrocytes in the cortex and hippocampus were
found in the RHRSP group rats compared with those in the
sham-operated group rats, treatment with MSCs inhibited the
aforementioned reaction.

Phenotype Distribution of Microglia and
Astrocytes
The study next explored the presence of M1 microglia (Iba-
1/iNOS positive cells) and M2 microglia (Iba-1/Arg-1 positive
cells) in the hippocampus and found that MSC- treated rats had
significantly fewer Iba-1/iNOS -positive cells (Figures 8A,E) and
more Iba-1/Arg-1-positive cells than RHRSP rats (Figures 8B,F).
Also, C3-positive astrocytes (a marker of A1 astrocytes) were
obviously fewer in the RHRSP + MSC group than in the
RHRSP group (Figures 8C,G). On the contrary, the RHRSP
rats administered MSCs had a significantly higher number
of S100A10-positive astrocytes (a marker of A2 astrocytes)
compared with the RHRSP rats (Figures 8D,H).

Expression of Cytokines
Figure 9 shows the expression of inflammatory and anti-
inflammatory mediators derived from M1/M2 microglia in the
hippocampus. Higher expression of the inflammatory mediators
IL-1β and IFN-γ and lower expression of anti-inflammatory
mediators TGF-β1 and IL-10 were found in RHRSP group, while
the two kinds of factors were down regulated and up regulated,
respectively, following MSCs treatment.

Expression of pSTAT6 and Cytokines After
AS1517499 Intervention
The study also evaluated M1- and M2-related inflammatory and
anti-inflammatory mediators in the RHRSP, MSC, and MSC +

AS1517499 groups. TheMSC group showed a significant increase
in pSTAT6 expression compared with the RHRSP group, and
the MSC + AS1517499 inhibited the increase in pSTAT6 caused
by MSCs. Moreover, MSC + AS1517499 reversed the increase
in the levels of M2-related anti-inflammatory cytokines and the
decrease in the levels of M1-related anti-inflammatory cytokines
regulated by MSCs (Figure 10).

DISCUSSION

The present study used RHRSP rats to determine the effects of
MSCs on the cognitive impairment and Aβ deposition in the
brain of CSVD. In the RHRSP rats, significant spatial cognitive
impairment, white matter lesions (WMLs) and Aβ deposition
were detected. MSCs effectively improved the cognition and
reduced Aβ deposition despite no improvement in WMLs.
MSCs also significantly restored AQP4 polarity and alleviated
neuroinflammation by regulating the phenotypic distribution
of glial cells. Therefore, this study provided evidence of the
effectiveness of MSCs against plaque deposition and cognitive
impairment CSVD rats, suggesting the potential therapeutic
effect of MSCs on CSVD.

Aβ deposition is one of the important causes of cognitive
decline and is associated with neurodegenerative diseases,
especially AD. It is increasingly found to be associated with
age-related cerebral vascular diseases. Previous studies proposed
that cerebrovascular injury was a major risk factor for AD
dementia (Arvanitakis et al., 2016). It has been suggested that
the dysfunction of efflux transport at the BBB causes the
accumulation of Aβ in AD, leading to progressive cognitive
dysfunction. On the other hand, influx of neurotoxic cell
fragments results in inflammatory responses (van Assema et al.,
2012).CSVD is a kind of cerebrovascular disease highly correlated
with aging. Besides vascular Aβ lesions found in CAA, an
association between Aβ and CSVD has been reported in
many studies. Liu et al. found that serum Aβ42 combined
with the CSVD score could predict cognitive impairment in
patients with CSVD (Liu et al., 2021). An 8-year longitudinal
study suggested that Aβ positivity in amyloid PET was an
independent predictor of functional disability regardless of the
occurrence of stroke in patients with subcortical VCI (Kang
et al., 2022). The present study showed the deposition of Aβ

in the brain of rats with CSVD, which was consistent with
clinical findings. Many studies suggested that the intravenously
injected stem cells could cross the blood-brain barrier and
migrate to the lesion, thus inducing nerve regeneration,
re-myelination and immune regulation. In particular, they
reduced neuroinflammation and Aβ deposition (Urdzíková
et al., 2014; Lykhmus et al., 2019). This study found that
MSCs reduced Aβ deposition, thus providing new ideas that
MSC intervention could alleviate Aβ deposition and cognitive
impairment in CSVD.
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FIGURE 4 | Effects of MSCs on Aβ1-42 accumulation. (A) Immunofluorescent staining of Aβ1–42 in three groups. (B,C) Quantification of Aβ1–42 fluorescence

intensity in the cortex and hippocampus (***P < 0.001, vs. sham-operated group; #P < 0.05, vs. RHRSP group; n = 6/group). scale bar = 50µm. *P < 0.05, vs.

sham-operated group.

FIGURE 5 | Effects of MSCs on AQP4 expression. (A) Immunofluorescent staining of AQP4 in the cortex and hippocampus. (B,C) Quantification of the fluorescence

intensity of AQP4 in the cortex and hippocampus (*P < 0.05, **P < 0.01, vs. sham-operated group; #P < 0.05, ##P < 0.01, vs. RHRSP group; n = 6/group). scale

bar = 50µm.
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FIGURE 6 | Effects of MSCs on AQP4 polarity. (A) Representative images of AQP4 polarity in three groups. (B) The sample images of low-stringency and

high-stringency of AQP4, thus received the “AQP4 polarity”, which is the ratio of the mean intensity of low-stringency to high-stringency. (C,D) Quantification of the

AQP4 polarity in the cortex and hippocampus (**P < 0.01, vs. sham-operated group, #P < 0.05, ##P < 0.01, vs. RHRSP group; n = 6/group). scale bar = 25µm.
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FIGURE 7 | Effects of MSCs treatment on the activation of microglia and astrocytes. (A,D) Representative images of immunofluorescence staining of Iba-1 and GFAP

in the cortex and hippocampus. (B,C,E,F) Quantification of immunofluorescence staining for Iba-1 and GFPAP in the cortex and hippocampus (*P < 0.05, **P < 0.01,

vs. sham-operated group; #P < 0.05, ##P < 0.01, vs. RHRSP group; n = 6/group). scale bar = 50µm.

