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Reactive astrogliosis and early synaptic degeneration are 2 characteristic hallmarks in Alzheimer’s dis-
ease (AD) brains, but a direct link between the 2 events has not been established. Here, we show that
cancerous inhibitor of PP2A (CIP2A), a cancerous protein with high expression level in astrocytes, is
upregulated in patients with AD and 3xTg-AD transgenic mice. Overexpression of CIP2A in astrocytes
through adeno-associated virus infection both in cultured cells and in mice brains results in activation of
astrocytes, increased production of cytokines and Ab, and synaptic degeneration indicated by decreased
levels of synaptic proteins, spine loss, and impairment in long-term potentiation. As a result of synaptic
degeneration, CIP2A overexpression in astrocytes in vivo induces significant deficits in visual episodic
memory detected by novel objective recognition test and spatial memory detected by Morris water
maze. We conclude that CIP2A-promoted astrogliosis induces synaptic degeneration and cognitive
deficits in AD.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia.
With the rapid increase of aging population in the world, AD has
become a major public health concern. The 2 characteristic patho-
logical hallmarks in AD brains including neurofibrillary tangles and
senile plaques (SPs) have been well recognized and studied (Braak
and Braak, 1992). Besides neurofibrillary tangles and SPs, a loss of
synapse and impairment in synaptic function were observed in
patients with early stage AD or mild cognitive impairmentdthe
preclinical stage of AD (Scheff et al., 2006). It has been shown that
the severity of synaptic degeneration correlates with the degree of
cognitive deficits (Crews and Masliah, 2010; Scheff et al., 2006).
However, the upstream factors that lead to the early synaptic
degeneration in AD remain less clear.
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Reactive astrogliosis, which refers to the activation of astrocytes
in response to injury or disease in the central nervous system, is
also an early event in AD brain. Astrogliosis is characterized by
increased gene expression of a number of astrocyte structural
proteins such as glial fibrillary acid protein (GFAP), morphological
changes such as hypertrophy of the cell soma and processing, and
proliferation. Typical changes of astrogliosis were observed in the
brains of patients with AD, as well as in APPswe transgenic mouse
brains before Ab plaque deposition (Carter et al., 2012; Rodriguez-
Vieitez et al., 2015), with the GFAP expression level correlating
with the Braak staging (Simpson et al., 2010). Reactive astrocytes
were observed clustering around amyloid plaques (Duyckaerts
et al., 2009; Wisniewski and Wegiel, 1991). Recently, Liddelow
et al. reported the toxicity of an A1 subtype reactive astrocytes on
synapses. They showed that A1-astrocyteeconditioned medium
reduced the synapse number and even induced neuronal death
when used in high concentrations. Further exploration indicated
that A1 astrocytes were abundant in AD brains (Liddelow et al.,
2017). Thus, reactive astrocytes, especially the “harmful” A1 type
astrocytes, may play a key role in early synaptic degeneration in AD.
However, the molecular mechanism inducing reactive astrogliosis
in AD brains has not been elucidated.
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In the present study, we show that upregulation of cancerous
inhibitor of PP2A (CIP2A) participates in the harmful reactive
astrogliosis in AD. CIP2A expression levels are increased in patients
with AD and transgenic mice. When CIP2A overexpression is
induced in astrocytes in culture system or in mouse brains, acti-
vation of astrocytes, release of cytokines and Ab, and synaptic
toxicity are observed. Cognitive impairment of the mice is promi-
nent. We conclude that CIP2A-promoted astrogliosis induces syn-
aptic degeneration and cognitive deficits in Alzheimer’s disease.

2. Materials and methods

2.1. Antibodies and reagents

Rabbit polyclonal antibody (pAb) against CIP2A (1:1000 for
Western blotting) was from ABclonal (Boston, USA); another pAb of
CIP2A (1:1000 for Western blotting and 1:200 for immunofluo-
rescence) was from Cell Signaling (Danvers, MA, USA). Mouse
monoclonal antibody (mAb) DM1A and GFAP, and pAb against
PSD95 were all purchased from Cell Signaling (Danvers, MA, USA).
PAb against synapsin I and synaptophysin were from Abcam
(Cambridge, UK). MAb GAPDH was from YEASEN (Pudong,
Shanghai, China). Neurobasal, B27, DMEM-high glucose, and pro-
tein marker were from Invitrogen (Grand Island, NY, USA). DMEM/
F12 and fetal bovine serum (FBS) were from GIBCO (Grand Island,
New York, USA). Rat or mouse IL-1a, IL-6, TNF-a ELISA kits, and
Ab40/Ab42 ELISA kits were from Elabscience Biotechnology (Wuhan,
China). lactate dehydrogenase (LDH) cytotoxicity assay kit was from
Promega (Madison, FL, USA). Nissl staining solution was from
Goodbio technology (Wuhan, China). AAV-GFAP-EGFP-CIP2A-
3FLAG and AAV (adeno-associated virus)-vector were constructed
and prepared by Obio Technology (Shanghai, China).

