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Abstract The hypobaric hypoxic environment in high-
altitude areas often aggravates the severity of inflammation
and induces brain injury as a consequence. However, the
critical genes regulating this process remain largely
unknown. The phosphatase wild-type p53-induced phos-
phatase 1 (WIP1) plays important roles in various physi-
ological and pathological processes, including the
regulation of inflammation in normoxia, but its functions in
hypoxic inflammation-induced brain injury remain unclear.
Here, we established a mouse model of this type of injury
and found that WIP1 deficiency augmented the release of
inflammatory cytokines in the peripheral circulation and
brain tissue, increased the numbers of activated micro-
glia/macrophages in the brain, aggravated cerebral histo-
logical lesions, and exacerbated the impairment of motor
and cognitive abilities. Collectively, these results provide
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the first in vivo evidence that WIP1 is a critical neuropro-
tector against hypoxic inflammation-induced brain injury.
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Introduction

For decades, human activity has significantly increased in
high-altitude areas, and research on high-altitude sickness
has attracted increasing attention. The inflammatory
responses that occur at high altitude are often aggravated
by the hypobaric hypoxic environment, and this hypoxic
inflammation later results in injury to vital organs such as
the brain and lung, including histological lesions and
function impairments [1, 2]. However, little is known about
the critical genes that regulate this process. Moreover,
some commonly used experiment animals (e.g. mice) are
not very sensitive to hypoxia.

Wild-type p53-induced phosphatase 1 (WIPI, also
called PPM1D), is a serine/threonine phosphatase belong-
ing to the type 2C phosphatase family. Previous studies in
humans and genetically-engineered mouse models have
shown that WIP1 plays critical roles in various physio-
logical and pathological processes, including the regulation
of inflammatory processes [3—7]. WIP1 has been shown to
alter cellular signal transduction to inhibit the over-acti-
vation of inflammation in normoxia by dephosphorylating
several key regulators, such as p-p38 and the p-65 subunit
of NF-xB [6]. A recent study revealed that WIP1 is
involved in neuroinflammation induced by the endotoxin
lipopolysaccharide (LPS) under normoxic conditions, but
this study was performed in cultured cells and wild-type
mice and lacked direct in vivo evidence due to the absence
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of a knockout mouse model [8]. The pathological roles of
WIP1 in systemic inflammation-induced brain injury under
hypobaric hypoxia remain unknown.

In this study, we developed a simple and effective
method using LPS plus a high-altitude simulation chamber
to mimic hypoxic inflammation-induced brain injury in a
mouse model which proved to be superior to hypobaric
hypoxia alone. We then investigated the role of WIP1
phosphatase in brain injury induced by high-altitude
hypoxic inflammation.

Materials and Methods
Animals

The WIP1-knockout (KO) mouse strain (129 Sv-C57BL/6
background) was a gift from Dr. Zhi-Cheng Xiao
(Department of Anatomy and Developmental Biology,
Monash University, Clayton, Australia), and was originally
created by Dr. L.A. Donehower (Department of Molecular
Virology and Microbiology, Baylor College of Medicine,
Houston, TX) [9, 10]. In this study, WIP1 KO mice were
crossed with C57BL/6 to generate WIP1 KO mice with
C57BL/6 background. Male wild-type (WT) and WIP1-KO
mice (22-25 g) at 8 weeks of age were used. The mice
were maintained under a 14 h light/10 h dark cycle at
22 °C with free access to food and water. The animal
protocol was approved by the Institutional Animal Care
and Use Committee of Institute of Basic Medical Sciences.

Exposure to Acute Hypobaric Hypoxia and LPS

To mimic the high-altitude hypobaric hypoxic environ-
ment, the mice were placed in a decompression chamber
(Guizhou Fenglei Co., LTD, China, model DYC-DWTI) that
reached conditions corresponding to 6000 m altitude
(350 mmHg, 9.6% O,) within 10 min, and they were
exposed to hypobaric hypoxia for 10 h with free access to
food and water. Mice in the control group were maintained
outside the chamber under normobaric normoxia. To
induce inflammation, LPS (Sigma, St. Louis, MO) was
dissolved in 0.9% saline and intraperitoneally (i.p.) injected
into mice at 3 mg/kg. Mice in the control group were
injected with the same volume of 0.9% saline.