Although Aβ decreased after treatment, no significant
improvement was found in WMLs. The pathogenesis of WMLs
is still unclear. The most possible pathogenic factor is BBB
destruction; in addition, there are oxidative stress, immune
inflammation, and impaired cerebral blood flow automatic

regulation (Lin et al., 2017). The permeation of toxic substances
including Aβ may also be involved in the formation of WMLs
(Zhang et al., 2019; McAleese et al., 2021). At present, the
temporal and spatial changes in Aβ and WML expression in the
brain and the mechanism of promoting cognitive decline are
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FIGURE 8 | Effects of MSCs treatment on the phenotype distribution of microglia and astrocytes. (A–D) Double immunofluorescence staining of Iba-1/iNOS-positive

M1 microglia, Iba-1/Arg-1-positive M2 microglia, GFAP/C3-positive A1 astrocytes and GFAP/S100A10-positive A2 astrocytes in hippocampus. (E–H) Representative

quantification showing that MSC significantly decreased the number of M1, A1 cells and increased the number of M2, A2 cells in hippocampus. (**P < 0.01, vs.

Sham-operated group, ##P < 0.01, vs. RHRSP group; n = 6/group). scale bar = 50µm.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 May 2022 | Volume 14 | Article 883503

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. MSCs on Vascular Cognitive Impairment

FIGURE 9 | Effects of MSCs treatment on the expression of cytokines in the hippocampus. (A) Representative images of western blot analysis of TGF-β1, IL-10,

IFN-γ, IL-1β and α-tubulin in the hippocampus in three groups. (B–E) Quantification of the relative protein expression levels of TGF-β1, IL-10, IFN-γ, IL-1β. (*P < 0.05,

vs. sham-operated group, #P < 0.05, vs. RHRSP group; n = 6/group).

rarely reported. The present study found that MSC treatment
reversed Aβ deposition, but not WMLs, which indirectly
explained the complexity of the formation of WMLs. Thus, it
was hypothesized that the aggregation of Aβ was an important
segment in the development of WMLs, but the formation of
WMLsmight be the result of a combination ofmany other factors
and predated Aβ aggregation. This finding suggested that the
dynamic change inWMLs and Aβ deposition should be observed
in future studies.

Aβ accumulation in the brain is due to the imbalance
between its production and clearance. Aβ clearance has been
thought to be associated with the dysfunction of glymphatic
system (Rasmussen et al., 2018). The glymphatic system in the
brain plays an indispensable role in clearing waste products,
and is responsible for a substantial part of the total Aβ

clearance during sleep (Xie et al., 2013). The paravascular
material exchange, mainly through cerebrospinal fluid (CSF) and
interstitial fluid (ISF), is supported by the astrocytes involving
AQP4 (Kress et al., 2014), which normally localizes to the
perivascular astrocytic end feet. The knockout of AQP4 is
known to significantly affect the clearance process, which gets
aggravated when accompanied by neuroinflammation and the
failure of perivascular AQP4 polarization (Iliff et al., 2012). The
polarity of AQP4 refers to AQP4 located in the astrocyte foot,
but astrocytes dysfunction, such as activation, leads to AQP4
redistribution to the astrocyte body. As a result, the clearance

of brain metabolic waste gets blocked (Heppner et al., 2015).
The present study showed thatAQP4 polarization was lost, and
more AQP4 was redistributed from the foot processes to the
cell body in CSVD rats. However, AQP4 expression significantly
increased in the brains of RHRSP rats, which was consistent
with the findings of several studies related to chronic cerebral
hypoperfusion. It was probably related to astrocyte edema after
ischemia (Manley et al., 2000). This study demonstrated that
MSCs effectively downregulated AQP4 expression and restored
AQP4 polarization, thus relieving cerebral edema and promoting
Aβ clearance.

Neuroinflammation, known as glial cell activation, releases
inflammatory cytokines that are thought to be partly responsible
for cognitive impairment (Singh and Abraham, 2017). It usually
begins with the activation of microglia and is considered to
be closely associated with neurodegenerative disorders such
as AD, PD, and multiple sclerosis (Lucin and Wyss-Coray,
2009; Huang et al., 2015; Subedi et al., 2017; Li et al., 2019;
Thawkar and Kaur, 2019). It is usually accompanied by Aβ

deposition because Aβ can activate microglia. Studies have
shown that Aβ42 can increase the expression of M1-type
markers and decrease the expression of M2-type markers in
microglia cultured in vitro(Cheyuo et al., 2012).Meanwhile,
the activated glial cells secrete a variety of inflammatory
factors, which cause tissue damage and further aggravate the
accumulation of Aβ. Thus, the inhibition of inflammatory
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FIGURE 10 | Effects of AS1517499 on the expression of STAT6, pSTAT6 and cytokines in the hippocampus after AS1517499 acquisition. (A) Representative images

of western blot analysis of STAT6, pSTAT6 and α-tubulin. (B,C) Quantification of the relative protein expression levels of STAT6 and pSTAT6. (D) Representative

images of western blot analysis of cytokines in the hippocampus in three groups after AS1517499 acquisition. (E–H) Quantification of the relative protein expression

levels of TGF-β1, IL-10, IL-1β and IFN-γ. (*P < 0.05, vs. sham-operated group, #P < 0.05, vs. RHRSP group; n = 6/group).

