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ABSTRACT

Background and purpose The inflammatory response
mediated by microglia/macrophages is closely related

to cerebral ischaemia/reperfusion injury. Wild-type p53-
induced protein phosphatase 1 (Wip1), a serine/threonine
phosphatase, is expressed in various tissues. A growing
number of reports have suggested that Wip1 is a negative
regulator of inflammation in peripheral tissue; however, its
role in the central nervous system (CNS) remains unclear.
This study aimed to clarify whether Wip1 can inhibit

CNS inflammation by regulating microglia/macrophage
functions after ischaemic injury.

Methods A model of middle cerebral artery occlusion and
reperfusion was established in mice. CNS inflammation
was simulated by lipopolysaccharide treatment of primary
microglia. Laser speckle imaging was used to monitor
regional cerebral blood flow. Behavioural outcomes

were assessed with a TreadScan gait analysis system.
TTC staining was used to evaluate the infarct volume,
and western blotting and immunofluorescence staining
were applied to detect the phenotypical transformation

of microglia. ELISA was performed to detect the levels of
inflammatory factors.

Results Wip1 expression was increased after ischaemia/
reperfusion. Wip1-knockout (KO) mice displayed more
severe brain injury than wild-type mice, as indicated

by aggravated motor dysfunction, greater brain infarct
volumes and higher expression of inflammatory cytokines
(interleukin-6 and tumour necrosis factor alpha) in the
brain. We also found that Wip1 depletion increased
microglial/macrophage activation in both in vitro and in
vivo models, which all showed activation of microglia/
macrophages. Lentivirus-Ppm1d reversed the injury
induced by Wip1-KO.

Conclusions Our results suggest that Wip1 may inhibit
neuroinflammation by inhibiting microglial/macrophage
activation after brain ischaemia/reperfusion injury.

INTRODUCTION

Brain ischaemic stroke is characterised by high
morbidity worldwide. The absolute numbers
and mortality of patients who had stroke
have increased in recent years." Neuroin-
flammation is often observed in neurological
diseases.”™ Resident microglia exist in heter-
ogeneous cell populations that play roles
in the development of the central nervous

system (CNS) and surveillance of the immune
system. The roles of microglia in regulating
immunological functions are related to
their activation status, which is referred to
as the microglial phenotype.’ M1 microglia
primarily elicit proinflammatory and cyto-
toxic effects, whereas M2 microglia inhibit
inflammation and promote tissue regenera-
tion.® The terms ‘M1’ and ‘M2’ will be used
to describe macrophage phenotype polarisa-
tion in order to simplify data interpretation
in the current article since the ontogeny and
functional significance of microglia have not
yet been characterised.” Some endogenous
stimulators, such as tau oligomers and super-
oxide dismutase, may continuously activate
MI microglia and downstream inflammatory
reactions, ultimately resulting in irreversible
neuron loss. However, with the development
of single-cell transcriptomics, increasing
evidence has shown that some microglia can
express M1 and M2 markers at the same time. "’
Although the boundaries between the MI1
and M2 phenotypes are unclear, examination
of proinflammatory and anti-inflammatory
factors remains valuable. Controlling the acti-
vation states of microglia/macrophages and
directly inhibiting proinflammatory factors
are potential interventions to protect against
the injury induced by ischaemic stroke."'
Wild-type pb3-induced protein phospha-
tase 1 (Wipl), a member of the PP2C family,
is a serine/threonine phosphatase encoded
by the Ppmld gene (https://www.ncbi.nlm.
nih.gov, gene ID: 53892) and is expressed in
several tissues. Wipl is thought to be a target
gene of p53 and exhibits a variety of biological
functions in DNA repair, cell cycle progres-
213 and autophagy.14 Recent studies have
illustrated a new function of Wipl in immune
modulation via regulation of the develop-
ment and function of immune cells. Wip1 can
also interact with some inflammatory signal-
ling proteins, including nuclear factor kappa

sion

344

&

U

&

Yan F, et al. Stroke & Vascular Neurology 2021;6:000490. doi:10.1136/svn-2020-000490

BM)


http://svn.bmj.com/
http://svn.bmj.com/
http://svn.bmj.com/
http://orcid.org/0000-0003-3597-6698
http://crossmark.crossref.org/dialog/?doi=10.1136/svn-2020-000490&domain=pdf&date_stamp=2021-09-20
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov

B (NF-kB) and p38 mitogen-activated protein kinase.'” '°

These results suggest that Wipl might play a key role in
CNS inflammation.