Inflammatory Cytokine Measurement

Fresh blood samples from the mice were allowed to stand
for 2 h at room temperature, and then centrifuged at 800
g at 4 °C for 20 min. The upper layer of serum was col-
lected for enzyme-linked immunosorbent assay (ELISA).
For tissue lysate preparation, mouse brain tissue was

homogenized with Cell Lysis Buffer 2 (R&D systems,
MN) on ice for 30 min, and then the homogenate was
centrifuged at 20000 g for 30 min. The supernatant was
aliquoted and stored for further experiments. The levels of
TNF-ao, IL-1B, IL-6, and IL-10 in serum and brain tissue
homogenates were determined with the corresponding
mouse ELISA kits (R&D systems) according to the man-
ufacturer’s instructions.

Hematoxylin and Eosin Staining

Brain tissues of 6-10 mice from each experimental group
were fixed in 10% neutral buffered formalin for 48 h, and
then embedded in paraffin and routinely sectioned at
3-5 um. After xylene de-waxing and graded ethanol de-
benzolization, the sections were stained with eosin and
hematoxylin under microscope (Olympus, Japan).

Iba-1 Immunohistochemistry

Brain sections were boiled in citrate buffer (0.01 mol/L,
pH 6.0) for 10 min, and then endogenous peroxidase was
quenched with 0.3% (v/v) H,O, in 60% (v/v) methanol for
30 min. Nonspecific adsorption was minimized by incu-
bation with 2% (v/v) normal goat serum in PBS for 20 min.
The sections were then incubated with Iba-1 antibody
(WAKO, Japan) overnight at 4 °C, washed in PBS, incu-
bated with secondary antibody, and stained with a DAB
peroxidase substrate kit (Boster, China). The sections were
then counterstained with hematoxylin.

Locomotor Activity Test

Locomotor activity was measured in a monitoring chamber
(400 mm x 400 mm x 300 mm; L x W x H) (Jiliang,
China). The mice were placed in the test chamber and the
spontaneous activity was recorded for 1 h. Data were col-
lected using AniLab Loc software version 2.2 (AniLab,
China).

Novel Object Recognition Test

The experimental device for measuring novel object
recognition was 60 cm long, 60 cm wide, and 40 cm high.
The test period was three days, and objects A and B were
constructed from two different materials and colors. On the
first day, there was no object in the recognition apparatus,
and mice were allowed 20 min for adaptation. On the
second day, there were two A objects in the apparatus, and
the mice were allowed 6 min to familiarize themselves
with the environment. On the third day, one of the A
objects was replaced with a B object, and the time spent
investigating the B object was recorded on a video tracking

@ Springer



294

Neurosci. Bull. June, 2017, 33(3):292-298

system. The recognition index (RI) which evaluates the
ability to recognize a novel object, was calculated using the
formula RI = Tn/(Tn + Tf), where Tn represents the total
time of touching the novel B object with the nose, and Tf
represents the total time of touching the A object with the
nose.

Statistics

Data are presented as mean = SEM, and were analyzed
with Student’s ¢ test unless otherwise indicated. P < 0.05
was considered to be statistically significant.

Results

WIP1 Depletion Enhances the Release
of Inflammatory Cytokines Caused by Hypoxic
Inflammation

To mimic the inflammation that occurs in a high-altitude
environment, we used the acute hypobaric hypoxia (AHH)
method in combination with injection of a common inducer
of inflammation, the endotoxin LPS. We also established
cohorts with AHH or LPS treatment alone. ELISA assays
were used to initially determine several critical inflamma-
tory cytokines in the peripheral circulation and brain tissue,
pro-inflammatory IL-6, IL-1f, and TNF-a as well as anti-
inflammatory IL-10, to validate inflammation induction

100 - 150
~ 80 -
E o0 £
= ()]