2.2. Human brain tissues, animals, and AAV delivering

The human brain tissues were obtained from the National In-
stitutes of Health (NIH) NeuroBioBank. For animal experiments,
Sprague-Dawley rats and C57BL/6J mice were from the Experi-
mental Animal Center of Tongji Medical College, Huazhong Uni-
versity of Science and Technology. 3xTg-AD mice carrying human
mutated APP, PS1, and tau genes were from Jackson Lab (Stock No:
008880). Rats and mice were kept under standard laboratory con-
ditions: 12 hours light and 12 hours dark with water and food ad
libitum. All animal experiments were approved by the Animal Care
and Use Committee of Huazhong University of Science and Tech-
nology, and performed in compliancewith the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

For AAV injection, C57BL/6J mice were deeply anesthetized with
isoflurane; AAV particles (1.0 mL at 0.1 mL/min) were injected into
the bilateral CA3 region (1.8 mm behind bregma, 2.2 mm beside
bregma, 2 mm deep). After the injection, the mice were placed on a
heating plate for recovery, and then were kept under standard
laboratory conditions.

2.3. Primary astrocyte and neuron culture

Primary cortical astrocytes were isolated from newborn Sprague-
Dawley rats. Briefly, tissues were dissected, dissociated, and incu-
batedwith 5 mL of D-Hanks containing 0.25% trypsin for 15 minutes,
centrifuged at 1000 g for 5 minutes after addition of 4 mL of the
medium containing high glucose DMEMwith 10% FBS. Then the cells
were resuspended and plated onto bottles, which were previously
coated with poly-D-lysine. Cells were cultured in a humidified
incubator with 5% CO2 at 37 �C. During the culture, the mediumwas
changed every 3 days. After 7e9 days, the astrocytes were sorted at
shake cultivation, which was rotating at 200e220 r/min overnight.
Then the medium was discarded and the cells were incubated with
2 mL DMEM containing 0.25% trypsin for 5 minutes, centrifuged at
1000 g for 5minutes after addition of 4mL of themedium containing
high glucose DMEM with 10% FBS. Then the cells were resuspended,
about 5 � 105 cells were plated onto each well of 12-well plates for
Western blotting, and 1�105 cells were plated onto each glass cover
slip for cell imaging. Both the plates and the glass cover slips were
previously coated with poly-D-lysine. Primary neuron culture was
performed following the method described previously (Sun et al.,
2016). At the end of treatments, cells were collected and lyzed in
radio-immunoprecipitation assay buffer for further biological de-
tections or fixedwith 4% paraformaldehyde for immunofluorescence
imaging. Purity of the cultured astrocytes was confirmed through
using quantitative polymerase chain reaction to detect the expres-
sion levels of cell typeespecific genes (Astrocyte: GFAP; Neuron:
Eno2; Microglia: Cd11b).

2.4. Western blotting

For Western blotting, brain tissue homogenates or cell lysates
were boiled at 100 �C for 5 minutes in the loading buffer (50 mM
Tris-HCl, pH 7.6, 2% SDS, 10% glycerol, 10 mM DTT, and 0.2% brom-
phenol blue). The proteins were electrophoresed in 10% SDS-
polyacrylamide gel, and the separated proteins were transferred
to nitrocellulose membranes (Amersham Biosciences). The mem-
branes were then blocked with 5% nonfat milk dissolved in
TBS-Tween-20 (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.2% Tween-
20) for 1 hour and probed with primary antibody at 4 �C overnight.
Then the blots were detected using secondary antibodies at room
temperature for 1 hour and visualized using the Odyssey Infrared
Imaging System (LicorBiosciences, Lincoln, NE, USA). The protein
bands were quantitatively analyzed by Image J software (Rawak
Software, Inc Germany).

2.5. Fluorescence imaging and confocal microscopy

For cultured astrocytes, cells were fixed with 4% para-
formaldehyde for 15 minutes, permeabilized in 0.5% Triton X-100 for
10minutes, followed by incubationwith 3% bovine serum albumin to
block nonspecific sites. For mouse brain slices, sectioned slices were
incubated with 3% bovine serum albumin to block nonspecific sites.
After blocking, primary antibody incubation was performed over-
night at 4 �C. Alexa 488e and Alexa 543econjugated secondary
antibodies (1:200, A-21206, A-10036, Invitrogen) were used for
double fluorescence labeling. All the images were observed under
the LSM710 confocal microscope (Zeiss, Germany).

2.6. ELISA assay of IL-1a, IL-6, TNF-a, and Ab40/42

The culture medium or brain tissue homogenates, which were
lyzed in radio-immunoprecipitation assay buffer, were collected.
The levels of IL-1a, IL-6, TNF-a, Ab40, and Ab42 were detected by
ELISA following the construction offered by the assay kit manu-
facturer (Elabscience Biotechnology, Wuhan, China).