However, the role of Wipl in microglia after brain isch-
aemia/reperfusion injury is still unknown. Thus, the aim
of our study was to investigate the role of Wipl in regu-
lating microglial/macrophage phenotypical transforma-
tion, as well as the possible underlying mechanisms.

MATERIALS AND METHODS

Transient focal cerebral ischaemia/reperfusion model

In our study, adult male C57BL/6 mice (19-22g) were
purchased from Vital River Experimental Animal Labo-
ratories (Beijing, China), and Wipl-knockout (KO) mice
were acquired from Dr Zhi-Cheng Xiao (Department of
Anatomy and Developmental Biology, Monash University,
Clayton, Australia). Anaesthesia was induced and main-
tained with 70% N,O and 30% O, mixed with 5% and
2% isoflurane. A transient focal cerebral ischaemia model
was established via right middle cerebral artery occlusion
(MCAOQO) for 60 min as described previously.17 Briefly, the
right middle cerebral artery, the internal carotid artery
and the external carotid artery were exposed. A small hole
was cut, through which a nylon monofilament (diameter:
0.21 mm; Doccol, California, USA) was inserted to block
blood flow. Then, reperfusion was established by with-
drawing the nylon monofilament. Rectal temperature was
maintained at 37°C with a heating pad.

Physiological parameters and laser speckle imaging

A physiological pressure transducer coupled with a data-
acquisition system (AD Instruments, Australia) was used
to record the mean blood pressure (MBP) and heart
rate. To determine whether the model was successfully
established, a PeriCam PSI System (Perimed, Sweden)
was used to monitor regional cerebral blood flow (rCBF)
at three time points (before MCAO, after MCAO and
during reperfusion). Changes in cerebral blood flow are
expressed as percentages of the baseline (non-infarcted
lateral cerebral blood flow).

Neurological function assessment and infarct volume
determination
Neurological function was assessed at the indicated time
points with a TreadScan gait analysis system. The Tread-
Scan system captured video of the mouse footfalls and
analysed the video. After euthanising the animals, the
brains were removed and cut into thick slices. The slices
were incubated with 1.5% 2,3,5-triphenyltetrazolium
chloride (TTC, Sigma-Aldrich Chemical) for 10 min. The
infarct size in each slice was measured and analysed using
Image] Analysis Software. Neurological function assess-
ment and infarct volume determination were performed
by an investigator blinded to the group assignments.

The infarct volume percentage was calculated with the
following equation: infarct volume (%)=infarctvol/total
contralateral hemisphere volumex100%.

Intracerebroventricular injection of lentivirus-Ppm1d

A Ppmld-overexpressing vector was prepared by
GENEWIZ (Suzhou, China). The Ppmld coding sequence
was packaged into lentiviruses (10° TU/mL). Mice were
randomly divided into four groups: the Wipl-KO+MCAO
group, the Wipl-KO+lentivirus MCAO group, the Wipl-
KO+lentivirus-PpmId+MCAO group and the wild type
(WT)+lentivirus-Ppm1d+MCAO group (rescue group).
Each mouse was placed in a stereotaxic frame for intracer-
ebroventricular injection as described previously.'® Eight
microlitres of a mixture of lentiviral particles containing
the Ppmld sequence or of control lentiviral particles was
injected into the right lateral cerebral ventricle. MCAO
was performed 7 days after administration.

Western blot analysis

The cortical proteins were separated on 6%-10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis gels
and transferred to Immobilon transfer membranes (Mill-
ipore) for 1.5hour at 4°C. The membranes were blocked
in Tris Buffered Saline with Tween (TBST) with 10% milk
for 2hours at room temperature. Then, the membranes
were incubated with primary antibodies overnight at 4°C.
Primary antibodies against Wipl (1:500, Cell Signalling
Technology), NF-kB p65 (1:1000, Cell Signalling Tech-
nology), phospho-NF-kB p65 (1:1000, Cell Signalling
Technology), Bcl-2 (Santa Cruz Biotechnology) and Bax
(1:1000, Cell Signalling Technology) were used in this
study. We used anti-rabbit and anti-mouse antibodies
(1:5000, Santa Cruz Biotechnology) as the secondary anti-
bodies. Quantitative results were obtained and analysed
using an enhanced chemiluminescence detection system
by an investigator blinded to the group assignments.