response can relieve the severity of such neurodegenerative
diseases (Vlad et al., 2008). Later, Rosenberg (2017) put forward
that chronic hypertension could lead to neuroinflammation.
The present study revealed the phenomenon in the CSVD rats
as well. Activated microglia consists of two types: M1 and
M2 (Allendorf et al., 2020). M1 microglia produces various
pro-inflammatory factors, such as IL-1β, TNF-α, and IFN-γ,
and promotes the inflammatory process (Gupta et al., 2018).
However, M2 microglia release anti-inflammatory cytokines,
such as IL-10 and TGF-β, engulf damaged cell fragments,
and promote tissue restoration and neuron regeneration (Liu
et al., 2019).In analogy with the “M1”/ “M2” microglia(Martinez
and Gordon, 2014; Heppner et al., 2015), two types of
activated astrocytes exist, which are termed “A1” (neurotoxic
phenotype) and “A2” (neuroprotective phenotype), respectively
in the case of neuroinflammation. Importantly, a recent
study uncovered the decisive effect of reactive microglia on
astrocyte polarization (Liddelow et al., 2017), confirming that
the neurotoxic phenotype, A1 astrocytes were motivated by
activated neuroinflammatory microglia. Similarly, A1 astrocytes
significantly upregulated the intensity of complement cascade
shown to be destructive to synapses, while A2 astrocytes
upregulated many neurotrophic factors. In this study, the
infusion of MSCs significantly attenuated the activation of
microglia and astrocytes. Furthermore, it downregulated the
M1/A1 phenotype and upregulated the M2/A2 phenotype in
RHRSP rats, reduced inflammatory cytokine production that

was M1-related and promoted the expression of M2-related
anti-inflammatory cytokines. The possible reasons were that
the reduction of MSC-induced Aβ reduced the conversion of
microglia into M1, and MSCs might also be directly involved in
regulating the glial cell phenotype.

The STAT family is involved in regulating the functional
status of microglia/macrophages; the STAT6 signaling pathway
appears to induce the transformation of macrophages into an
anti-inflammatory phenotype (Brunn et al., 2014; Hu et al.,
2015). The knockout of STAT6 has been found to result in the
dysfunction of dead neuron clearance and increased expression
of pro-inflammatory factors in mice with cerebral ischemia (Cai
et al., 2019). Thus, the present study investigated the relationship
between inflammatory cytokines and pSTAT6 to explore the
mechanism underlying the neural immunomodulatory functions
of MSCs. We discovered that MSCs could regulate the
expression of inflammatory cytokines by activating the STAT6
signaling pathway while the pharmacological inhibitor of
pSTAT6 (AS1517499) suppressed the effect, suggesting that
pSTAT6 played a crucial role in the immunomodulatory process
of MSCs.

In conclusion, this study showed the cognitive impairment
and Aβ deposition in CSVD rats. MSC treatment improved
the cognition and reduced Aβ accumulation despite no
WML improvement, possibly in part through restoration
of AQP4 polarity and alleviation of neuroinflammation.
Furthermore, MSCs might regulate the microglia phenotype
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by activating the STAT6 signaling pathway to further
relieve neuroinflammation.

A limitation of this study was that it used young rather
than aged animals. The cognitive impairment and neuroimaging
and pathological changes, except the aging of human CSVD,
were better simulated in the chronic hypertensive rats (Fan Y.
L. et al., 2015; Lan et al., 2015). Aging is an independent risk
factor for stroke, and studies suggested that the self-regulation
of cerebral blood flow might be altered with age (Wollner et al.,
1979; Lartaud et al., 1993). Moreover, the incidence and imaging
markers of CSVD increased with aging (Mu et al., 2022). Despite
its importance, it is difficult to replicate the factor in rats because
of their harder feeding and longer life span compared with
mice. Therefore, it has always been a difficult problem in the
animal research of CSVD. We will explore a more appropriate
animal model of CSVD combined with the factor of aging in
future studies.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by
the Animal Research Ethics Committee at Sun
Yat-sen University.

AUTHOR CONTRIBUTIONS

XL, ZP, and YF designed the research. XL, FO, LH, PS, JY, YS,ML,
and LL performed the experiments. XL drafted the manuscript.
All authors approved the final version of the manuscript.

FUNDING

This study was supported by the grants from the Guangzhou
Science and Technology Program Key Project (No.
202007030010), National Natural Science Foundation of
China (No. 82071294), Guangzhou Municipal Science
and Technology Project (No. 202002030073), Guangdong
Provincial Key Laboratory of Diagnosis and Treatment
of Major Neurological Diseases (No. 2020B1212060017),
Guangdong Provincial Clinical Research Center for Neurological
Diseases (No. 2020B1111170002), the Southern China
International Cooperation Base for Early Intervention and
Functional Rehabilitation of Neurological Diseases (Nos.
2015B050501003 and 2020A0505020004), and Guangdong
Provincial Engineering Center for Major Neurological Disease
Treatment, and Guangdong Provincial Translational Medicine
Innovation Platform for Diagnosis and Treatment of Major
Neurological Disease.

ACKNOWLEDGMENTS

We are greatful to Prof. Qingling Fu who provided help on the
process of MSCs culture.