40
g 20 . ﬁ =

-
© - &
1 0.30 o
0.15] " |I | I =
0.00
Ctrl AHH LPS AHH+LPS Ctrl AHH LPS AHH+LPS

100
D g0 o)
£ g
D 60 S
ke =4
© 40 -
| -
= 20 o

o

Ctrl AHH LPS AHH+LPS Ctrl

Fig. 1 WIPI loss augments inflammatory cytokine release in both of
the circulation and brain tissue of mice after hypoxic inflammation. A,
B The pro-inflammatory cytokines IL-6, IL-1B, and TNF-o, and the
anti-inflammatory cytokine IL-10 were measured in the peripheral
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and further assess the impact of WIP1 depletion on cyto-
kine release. The results revealed that in both the peripheral
circulation and brain tissue, the highest levels of inflam-
matory cytokines appeared in the cohort with high-altitude
hypoxic inflammation (AHH + LPS) (Fig. 1), which was
consistent with the clinical fact that a high-altitude envi-
ronment exacerbates the inflammatory response [1, 2].
These results suggested that AHH + LPS is more effective
and simulates the clinical situation better than AHH or LPS
alone in terms of mimicking hypoxic inflammation. WIP1-
KO mice displayed significantly higher levels of most of
the cytokines in peripheral circulation and brain tissue than
WT mice after AHH + LPS (Fig. 1), which suggested that
WIP1 loss augments the inflammatory response that occurs
in the high-altitude environment.

WIP1 Depletion Increases the Numbers of Activated
Microglia/Macrophages in Brain Tissue Following
Hypoxic Inflammation

Blood monocytes and tissue macrophages constitute the
main population of mononuclear phagocytes [11]. Microglia
are specialized macrophages that reside in the brain and play
critical roles in neuroimmune responses [12, 13]. Severe
inflammation or hypoxic inflammation leads to disruption of
the blood—brain barrier, followed by infiltration of peripheral
monocyte-derived macrophages into the brain. Both micro-
glia and macrophages can secrete various inflammatory
cytokines and express the common activation marker Iba-1
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circulation (A) and brain tissue (B) from WT and WIP1-KO mice
after acute hypobaric hypoxia (AHH), LPS, or AHH + LPS
(mean £ SEM, *P < 0.05).
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[14]. Based on the finding that WIP1 loss led to augmented  activation was more evident in the cortex and hippocampus in
cytokine release in hypoxic inflammation, we further = both WT and WIP1-KO mice after AHH + LPS exposure
investigated the activation status of microglia/macrophages  (Fig. 2). WIP1-KO mice demonstrated more severe activation
in the brain with Iba-1 immunohistochemistry and found that,  than their WT counterparts (Fig. 2, Fig. S1). We also found
compared with AHH or LPS alone, microglia/macrophage  that the ventroposterior nucleus of the thalamus (VP) was
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sensitive to hypoxic inflammation, as microglial/macrophage
activation was also seen in the VP after AHH + LPS exposure
(Fig. 2). Similarly, WIP1 loss resulted in greater activation of
microglia/macrophages in the VP after hypoxic inflammation
(Fig. 2, Fig. S1).

WIP1 Depletion Worsens Histological Lesions
in the Brain Caused by Hypoxic Inflammation

Inflammation is closely associated with cellular injury,
death, and tissue lesions. Inflammatory cytokines in the
peripheral circulation and interstitial fluid bind to their
receptors, then initiate cellular signaling cascades, and
finally affect cellular function and fate [15]. Since brain
tissue is very sensitive to hypoxic inflammation and WIP1-
KO mice exhibited higher inflammatory cytokine levels as
well as microglia/macrophage activation after hypoxic
inflammation, we evaluated the effects of WIP1 depletion
on histological lesions in the brain. Although the AHH,
LPS, and AHH + LPS groups showed different degrees of
cell and tissue lesions in the cortex, hippocampus, and VP,
including cell swelling, widened pericellular spaces, and
shrunken neurons with darkly-stained pyknotic nuclei, the
most severe lesions were seen in the AHH + LPS group
(Fig. 3). In addition, we strikingly found that the VP was
more sensitive to hypoxic inflammation, as disordered cell
arrangement appeared in the VP but not in the cortex and
hippocampus after AHH + LPS (Fig. 3). Moreover, the
WIP1-KO mice displayed more serious histological lesions
than WT mice after AHH + LPS exposure in all three
regions (Fig. 3, Table S1).