Primary cultures of microglia
Primary mixed glial cells (isolated from WT or Wip1-KO
mice) were cultured. Briefly, brain tissue was collected
from mice within 24hours of birth. Primary glial cells
were obtained after 14 days of routine culture. Microglial
cells were isolated from the primary mixed glial cells by
shaking on a shaking table for 12 hours at 200r/min.
Primary microglia were seeded on 24-well plates at
a density of 1x10° cells/mL and were cultured in a 5%
CO, incubator at 37°C. The primary microglial cells
were divided into six groups: the WT sham group, the
WT+lipopolysaccharide (LPS) group, the Wipl-KO
sham group, the Wipl-KO+LPS group, the Wipl-
KO+lentivirus+LPS group and the rescue Wipl-KO+LPS
group (Wipl-KO+lentivirus-PpmId+LPS).

ELISA

Brain tissues, peripheral blood and cell supernatants were
collected to measure the levels of inflammatory factors,
including interleukin (IL)-6 and tumour necrosis factor
alpha (TNF-o), using a mouse ELISA kit (Neobioscience
Technology Company, Beijing, China) according to the
manufacturer’s instructions by an investigator blinded to
the group assignments.
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Figure 1 Wip1 was increased after ischaemia/reperfusion,

and Wip1 depletion exacerbated neurological dysfunction. (A)
Representative images (left) and quantification (right) of the
expression of Wip1 at different time points after ischaemia/
reperfusion in WT mice. n=3 mice per group. Data are
expressed as mean+SEM, “p<0.05. (B) Changes in weight
after stroke at the indicated time points in mice. n=10 mice
per group. Data are expressed as mean+SEM, *p<0.05
(Wip1-KO MCAO group vs WT MCAO group). (C) Changes

in the survival rate after stroke at the indicated time points.
n=10 mice per group. Data are expressed as mean+SEM,
*p<0.05 (Wip1-KO MCAO group vs WT MCAO group). (D)
Top: representative images of motor function on the third day
after reperfusion as determined by gait analysis in Wip1-KO
and WT mice. Bottom: motor function was quantified on

the third day after reperfusion by gait analysis in Wip1-KO
and WT mice. n=8 mice per group. Data are expressed as
mean+SEM; *p<0.05, **p<0.01 (Wip1-KO MCAO group vs WT
MCAO group). Avg, average; KO, knockout; MCAO, middle
cerebral artery occlusion; Wip1, wild-type p53-induced
protein phosphatase 1; WT, wild type.

Immunofluorescence (IF) and cell counting

The brain sections and fixed cells were placed in 3%
H,0,/methyl alcohol for 30min and then placed in
blocking solution for 30 min. The brain sections and cells
were incubated with primary antibodies (rat anti-CD16/
CD32 (1:500); BD Pharmingen, BD Biosciences; goat anti-
CD206 (1:200), R&D Systems; rabbit anti-ionised calcium-
binding adaptor molecule 1 (Iba-1) (1:200), Wako Chem-
icals, Virginia, USA) overnight at 4°C and immersed in a

secondary antibody solution (Alexa Fluor 488-conjugated
anti-mouse, Alexa Fluor 594-conjugated anti-goat and
Alexa Fluor 594-conjugated anti-rat antibodies (1:200),
Life Sciences, Paisley, UK) for 2hours. For TUNEL
(Terminal dexynucleotidyl transferase(TdT)-mediated
dUTP Nick End Labeling) staining, the brain slices were
incubated in working liquid (Roche) for 1hour after
blocking with 3% donkey serum. The brain sections and
cells were covered with antifade medium containing DAPI
(4',6-diamidino-2-phenylindole) images were acquired
with a laser scanning confocal microscope (Nikon Ti-E,
Japan). The number of positively stained cells per square
millimetre was determined with NIH Image] software
(Bethesda, Maryland, USA) by an investigator blinded to
the experimental groups.

STATISTICAL ANALYSIS

The data were analysed using IBM SPSS Statistics V.21 and
plotted using GraphPad Prism V.6.0 (GraphPad Software,
California, USA). All normally distributed continuous
variables are reported as the mean=SE. Significant differ-
ences between groups were assayed by one-way analysis
of variance followed by the Dunnett or Least Significant
Difference t-test. Generalised estimating equations were
used to compare bodyweight differences among groups.
The log-rank test was used to compare survival data,
which were visualised with Kaplan-Meier curves. A p value
of <0.05 was considered to indicate statistical significance.