REFERENCES

Abbott, N. J., M. E., Pizzo, J. E., Preston, D., and Janigro, and, R. G., Thorne (2018).
The role of brain barriers in fluid movement in the CNS: is there a ’glymphatic’
system? Acta. Neuropathol. 135, 387–407. doi: 10.1007/s00401-018-1812-4

Allendorf, D. H., M., and Puigdellívol, and Brown, G. C. (2020). Activated
microglia desialylate their surface, stimulating complement receptor 3-
mediated phagocytosis of neurons. Glia. 68, 989–998. doi: 10.1002/glia.23757

Arbel-Ornath, M., Hudry, E., Eikermann-Haerter, K., Hou, S., Gregory, J. L.,
Zhao, L., et al. (2013). Interstitial fluid drainage is impaired in ischemic
stroke and Alzheimer’s disease mousemodels.Acta. Neuropathol. 126, 353–364.
doi: 10.1007/s00401-013-1145-2

Arvanitakis, Z., Capuano, A. W., Leurgans, S. E., Bennett, D. A., and Schneider, J.
A. (2016). Relation of cerebral vessel disease to Alzheimer’s disease dementia
and cognitive function in elderly people: a cross-sectional study. Lancet Neurol.
15, 934–943. doi: 10.1016/S1474-4422(16)30029-1

Barati, S., Kashani, I. R., and Tahmasebi, F. (2022). The effects of
mesenchymal stem cells transplantation on A1 neurotoxic reactive
astrocyte and demyelination in the cuprizone model. J Mol Histol.
doi: 10.1007/s10735-021-10046-6

Barrientos, R. M., Kitt, M. M., Watkins, L. R., and Maier, S. F. (2015).
Neuroinflammation in the normal aging hippocampus. Neuroscience. 309:
84–99. doi: 10.1016/j.neuroscience.2015.03.007

Brunn, A., M., Mihelcic, M., Carstov, L., Hummel, F., Geier, A., et al.
(2014). IL-10, IL-4, and STAT6 promote an M2 milieu required for
termination of P0(106-125)-induced murine experimental autoimmune
neuritis. Am. J. Pathol. 184(10): 2627–2640. doi: 10.1016/j.ajpath.2014.
06.012

Cai, W., Dai, J., Chen, J., Zhao, M., Xu, L., Zhang, X., et al. (2019). STAT6/Arg1
promotes microglia/macrophage efferocytosis and inflammation resolution in
stroke mice. JCI Insight. 4. doi: 10.1172/jci.insight.131355

Cai, Y., Qiu, B., Liao, M., Liu, X., Lin, J., Lan, L., et al. (2020). Intermittent theta
burst stimulation improves the spatial cognitive function of rats with chronic
hypertension-induced cerebral small vessel disease. Neuroscience. 437, 98–106.
doi: 10.1016/j.neuroscience.2020.04.029

Cheyuo, C., Jacob, R., Wu, M., Zhou, L., Qi, W., Dong, A., et al. (2012).
Recombinant human MFG-E8 attenuates cerebral ischemic injury: its role
in anti-inflammation and anti-apoptosis. Neuropharmacology. 62, 890–900.
doi: 10.1016/j.neuropharm.2011.09.018

Fan, Y., Yang, X., Tao, Y., Lan, L., Zheng, L., and Sun, J. (2015).
Tight junction disruption of blood-brain barrier in white matter
lesions in chronic hypertensive rats. Neuroreport. 26, 1039–1043.
doi: 10.1097/WNR.0000000000000464

Fan, Y. L., Lan, L., Zheng, X., Ji, J., Lin, J., Zeng, et al. (2015). Spontaneous
white matter lesion in brain of stroke-prone renovascular hypertensive rats:
a study from MRI, pathology and behavior. Metab. Brain Dis. 30, 1479–1486.
doi: 10.1007/s11011-015-9722-9

Gao, S., Mao, F., Zhang, B., Zhang, L., Zhang, X., Wang, M., et al. (2014).
Mouse bone marrow-derived mesenchymal stem cells induce macrophage
M2 polarization through the nuclear factor-κB and signal transducer and
activator of transcription 3 pathways. Exp. Biol. Med. (Maywood). 239, 366–375.
doi: 10.1177/1535370213518169

Gao, W. X., Sun, Y. Q., Shi, J., Li, C. L., Fang, S. B., Wang, D., et al. (2017).
Effects of mesenchymal stem cells from human induced pluripotent stem cells
on differentiation, maturation, and function of dendritic cells. Stem Cell Res.

Ther, 8, 48. doi: 10.1186/s13287-017-0499-0
Garcia-Alloza, M., Borrelli, L. A., Thyssen, D. H., Hickman, S. E., El Khoury,

J., and Bacskai, B. J. (2013). Four-dimensional microglia response to anti-
Aβ treatment in APP/PS1xCX3CR1/GFP mice. Intravital. 2. doi: 10.4161/intv.
25693

Gogoleva, V. S., Drutskaya, M. S., and Atretkhany, K. S. (2019).
The role of microglia in the homeostasis of the central nervous

Frontiers in Aging Neuroscience | www.frontiersin.org 14 May 2022 | Volume 14 | Article 883503

https://doi.org/10.1007/s00401-018-1812-4
https://doi.org/10.1002/glia.23757
https://doi.org/10.1007/s00401-013-1145-2
https://doi.org/10.1016/S1474-4422(16)30029-1
https://doi.org/10.1007/s10735-021-10046-6
https://doi.org/10.1016/j.neuroscience.2015.03.007
https://doi.org/10.1016/j.ajpath.2014.06.012
https://doi.org/10.1172/jci.insight.131355
https://doi.org/10.1016/j.neuroscience.2020.04.029
https://doi.org/10.1016/j.neuropharm.2011.09.018
https://doi.org/10.1097/WNR.0000000000000464
https://doi.org/10.1007/s11011-015-9722-9
https://doi.org/10.1177/1535370213518169
https://doi.org/10.1186/s13287-017-0499-0
https://doi.org/10.4161/intv.25693
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. MSCs on Vascular Cognitive Impairment

system and neuroinflammation. Mol Biol (Mosk). 53, 790–798.
doi: 10.1134/S0026893319050054