WIP1 Depletion Aggravates the Impairment
of Locomotion and Cognition Caused by Hypoxic
Inflammation

The inflammatory response and histological lesions in the
brain often result in alterations of neural functions,
including the impairment of motor and cognitive abilities,
so we further investigated whether WIP1 loss worsened
locomotion and cognition after hypoxic inflammation. The
locomotion test revealed that the AHH + LPS group
moved the shortest distance among the experimental
cohorts (Fig. 4A), reflecting the most serious impairment
of motor activity. The WIP1-KO mice moved a shorter
distance than the WT mice after AHH + LPS (Fig. 4A),
which suggested that WIP1 loss results in more severe
impairment of motor activity. In addition, we used the
novel object recognition test to evaluate cognitive ability,
and the results revealed that the WIP1-KO mice spent more
time recognizing a novel object than the WT mice when
exposed to the AHH + LPS challenge, indicating that
WIP1 deficiency leads to aggravated cognitive impairment

@ Springer

under this condition (Fig. 4B). Collectively, these results
demonstrated that, under conditions of hypoxic inflamma-
tion, WIP1 deficiency not only exacerbated the inflamma-
tory response and brain tissue lesions, but also worsened
locomotion, learning, and memory.

Discussion

With the spread of human activity, high-altitude illness
research has attracted increasing attention. However,
compared with other brain disorders, there has been little
research on brain injury induced by systemic inflammation
in hypobaric hypoxic environments. It was necessary to
establish a simple and reliable experimental animal model
to simulate this pathological process. The mouse is a
widely used laboratory animal and possesses many
advantages, such as low cost and short generation time, and
can also serve as a common host for genetic engineering
modifications. Here, we developed a convenient and con-
vincing method using LPS in combination with a decom-
pression chamber to mimic hypoxic inflammation and the
subsequent brain injury in a mouse model. Compared with
LPS or hypoxia alone, this method simulated the disease
symptoms better, and may help further research.

WIPI phosphatase has been shown to suppress NF-kB
signaling via dephosphorylating the p65 subunit of NF-kB,
and NF-«xB is well-known as a crucial regulator of inflam-
mation [6]. However, the pathological roles of WIPI in
inflammation occurring during hypobaric hypoxia and the
subsequent brain injury were unknown. Our results showed
that WIP1 deletion leads to augmented IL-6, TNF-o, and IL-
1B release in the peripheral circulation as well as in brain
tissues after LPS plus hypoxia, consistent with previous
findings that IL-6, TNF-a, and IL-1p are canonical target
genes of the transcription factor NF-xB, and WIP1 is a
critical negative regulator of NF-xB signaling. In addition,
as for the result that the anti-inflammatory cytokine IL-10
level in brain is comparable in WT and WIP1-KO mice after
AHH + LPS, we supposed that this also accounts for the
fact that aggravated brain lesions appeared in WIP1-KO
mice. We also noted that, unlike in the brain, the IL-10 level
in WIP1-KO mouse serum was significantly higher than in
the WT after AHH + LPS. Overall, these data suggest that
WIP1 is involved in the selective regulation of anti- and pro-
inflammatory cytokines in different tissues.

With regard to brain lesions, given that the cortex and
hippocampus are critical regions for motor activity, learning,
and memory, we deemed that the more serious histological
lesions observed in the cortex and hippocampus of WIP1-
deficient mice are closely associated with the decreased
performance in locomotion and cognition tests. Besides, we
unexpectedly found that the VP is another region sensitive to
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Fig. 3 WIP1 loss worsens Ctrl AHH LPS AHH+LPS
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after hypoxic inflammation.
Representative images of
hematoxylin and eosin staining
in the cortex, hippocampus WT
(Hippo), and ventroposterior —
nucleus of the thalamus (VP) of
WT and WIP1-KO mice
(n = 10) after acute hypobaric
hypoxia (AHH), LPS, and
AHH 4 LPS exposure. Lower Cortex
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hypoxic inflammation, in which more serious lesions (dis- Apart from the brain injury induced by hypoxic
ordered cell arrangement) were visible, and further studies  inflammation at high altitude, an increasing number of
are needed to address the corresponding behavioral pheno-  studies have shown that hypoxia, inflammation, and
type and regulatory mechanisms behind this interesting  microglia/macrophage activation occur in Alzheimer’s
phenomenon. disease, Parkinson’s disease, and stroke [16-19]. Given
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that our data revealed that WIP1 depletion resulted in
augmented inflammatory cytokine release, over-acti-
vated microglia, and cerebral histological lesions under
hypoxic and inflammatory conditions, the roles of
WIP1 in other severe brain diseases are worth further
exploration.
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