RESULTS

Wip1 expression was increased after ischaemia/reperfusion
Previous studies have reported that Wipl plays an impor-
tant role in CNS inflammation. Here, we first detected
the expression of Wipl after ischaemic brain injury. We
found that brain Wipl expression in mice was signif-
icantly (more than 1.5-fold) higher in the ischaemia
model group than in the control group on the third day
after MCAO; it then dramatically dropped to return to
control levels by the seventh day (figure 1A), indicating
that the expression of Wipl is affected by ischaemic brain
injury.

Wip1 depletion aggravated neurological dysfunction after
brain ischaemia/reperfusion

To investigate the potential role of Wipl in neurological
function after ischaemia/reperfusion, Wipl-KO mice
were used in this study. Body weight and the survival rate
were recorded after brain ischaemia/reperfusion. We
found that Wip1-KO mice showed an average bodyweight
decrease of 7.8g (p<0.05) (figure 1B). The mortality of
Wipl-KO mice was 50% higher than that of WT mice
on the 14th day after brain ischaemia/reperfusion
(figure 1C).

To further detect the effect of Wipl on motor function
after brain ischaemia/reperfusion injury, motor function
tests were performed using a TreadScan system to analyse
the gaits of the mice on the third day after reperfusion. As
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Figure 2 Wip1 deficiency increased infarct volumes and
apoptosis after ischaemia/reperfusion. (A) Left: representative
images of rCBF before cerebral ischaemia, 5min after
ischaemia and immediately after reperfusion. Right:
quantification of rCBF. The results are expressed as the per
cent change from baseline (non-infarcted lateral cerebral
blood flow). Wip1-KO mice and WT mice showed similar
rCBF values. n=10 mice per group (Wip1-KO MCAO group vs
WT MCAO group). (B) Left: TTC staining of infarct regions in
representative brain slices from different groups after 3 and

7 days of reperfusion. Right: quantification of infarct volumes
with TTC staining in different groups. n=10 mice per group.
*p<0.05 (Wip1-KO MCAO group vs WT MCAQ group). (C)
Left: representative western blot images of the expression

of Bcl-2 and Bax. Right: quantification of Bax and Bcl-2
expression by western blot analysis. n=3 mice per group.
Data are expressed as mean+SEM, *p<0.05 (Wip1-KO MCAO
group vs WT MCAO group). KO, knockout; MCAO, middle
cerebral artery occlusion; NS, not significant; rCBF, regional
cerebral blood flow; TTC, 2,3,5-triphenyltetrazolium chloride;
Wip1, wild-type p53-induced protein phosphatase 1; WT, wild
type.

shown in figure 1D, Wip1-KO mice exhibited substantially
more serious motor function deficits after brain isch-
aemia/reperfusion. The Wipl-KO mice put more pres-
sure on the ground using their right forelimb (10%) and
less pressure on the ground using their left hindlimb than
the WT mice (8.7%) after brain ischaemia/reperfusion.
The swing time and stride time were much longer for the
left forelimbs and left hindlimbs of Wip1-KO mice than
for those of WT mice after brain ischaemia/reperfusion.
However, no difference in the stride time of the right

limbs was found between the two groups. Taken together,
these results demonstrate that Wipl depletion aggravates
motor dysfunction and decreased the survival rate in this
mouse model of brain ischaemia/reperfusion injury.

Wip1-KO and WT mice exhibited similar rCBF values and
physiological parameters after brain ischaemia/reperfusion
The MBP and heart rate were maintained at 81.6+11.0 mm
Hg and 382.5+46.1 beats/min, respectively, among the
groups. rCBF was observed with a laser speckle contrast
imager. In both groups, after occlusion of the right MCA,
rCBF in the right MCA territories decreased to 59.2%
of that in the left MCA territories. We found no obvious
differences in rCBF between WT and Wipl-KO mice
(figure 2A).

Wip1 deficiency increased infarct volumes and apoptosis after
ischaemia/reperfusion

To assess whether Wipl deficiency increased brain injury
after reperfusion, a TTC assay was used to determine the
infarct volume in the brain. As shown in figure 2B, we
found that Wipl-KO mice exhibited 9.7% and 13.0%
greater infarct volumes than WT mice after 3 and 7 days
of reperfusion, respectively. The expression levels of the
apoptosis-related proteins Bax and Bcl-2 were detected by
western blotting. The results showed that the Bax/Bcl-2
ratio significantly increased with Wipl-KO (figure 2C),
suggesting that Wipl depletion aggravates brain damage
after brain ischaemia/reperfusion.