Gorelick, P. B., Scuteri, A., Black, S. E., Decarli, C., Greenberg, S. M., Iadecola,
C., et al. (2011). Vascular contributions to cognitive impairment and
dementia: a statement for healthcare professionals from the american
heart association/american stroke association. Stroke. 42, 2672–2713.
doi: 10.1161/STR.0b013e3182299496

Gupta, N., Shyamasundar, S., Patnala, R., Karthikeyan, A., Arumugam, T. V., Ling,
E. A., et al. (2018). Recent progress in therapeutic strategies for microglia-
mediated neuroinflammation in neuropathologies. Expert Opin. Ther. Targets.
22, 765–781. doi: 10.1080/14728222.2018.1515917

Hachinski, V. (2015). Stroke and potentially preventable dementias
proclamation: updated world stroke day proclamation. Stroke. 46, 3039–3040.
doi: 10.1161/STROKEAHA.115.011237

Hama, H., Hioki, H., Namiki, K., Hoshida, T., Kurokawa, H., Ishidate F., et al.
(2015). ScaleS: an optical clearing palette for biological imaging. Nat Neurosci.
18, 1518–1529. doi: 10.1038/nn.4107

Hardy, J., and Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science. 297, 353–356.
doi: 10.1126/science.1072994

He, X. F., D. X., Liu, Q., Zhang, F. Y., Liang, G. Y., Dai, J. S., et al. (2017).
Voluntary exercise promotes glymphatic clearance of amyloid beta and reduces
the activation of astrocytes and microglia in aged mice. Front. Mol. Neurosci.

10, 144. doi: 10.3389/fnmol.2017.00144
Heppner, F. L., Ransohoff, R. M., and Becher, B. (2015). Immune attack: the

role of inflammation in Alzheimer disease. Nat Rev Neurosci. 16, 358–372.
doi: 10.1038/nrn3880

Hu, X., Leak, R. K., Shi, Y., Suenaga, J., Gao, Y., Zheng, P., et al. (2015).
Microglial and macrophage polarization—new prospects for brain repair. Nat.
Rev. Neurol. 11, 56–64. doi: 10.1038/nrneurol.2014.207

Huang, Y. N., Ho, Y. J., Lai, C. C., Chiu, C. T., and Wang, J. Y.
(2015). 1,25-Dihydroxyvitamin D3 attenuates endotoxin-induced
production of inflammatory mediators by inhibiting MAPK activation
in primary cortical neuron-glia cultures. J. Neuroinflammation. 12, 147.
doi: 10.1186/s12974-015-0370-0

Iliff, J. J., H., Lee, M., Yu, T., Feng, J., Logan, M., et al. (2013). Brain-wide pathway
for waste clearance captured by contrast-enhanced MRI. J Clin Invest123(3):
1299–1309. doi: 10.1172/JCI67677

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012).
A paravascular pathway facilitates CSF flow through the brain parenchyma and
the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4,
147ra111. doi: 10.1126/scitranslmed.3003748

Inzitari, D., G., Pracucci, A., Poggesi, G., Carlucci, F., Barkhof, H., et al. (2009).
Changes in white matter as determinant of global functional decline in older
independent outpatients: three year follow-up of LADIS (leukoaraiosis and
disability) study cohort. BMJ. 339, b2477. doi: 10.1136/bmj.b2477

Kang, S. H., S. Y., Woo, S., Kim, J. P., Kim, H., Jang, S. B., et al. (2022). Independent
effects of amyloid and vascular markers on long-term functional outcomes: an
8-year longitudinal study of subcortical vascular cognitive impairment. Eur. J.
Neurol. 29, 413–421. doi: 10.1111/ene.15159

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M.,
and Lamb, B. T. (2018). Inflammation as a central mechanism in Alzheimer’s
disease. Alzheimers Dement. (N Y). 4, 575–590. doi: 10.1016/j.trci.2018.06.014

Kress, B. T., Iliff, J. J., Xia, M., Wang, M., Wei, H. S., Zeppenfeld, D., et al. (2014).
Impairment of paravascular clearance pathways in the aging brain.Ann. Neurol.
76, 845–861. doi: 10.1002/ana.24271

Lan, L. F., Zheng, L., Yang, X., Ji, X. T., Fan, Y. H., and Zeng, J. S. (2015).
Peroxisome proliferator-activated receptor-γ agonist pioglitazone ameliorates
white matter lesion and cognitive impairment in hypertensive rats. CNS

Neurosci. Ther. 21, 410–416. doi: 10.1111/cns.12374
Lartaud, I., Bray-des-Boscs, L., Chillon, J. M., Atkinson, J., and Capdeville-

Atkinson, C. (1993). In vivo cerebrovascular reactivity in Wistar and
Fischer 344 rat strains during aging. Am. J. Physiol. 264, H851–858.
doi: 10.1152/ajpheart.1993.264.3.H851

Li, Q., Liu, D., Pan, F., Ho, C. S. H., and Ho, R. C. M. (2019). Ethanol exposure
induces microglia activation and neuroinflammation through TLR4 activation
and SENP6 modulation in the adolescent rat hippocampus.Neural. Plast. 2019,
1648736. doi: 10.1155/2019/1648736

Liddelow, S. A., K. A., Guttenplan, L. E., Clarke, F. C., Bennett, C. J., Bohlen, L.,
et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia.
Nature. 541, 481–487. doi: 10.1038/nature21029