Lentivirus-Ppm1d intracerebroventricular injection improved
brain injury after ischaemia/reperfusion

To further confirm the protective role of Wipl in brain
ischaemia/reperfusion, lentivirus-PpmIdwas injected into
the lateral ventricle, as shown in figure 3A. Wipl expres-
sion was detected in Wip1-KO mice 7 days after injection.
Three days after reperfusion, the motor function was eval-
uated, and then the animals were euthanised. We found
that lentivirus-PpmlId intracerebroventricular injection
significantly reduced infarct volumes in Wipl-KO mice
and WT mice compared with Wipl-KO+MCAO mice and
Wipl-KO+lentivirus MCAO mice. The infarct volume
tended to be lower in the WT rescue group than in the
Wipl-KO rescue group (p>0.05) (figure 3B). We also
found that lentivirus-Ppmld injection improved motor
function by reducing the left hindlimb swing time and
stride time and the average pressure applied by the right
forelimb (figure 3C). We also compared the numbers
of TUNEL-positive cells among all three groups. We
found that the proportion of TUNEL-positive cells in the
Wipl-KO group was 67.7% higher than that in the WT
group. In addition, the number of TUNEL-positive cells
was significantly decreased in lentivirus-Ppmld-injected
Wip1-KO mice (the rescue group) (figure 3D).

Loss of Wip1 increased microglial activation and the levels of
inflammatory cytokines after brain ischaemia/reperfusion
Recent studies have found that shifted polarisation
of microglia plays an important role in brain injury."
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Figure 3 Intracerebroventricular (ICV) injection of lentivirus-
Ppm1d reduced ischaemic injury. (A) Diagram of the

lateral cerebral ventricle injected with lentivirus-Ppm1d
(representative western blot images of Wip1 expression after
intracerebroventricular injection of lentivirus-Pom1d and
representative dual if staining after lateral cerebroventricular
injection of lentivirus-Pom1d). (B) Left: representative

brain slices of infarct volumes with TTC staining in the
different groups. Right: quantification of infarct volumes

with TTC staining in the different groups. n=10 mice per
group. Data are expressed as mean+SEM, *p<0.01 (Wip1-
KO MCAO-+lentivirus-Pom1d group vs Wip1-KO MCAO
group and Wip1-KO MCAO-+lentivirus group). (C) Top:
representative images of motor function were evaluated 3
days after reperfusion by gait analysis in the Wip1-KO and
rescue groups. Bottom: motor function was quantified on the
third day after reperfusion by gait analysis in the Wip1-KO
MCAO group and rescue group (Wip1-KO MCAO+lentivirus-
Ppm1d group). n=10 mice per group. Data are expressed

as mean=SEM, *p<0.05 (Wip1-KO MCAO+lentivirus-Pom1d
group vs Wip1-KO MCAO group). (D) Left: representative
images of TUNEL (Terminal dexynucleotidyl transferase(TdT)-
mediated dUTP Nick End Labeling)-positive cells in the
different groups. Scale bar: 50 um. Right: quantification of
TUNEL-positive cells in the different groups. n=6 mice per
group. Data are expressed as mean+SEM, **p<0.01 (WT
MCAO group vs Wip1-KO MCAO group; Wip1-KO MCAO
group vs rescue group (Wip1-KO MCAO+lentivirus-Ppm1d
group)). Avg, average; KO, knockout; MCAO, middle cerebral
artery occlusion; TTC, 2,3,5-triphenyltetrazolium chloride;
Wip1, wild-type p53-induced protein phosphatase 1; WT, wild
type.

Wipl-KO is known to promote inflammatory factor
release in the periphery and to aggravate CNS damage
induced by LPS.*** We next explored whether the CNS
damage aggravation in Wip1-KO mice was associated with
a shift in the microglial phenotype after brain ischaemia/
reperfusion. The IF results showed that the number of
activated microglia marked by CD16, CD206 and Iba-1 was
significantly greater in the cortices of Wip1-KO mice than
in those of WT mice after brain ischaemia/reperfusion
(figure 4A,B). The levels of IL-6 and TNF-o. in the periph-
eral blood and in the ischaemic cortex were then detected
3 days after brain ischaemia/reperfusion. Compared with
that in the control group, the level of TNF-o. in the cortex
was increased, but no difference in the plasma TNF-o
level was identified between the WT MCAO group and
the Wipl-KO+MCAO group (figure 4C). However, the
level of IL-6 in the brain was significantly greater in the
Wipl-KO+MCAO group (20.8pg/pg) than in the WT
MCAO group (11.7pg/pg) (figure 4D). These data show
that Wipl-KO can aggravate inflammation in the brain
but not in the periphery after brain ischaemia/reperfu-
sion. To further analyse the regulatory effect of Wipl on
the activation of microglia, the numbers of CD16-positive
cells and CD206-positive cells were counted in the rescue
group. As shown in figure 4EJF, Wipl re-expression
decreased the activation of microglia. The numbers of
CD206-positive cells and CD16-positive cells were signif-
icantly lower in the re-expression group than in the
Wipl-KO group.

Wip1 deficiency enhanced inflammation in primary cultured
microglia after LPS stimulation

To determine the effect of Wipl on microglial inflamma-
tion, primary microglial cells were isolated from newborn
Wipl-KO mice and WT mice and stimulated with LPS
for 12hours. The sequence of Ppmld was labelled with a
fluorescent tag (Green Fluorescent Protein, GFP). The
expression of GFP is shown in figure bA. Double immu-
nostaining showed that the percentage of M1-phenotype
cells was 95% higher among Wipl-deficient microglia
than among WT microglia and was 50.3% lower among
microglia with Wipl rescue than among Wipl-deficient
microglia (figure 5B). Inflammatory cytokines in the
culture solution were detected by ELISA. We found that
the levels of the inflammatory cytokines IL-6 and TNF-o
were enhanced after stimulation with LPS in all groups.
In addition, Wipl-KO microglia released more inflam-
matory cytokines than WT microglia. Lentivirus-PpmlId
was then added to the culture medium for 3 days in the
Wipl-KO+LPS group. The data showed that excessive
inflammation was significantly inhibited in the rescue
group compared with the Wipl-KO group and that IL-6
and TNF-o levels were decreased by 56.3% and 55.8%,
respectively (figure 5C).

These data demonstrate that Wipl plays an important
role in regulating microglial activation, phenotypical
transformation and the inflammatory reaction in microg-
lial cells.
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Figure 4 Loss of Wip1 promoted activation of microglia/
macrophages and increased inflammation in the brain after
ischaemia/reperfusion, and injection of lentivirus-Ppm1d
inhibited microglial activation and inflammation. (A) Left:
representative dual if staining of CD16-positive and Iba-
1-positive cells in the cortex 3 days after brain ischaemia/
reperfusion. Scale bar: 50 um. Right: quantification of
CD16-positive and Iba-1-positive cells in the cortex 3 days
after ischaemia/reperfusion. n=6 mice per group. Data

are expressed as mean+SEM, **p<0.01 (WT MCAO group
vs Wip1-KO MCAO group). (B) Left: representative dual