Lin, J., Wang, D., Lan, L., and Fan, Y. (2017). Multiple factors involved in
the pathogenesis of white matter lesions. Biomed. Res. Int. 2017, 9372050.
doi: 10.1155/2017/9372050

Liu, J., Zhao, W., Gui, Q., Zhang, Y., Guo Z., and Liu, W. (2021). Addition of
Aβ(42) to total cerebral small vessel disease score improves the prediction for
cognitive impairment in cerebral small vessel disease patients. Neuropsychiatr
Dis. Treat. 17, 195–201. doi: 10.2147/NDT.S289357

Liu, X., J., Liu, S., Zhao, H., Zhang, W., Cai, M., et al. (2016).
Interleukin-4 is essential for microglia/macrophage m2 polarization
and long-term recovery after cerebral ischemia. Stroke. 47, 498–504.
doi: 10.1161/STROKEAHA.115.012079

Liu, Y., R., Zeng, Y., Wang,W., Huang, B., Hu, G., et al. (2019). Mesenchymal stem
cells enhance microglia M2 polarization and attenuate neuroinflammation
through TSG-6. Brain Res. 1724, 146422. doi: 10.1016/j.brainres.2019.146422

Lucin, K. M., and Wyss-Coray, T. (2009). Immune activation in brain aging
and neurodegeneration: too much or too little? Neuron. 64, 110–122.
doi: 10.1016/j.neuron.2009.08.039

Lykhmus, O., L., Koval, L., Voytenko, K., Uspenska, S., Komisarenko, O., et al.
(2019). Intravenously injected mesenchymal stem cells penetrate the brain and
treat inflammation-induced brain damage and memory impairment in mice.
Front. Pharmacol. 10, 355. doi: 10.3389/fphar.2019.00355

Manley, G. T., Fujimura, M., Ma, T., Noshita, N., Filiz, F., Bollen, A. W., et al.
(2000). Aquaporin-4 deletion in mice reduces brain edema after acute water
intoxication and ischemic stroke. Nat Med. 6, 159–163. doi: 10.1038/72256

Martinez, F. O., and Gordon, S. (2014). The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 6, 13. doi: 10.12703/P6-13

McAleese, K. E., Miah, M., Graham, S., Hadfield, G. M., Walker, L., Johnson, M.,
et al. (2021). Frontal white matter lesions in Alzheimer’s disease are associated
with both small vessel disease and AD-associated cortical pathology. Acta.
Neuropathol. 142, 937–950. doi: 10.1007/s00401-021-02376-2

Mestre, H., Kostrikov, S., Mehta, R. I., and Nedergaard, M. (2017). Perivascular
spaces, glymphatic dysfunction, and small vessel disease. Clin Sci (Lond). 131,
2257–2274. doi: 10.1042/CS20160381

Mortensen, K. N., Sanggaard, S., Mestre, H., Lee, H., Kostrikov, S., Xavier,
A. L. R., et al. (2019). Impaired glymphatic transport in spontaneously
hypertensive rats. J. Neurosci. 39, 6365–6377. doi: 10.1523/JNEUROSCI.1974-
18.2019

Mu, R., Qin, X., Guo, Z., Meng, Z., Liu, F., Zhuang, Z., et al. (2022). Prevalence and
consequences of cerebral small vessel diseases: a cross-sectional study based on
community people plotted against 5-year age strata. Neuropsychiatr Dis. Treat.
18, 499–512. doi: 10.2147/NDT.S352651

Nedergaard, M., and Goldman, S. A. (2016). Brain drain. Sci. Am. 314, 44–49.
doi: 10.1038/scientificamerican0316-44

Onda, T., Honmou, O., Harada, K., Houkin, K., Hamada, H., and Kocsis,
J. D. (2008). Therapeutic benefits by human mesenchymal stem cells
(hMSCs) and Ang-1 gene-modified hMSCs after cerebral ischemia.
J. Cereb. Blood Flow Metab. 28, 329–340. doi: 10.1038/sj.jcbfm.960
0527

Pantoni, L. (2010). Cerebral small vessel disease: from pathogenesis and
clinical characteristics to therapeutic challenges. Lancet Neurol. 9, 689–701.
doi: 10.1016/S1474-4422(10)70104-6

Perosa, V., Oltmer, J., Munting, L. P., Freeze, W. M., Auger, C. A., Scherlek, A. A.,
et al. (2022). Perivascular space dilation is associated with vascular amyloid-
β accumulation in the overlying cortex. Acta. Neuropathol. 143, 331–348.
doi: 10.1007/s00401-021-02393-1

Qin, H., Holdbrooks, A. T., Liu, Y., Reynolds, S. L., Yanagisawa, L.
L., and Benveniste, E. N. (2012). SOCS3 deficiency promotes M1
macrophage polarization and inflammation. J. Immunol. 189, 3439–3448.
doi: 10.4049/jimmunol.1201168

Rasmussen, M. K., Mestre, H., and Nedergaard, M. (2018). The glymphatic
pathway in neurological disorders. Lancet Neurol. 17, 1016–1024.
doi: 10.1016/S1474-4422(18)30318-1

Rosenberg, G. A. (2017). Extracellular matrix inflammation in vascular
cognitive impairment and dementia. Clin Sci (Lond). 131, 425–437.
doi: 10.1042/CS20160604