if staining of CD206-positive and Iba-1-positive cells in

the cortex 3 days after brain ischaemia/reperfusion. Scale
bar: 50 um. Right: quantification of CD206-positive and
Iba-1-positive cells in the cortex 3 days after ischaemia/
reperfusion. n=6 mice per group. Data are expressed as
mean+SEM, “*p<0.01 (WT MCAO group vs Wip1-KO MCAO
group). (C) Quantification of IL-6 and TNF-a in peripheral
blood. n=8 mice/group. Data are expressed as mean+SEM,
*p<0.05 (MCAO group vs sham group). (D) Quantification of
IL-6 and TNF-a. in the ischaemic cortex. n=8 mice/group.
Data are expressed as mean+SEM, **p<0.01 (MCAO group
vs sham group). (E) Left: representative dual if staining of
CD16-positive and Iba-1-positive cells in the cortex 3 days
after lateral cerebroventricular injection and brain ischaemia/
reperfusion. Scale bar: 50 ym. Right: quantification of CD16-
positive and Iba-1-positive cells in the cortex on the third day
after lateral cerebroventricular injection and brain ischaemia/
reperfusion. n=6 mice/group. Data are expressed as
mean+SEM, “*p<0.01 (WT MCAO group vs Wip1-KO MCAO
group). (F) Left: representative dual if staining of CD206-
positive and Iba-1-positive cells in the cortex on the third day
after lateral cerebroventricular injection and brain ischaemia/
reperfusion. Scale bar: 50 um. Right: quantification of
CD206-positive and Iba-1-positive cells in the cortex on the
third day after lateral cerebroventricular injection and brain
ischaemia/reperfusion. n=6 mice/group. Data are expressed
as mean+SEM, **p<0.001 (WT MCAO group vs Wip1-KO
MCAO group). Avg, average; Iba-1, ionised calcium-binding
adaptor molecule 1; IL, interleukin; KO, knockout; MCAO,
middle cerebral artery occlusion; NS, not significant; TNF-a,
tumour necrosis factor alpha; Wip1, wild-type p53-induced
protein phosphatase 1; WT, wild type.
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Figure 5 Effect of Wip1 on primary microglial cells after
LPS stimulation. (A) Visualisation of Wip1 transfection with
GFP expression. (B) Right: representative dual if staining
of CD16-positive and Iba-1-positive cells among primary
microglial cells after LPS stimulation. Scale bar: 50 pm.
Left: quantification of CD16-positive and Iba-1-positive
cells among primary microglial cells after LPS stimulation.
n=3. Data are expressed as mean+SEM, ***p<0.001
(WT+LPS group vs Wip1-KO+LPS group); *p<0.05 (Wip1-
KO+LPS+lentivirus group vs Wip1-KO+LPS+lentivirus-
Ppm1d group). (C) Quantification of IL-6 and TNF-o.

in primary microglial cells after LPS stimulation. n=3.

Data are expressed as the mean+SEM; “*p<0.01 (Wip1-
KO+LPS+lentivirus group vs Wip1-KO+LPS + lentivirus-
Ppm1d group), **p<0.001 (WT+LPS group vs Wip1-KO+LPS
group). Iba-1, ionised calcium-binding adaptor molecule

1; IL, interleukin; LPS, lipopolysaccharide; TNF-o, tumour
necrosis factor alpha; Wip1, wild-type p53-induced protein
phosphatase 1.

Wip1 depletion increased neuroinflammation through the NF-
kB signalling pathway after ischaemia/reperfusion

To further identify the mechanism of inflammatory
cytokine upregulation, the effect of Wipl deficiency on
the NF-xB signalling pathway was examined. The western
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Figure 6 Wip1 deficiency increased neuroinflammation
through the NF-xB signalling pathway after ischaemia/
reperfusion. (A) Left: representative western blot images of
the expression of NF-xB and p-NF-kB. Right: quantification
of the expression of NF-kB and p-NF-xB by western

blot analysis. n=3 mice/group. Data are expressed as
mean+SEM; *p<0.05 (WT MCAO group vs Wip1-KO MCAO
group), **p<0.01 (Wip1-KO MCAO group vs Wip1-KO
MCAO-lentivirus-Pom1d group). KO, knockout; MCAO,
middle cerebral artery occlusion; NF-xB, nuclear factor kappa
B; Wip1, wild-type p53-induced protein phosphatase 1.

blot results showed that the levels of phospho-NF-kB p65
in Wipl-KO mice were significantly higher than those
in WT mice after brain ischaemia/reperfusion. Intrac-
erebroventricular injection of lentivirus-PpmlId inhib-
ited activation of the NF-xB signalling pathway in the
Wipl-KO+lentivirus MCAO group (figure 6). These data
suggest that upregulation of the NF-«B signalling pathway
in Wip1-KO mice might contribute to inflammation after
brain ischaemia/reperfusion.

DISCUSSION

Wipl is an important oncogenic protein that has already
been found to be highly expressed in multiple types of
tumour cells in original research.” Wip1 has been recently
reported to negatively regulate peripheral inflamma-
tion.” In addition, in recent years, an increasing number
of studies have begun to focus on the role of Wipl in
the CNS. In our previous study, we found that Wipl
played a critical role in protecting against brain injury
under high-altitude hypoxic conditions by regulating the
inflammatory reaction.”’ Wip1-KO enhanced the levels of
inflammatory cytokines in brain tissue after high-altitude
hypoxic injury. In addition, Qui et al have shown that
Wipl-KO downregulates the expression of some proteins
in the Wnt/B-Catenin signalling pathway 7 days after
permanent middle cerebral artery occlusion (pMCAQ).*
However, the effect of Wipl on brain ischaemia/reperfu-
sion injury, especially on the brain inflammatory response,
remains to be elucidated. In the present study, we found
that Wipl protein levels were obviously increased on the
third day after MCAO but had dropped to basal levels by
the seventh day after brain ischaemia/reperfusion in the
cortex. We examined the infarct volumes on the third
and seventh days. Wip1-KO mice exhibited greater infarct
volumes than WT mice at these two time points, possibly
as a result of neurogenesis induced by Wipl-KO in the
late stages.”® In addition, Wipl-KO exacerbated brain

ischaemia/reperfusion injury by activating microglia and
the NF-xB signalling pathway.

Wipl-KO also increased apoptosis of nerve cells in
the acute phase of brain ischaemia/reperfusion and
increased mortality in the late stage. These results indi-
cate that Wipl-KO is proapoptotic under ischaemia/
reperfusion conditions. However, Wipl-KO was not
found to aggravate neuronal damage in mice in another
study.”® The reason for the different findings may be
that Wipl was observed in a pMCAO model in the other
study. pMCAO always results in more severe injury than
temporary MCAO, and the injury is irreversible. Further-
more, Wipl might be involved in different signalling
pathways under different pathological conditions. Many
papers have shown that increased levels of inflammation
are harmful under ischaemic conditions.””*’ Our results
suggested that Wipl-KO led to slight increases in TNF-o
levels and significant increases in IL-6 levels in brain
tissue, but no significant changes in these inflammatory
factors were found in the peripheral circulation. These
results suggested that the exacerbation of inflammation
in the brain was due to increased release of inflamma-
tory factors from brain cells rather than to peripheral
inflammation.

Microglia are immune cells that reside in brain tissue
and play a key role in regulating brain inflammation after
ischaemia/reperfusion. The effect of Wipl on microg-
lial/macrophage polarisation status after ischaemia/
reperfusion has not been reported previously. Our results
strongly indicate that compared with WT conditions,
Wipl-KO excessively activated microglia/macrophages
in vivo and in vitro and caused more microglia/macro-
phages to express the M1 phenotype, as indicated by the
substantially greater release of proinflammatory factors.
On the one hand, excessive activation of microglia can
exacerbate inflammation; on the other hand, it can
result in excessive release of glutamate, further leading
to excitatory neural toxicity and resulting in the death of
neurons. However, neuroinflammation is a double-edged
sword that is both detrimental and beneficial to neurons.
The balance of the physiological role and neurotoxic role
of glutamate requires further investigation.

The NF-kB signalling pathway plays a crucial role in
regulating inflammation. Wipl has been reported to
suppress NF-xB signalling by preventing IxB dissocia-
tion from NF-xB or dephosphorylating the p65 subunit
of NF-xB.*™ Classically, activated microglia are also
named M1 microglia, which contribute to the genera-
tion of various proinflammatory cytokines, such as TNF-o
and IL-6, by stimulating the NF-kB signalling pathway.
In the present study, we found that Wip1-KO could acti-
vate NF-kB signalling after brain ischaemia/reperfusion,
which might be the reason for the increased brain inflam-
mation in Wipl-KO mice after brain ischaemic injury.
Interestingly, our results showed that Wipl depletion had
no effect on NF-kB in the Wip1-KO sham group. Normally,
NF-kB is also regulated by p38, IKK (inhibitor of nuclear
factor kappa-B kinase), and other kinases, which might
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be the reason that Wip1l deletion had no significant influ-
ence on NF-xB in the Wipl-KO sham group. However,
Wipl can be overexpressed under stress conditions and
is thus involved in the DNA repair process and repres-
sion of gene expression. However, Wipl is a phosphatase.
Alteration of the phosphorylation status of Wipl may also
play a role in regulating gene expression. More studies
are needed to clarify these possibilities.

In summary, the present study is the first to show that
Wipl-KO is harmful to the brain after cerebral ischaemia,
possibly because it increases the numbers of activated
microglia/macrophages and increases brain inflam-
mation after brain ischaemia/reperfusion. Therefore,
these results provide new insights regarding the mech-
anism of brain ischaemia/reperfusion and suggest that
the prognosis of stroke may be affected by the regulation
of Wipl expression. Further study is needed to explore
whether Wipl overexpression can exert a neuroprotec-
tive effect after ischaemic brain injury and to determine
the balanced expression level of Wipl.
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