Frontiers in Aging Neuroscience | www.frontiersin.org 15 May 2022 | Volume 14 | Article 883503

https://doi.org/10.1134/S0026893319050054
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1080/14728222.2018.1515917
https://doi.org/10.1161/STROKEAHA.115.011237
https://doi.org/10.1038/nn.4107
https://doi.org/10.1126/science.1072994
https://doi.org/10.3389/fnmol.2017.00144
https://doi.org/10.1038/nrn3880
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1186/s12974-015-0370-0
https://doi.org/10.1172/JCI67677
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1136/bmj.b2477
https://doi.org/10.1111/ene.15159
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1002/ana.24271
https://doi.org/10.1111/cns.12374
https://doi.org/10.1152/ajpheart.1993.264.3.H851
https://doi.org/10.1155/2019/1648736
https://doi.org/10.1038/nature21029
https://doi.org/10.1155/2017/9372050
https://doi.org/10.2147/NDT.S289357
https://doi.org/10.1161/STROKEAHA.115.012079
https://doi.org/10.1016/j.brainres.2019.146422
https://doi.org/10.1016/j.neuron.2009.08.039
https://doi.org/10.3389/fphar.2019.00355
https://doi.org/10.1038/72256
https://doi.org/10.12703/P6-13
https://doi.org/10.1007/s00401-021-02376-2
https://doi.org/10.1042/CS20160381
https://doi.org/10.1523/JNEUROSCI.1974-18.2019
https://doi.org/10.2147/NDT.S352651
https://doi.org/10.1038/scientificamerican0316-44
https://doi.org/10.1038/sj.jcbfm.9600527
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1007/s00401-021-02393-1
https://doi.org/10.4049/jimmunol.1201168
https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.1042/CS20160604
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. MSCs on Vascular Cognitive Impairment

Saito, S., and Ihara, M. (2016). Interaction between cerebrovascular
disease and Alzheimer pathology. Curr. Opin. Psychiatry. 29, 168–173.
doi: 10.1097/YCO.0000000000000239

Saito, T., and Saido, T. C. (2018). Neuroinflammation in mouse
models of Alzheimer’s disease. Clin. Exp. Neuroimmunol. 9, 211–218.
doi: 10.1111/cen3.12475

Sasaki, M., Honmou, O., and Kocsis, J. D. (2009). A rat middle cerebral artery
occlusion model and intravenous cellular delivery. Methods Mol. Biol. 549,
187–195. doi: 10.1007/978-1-60327-931-4_13

Selkoe, D. J. (2003). Aging, amyloid, and Alzheimer’s disease: a
perspective in honor of Carl Cotman. Neurochem Res. 28, 1705–1713.
doi: 10.1023/A:1026065122854

Sica, A., and Bronte, V. (2007). Altered macrophage differentiation and
immune dysfunction in tumor development. J. Clin. Invest. 117, 1155–1166.
doi: 10.1172/JCI31422

Singh, A., and Abraham, W. C. (2017). Astrocytes and synaptic plasticity in health
and disease. Exp. Brain Res. 235, 1645–1655. doi: 10.1007/s00221-017-4928-1

Subedi, L., Ji, E., Shin, D., Jin, J., Yeo J. H., and Kim, S. Y. (2017). Equol, a
dietary daidzein gut metabolite attenuates microglial activation and potentiates
neuroprotection in vitro. Nutrients. 9. doi: 10.3390/nu9030207

Suzuki, J., Sasaki, M., Harada, K., Bando,M., Kataoka, Y., Onodera, R., et al. (2013).
Bilateral cortical hyperactivity detected by fMRI associates with improved
motor function following intravenous infusion of mesenchymal stem cells in
a rat stroke model. Brain Res. 1497, 15–22. doi: 10.1016/j.brainres.2012.12.028

Sweeney, M. D., Sagare, A. P., and Zlokovic, B. V. (2018). Blood-brain barrier
breakdown in Alzheimer disease and other neurodegenerative disorders. Nat
Rev Neurol. 14, 133–150. doi: 10.1038/nrneurol.2017.188

Tang, J., W., Xiao, Q., Li, Q., Deng, X., Chu, Y., et al. (2015). A cyclooxygenase-2
inhibitor reduces vascular wall thickness and ameliorates cognitive impairment
in a cerebral small vessel diseases rat model. Curr. Alzheimer Res. 12, 704–710.
doi: 10.2174/1567205012666150710104924

Thawkar, B. S., and Kaur, G. (2019). Inhibitors of NF-κB and
P2X7/NLRP3/Caspase 1 pathway in microglia: Novel therapeutic
opportunities in neuroinflammation induced early-stage Alzheimer’s disease. J.
Neuroimmunol. 326, 62–74. doi: 10.1016/j.jneuroim.2018.11.010

Urdzíková, L. M., RuŽička, J., LaBagnara, M., Kárová, K., Kubinová, Š., Jiráková,
K., et al. (2014). Human mesenchymal stem cells modulate inflammatory
cytokines after spinal cord injury in rat. Int. J. Mol. Sci. 15, 11275–11293.
doi: 10.3390/ijms150711275

van Assema, D. M., Lubberink, M., Bauer, M., van der Flier, W. M., Schuit, R. C.,
Windhorst, A. D., et al. (2012). Blood-brain barrier P-glycoprotein function in
Alzheimer’s disease. Brain. 135, 181–189. doi: 10.1093/brain/awr298

van Veluw, S. J., Shih, A. Y., Smith, E. E., Chen, C., Schneider, J. A.,
Wardlaw, J. M., et al. (2017). Detection, risk factors, and functional
consequences of cerebral microinfarcts. Lancet Neurol. 16, 730–740.
doi: 10.1016/S1474-4422(17)30196-5

Vlad, S. C., Miller, D. R., Kowall, N. W., and Felson, D. T. (2008). Protective
effects of NSAIDs on the development of Alzheimer disease. Neurology. 70,
1672–1677. doi: 10.1212/01.wnl.0000311269.57716.63

Vorhees, C. V., and Williams, M. T. (2006). Morris water maze: procedures for
assessing spatial and related forms of learning and memory. Nat. Protoc. 1,
848–858. doi: 10.1038/nprot.2006.116

Wang, D. P., Yin, Q., Lin, S. P., Fang, J. H., Shen, Wu, Y. F., et al.
(2019). Andrographolide enhances hippocampal BDNF signaling and
suppresses neuronal apoptosis, astroglial activation, neuroinflammation,

and spatial memory deficits in a rat model of chronic cerebral
hypoperfusion. Naunyn Schmiedebergs Arch. Pharmacol. 392, 1277–1284.
doi: 10.1007/s00210-019-01672-9

Wang, M., Iliff, J. J., Liao, Y., Chen, M. J., Shinseki, M. S., Venkataraman,
A., et al. (2012). Cognitive deficits and delayed neuronal loss in a
mouse model of multiple microinfarcts. J. Neurosci. 32, 17948–17960.
doi: 10.1523/JNEUROSCI.1860-12.2012

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., Frayne, R.,
et al. (2013). Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822–838.
doi: 10.1016/S1474-4422(13)70124-8

Washida, K., Ihara, K., Nishio, Y., Fujita, T., Maki, M., Yamada, M, et al.
(2010). Nonhypotensive dose of telmisartan attenuates cognitive impairment
partially due to peroxisome proliferator-activated receptor-gamma activation
in mice with chronic cerebral hypoperfusion. Stroke. 41, 1798–1806.
doi: 10.1161/STROKEAHA.110.583948

Wollner, L., McCarthy, S. T., Soper, N. D., and Macy, D. J. (1979). Failure of
cerebral autoregulation as a cause of brain dysfunction in the elderly. Br. Med.

J. 1, 1117–1118. doi: 10.1136/bmj.1.6171.1117
Wu, T. T., Su, F. J., Feng, Y. Q., Liu, B., Li, M. Y., Liang, F. Y., et al. (2020).

Mesenchymal stem cells alleviate AQP-4-dependent glymphatic dysfunction
and improve brain distribution of antisense oligonucleotides in BACHD mice.
Stem Cells. 38, 218–230. doi: 10.1002/stem.3103

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013).
Sleep drives metabolite clearance from the adult brain. Science. 342, 373–377.
doi: 10.1126/science.1241224

Xu, Z., Xiao, N., Chen, Y., Huang, H., Marshall, C., Gao, J., et al. (2015).
Deletion of aquaporin-4 in APP/PS1 mice exacerbates brain Aβ accumulation
and memory deficits. Mol Neurodegener. 10, 58. doi: 10.1186/s13024-015-0
056-1

Zeng, J., Zhang, Y., Mo, J., Su, Z., and Huang, R. (1998). Two-kidney, two clip
renovascular hypertensive rats can be used as stroke-prone rats. Stroke. 29,
1708–1713. 1713–1704. doi: 10.1161/01.STR.29.8.1708

Zhang, H. Y., Li, J., Guo, N., and Zhang, B. Y. (2019). Brain functions and unusual
β-amyloid accumulation in the hypertensive white matter lesions of rats. J. Biol.
Regul. Homeost Agents. 33, 1073–1084.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Liu, Ouyang, Hu, Sun, Yang, Sun, Liao, Lan, Pei and Fan.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 16 May 2022 | Volume 14 | Article 883503

https://doi.org/10.1097/YCO.0000000000000239
https://doi.org/10.1111/cen3.12475
https://doi.org/10.1007/978-1-60327-931-4_13
https://doi.org/10.1023/A:1026065122854
https://doi.org/10.1172/JCI31422
https://doi.org/10.1007/s00221-017-4928-1
https://doi.org/10.3390/nu9030207
https://doi.org/10.1016/j.brainres.2012.12.028
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.2174/1567205012666150710104924
https://doi.org/10.1016/j.jneuroim.2018.11.010
https://doi.org/10.3390/ijms150711275
https://doi.org/10.1093/brain/awr298
https://doi.org/10.1016/S1474-4422(17)30196-5
https://doi.org/10.1212/01.wnl.0000311269.57716.63
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1007/s00210-019-01672-9
https://doi.org/10.1523/JNEUROSCI.1860-12.2012
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1161/STROKEAHA.110.583948
https://doi.org/10.1136/bmj.1.6171.1117
https://doi.org/10.1002/stem.3103
https://doi.org/10.1126/science.1241224
https://doi.org/10.1186/s13024-015-0056-1
https://doi.org/10.1161/01.STR.29.8.1708
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Mesenchymal Stem Cells Improve Cognitive Impairment and Reduce Aβ Deposition via Promoting AQP4 Polarity and Relieving Neuroinflammation in Rats With Chronic Hypertension-Induced Cerebral Small-Vessel Disease
	Introduction
	Materials and Methods
	Experimental Animals
	Study Design
	Rat Model of RHRSP
	Culture of MSCs
	Intravenous Infusion of MSC/MSC + AS1517499
	Cognitive Tests
	Histological Evaluation of White Matter Lesions
	Immunofluorescence
	Western Blot Analysis
	Statistical Analysis

	Results
	Mortality and SBP
	Cognition Function
	White Matter Lesions
	Deposition of Aβ1–42
	Expression and Polarity Distribution of AQP4
	Activation of Microglia and Astrocytes
	Phenotype Distribution of Microglia and Astrocytes
	Expression of Cytokines
	Expression of pSTAT6 and Cytokines After AS1517499 Intervention

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