2.7. LDH assay and CCK-8 cell number counting

The LDH assay was performed using an LDH cytotoxicity assay
kit (Promega, Madison, FL, USA) according to the manufacturer’s
instructions. Briefly, culture media from primary cortical neuronal
cultures (50 mL per sample) was mixed with assay buffer (50 mL) in
wells of 96-well plate and incubated for 30 minutes at room tem-
perature in darkness, then 50 mL stopping buffer was added to every
well; the OD values were detected by microplate reader at 490 nm



Fig. 1. CIP2A is expressed in astrocytes and upregulated in AD brains. (A) Primary neurons and astrocytes from the rat hippocampus were cocultured for 2 days (DIV 2) and
immunostained with antibodies against CIP2A (green), Map-2 (red), and Hoechst (blue). Scale bar ¼ 20 mm. (B) Rat primary astrocytes (DIV 3, 7, 14, and 21) were immunostained
with antibodies against CIP2A (green), GFAP (red), and Hoechst (blue). Scale bar ¼ 40 mm. (C) Left: CIP2A and GFAP expression levels in the temporal cortex from patients with AD
were detected by Western blotting. GAPDH was used as a loading control. Right: Quantitative analysis of the CIP2A and GFAP levels. *p < 0.05 versus control, n ¼ 5 control group,
n ¼ 4 AD group. (D) Left: CIP2A and GFAP expression levels in the hippocampus from 3xTg-AD and control mice (male, 9 months old) were detected by Western blotting. GAPDH
was used as a loading control. Right: Quantitative analysis of the CIP2A and GFAP levels. **p < 0.01, ***p < 0.001 versus WT mice, n ¼ 3. Data are mean � SEM. Abbreviations: AD,
Alzheimer’s disease; CIP2A, cancerous inhibitor of PP2A; GFAP, glial fibrillary acid protein. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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and 630 nm, the final OD values ¼ OD490 nmeOD630 nm. The cell
number of astrocytes was counted by CCK8 cell counting kit
(Beyotime Biotechnology, Shanghai, China) according to the man-
ufacturer’s instructions. CCK-8 assay buffers (10 mL) were added in
100 mL culturing cells, which were in wells of 96-well plate, and
then incubated in a humidified incubator with 5% CO2 at 37 �C for 2
hours; finally, the OD values were detected by microplate reader at
450 nm.
2.8. Behavior tests

2.8.1. Novel objective recognition test (NORT)
The mice were habituated to the arenas (50 cm � 50 cm �

50 cm plastic container) for 5 minutes without objects 24 hours
before the test. Arenas were cleaned with 70% ethanol between
each habituation period. The day after the mice re-entered the
arenas from the same starting point, they were granted 5 minutes



Fig. 2. Overexpression of CIP2A induces reactive astrogliosis. Primary rat astrocytes
(DIV15) were infected with AAV-CIP2A for 5 days. (A) Immunofluorescence staining of
GFAP (red) and Hoechst (blue). Scale bar ¼ 40 mm. (B) The numbers of astrocytes were
counted in control and CIP2A overexpression group. n ¼ 9 well per group. (C) Left:
CIP2A and GFAP expression levels were detected by Western blotting. DM1A was used
as a loading control. Right: Quantitative analysis of the CIP2A and GFAP levels. n ¼ 3
per group. (D) IL-1a, IL-6, and TNF-a in culture media were detected by ELISA, n ¼ 9
well per group. (E) Ab40 and Ab42 levels in culture media were detected by ELISA, n ¼ 9
well per group. *p < 0.05, **p < 0.01, ***p < 0.001 versus vector. Data are mean � SEM.
Abbreviations: CIP2A, cancerous inhibitor of PP2A; GFAP, glial fibrillary acid protein.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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to familiarize themselves with the A object and B object. After each
period, the arena and objects were cleaned with 70% ethanol. One
hour after the familiarization period, B object was replaced with C
object, and the mice were granted 5 minutes to explore both ob-
jects. The exploring time on each object was recorded. After
24 hours, C object was replaced with D object, and the mice were
granted 5 minutes to explore both objects. The exploring time on
each object was recorded. The recognition index was calculated by
TA/(TAþTB), TB/(TAþTB), TC/(TAþTC), TD/(TAþTD). The discrimi-
nation index was calculated by (TC-TA)/(TAþTC), (TD-TA)/(TAþTD).
TA, TB, TC, and TD were the time mice exploring the objects A, B, C,
and D, respectively.

2.8.2. Morris water maze test (MWM)
Spatial learning andmemorywere detected byMorriswatermaze

(MWM). The MWM task was performed as previously described
(Wanget al., 2014). Briefly, a circular arena (120 cm indiameter, 50 cm
in height) made of white polyvinyl chloridewas filledwithwater (23
�2 �C).Anescapeplatform(10�10�15cm)wasplaced into thepool,
1.5 cm below the water surface and 10 cm from the wall. The water
wasmadeopaqueby the additionof awhite titaniumdioxide. The test
roomcontained severalpermanentextra-mazecues suchasposters, a
flag, or other objects on thewalls. A video-tracking camera above the
center of the pool surface monitored the trajectory of the mice. The
video signal was transmitted to a computer in an adjacent room.
Learning consisted of 6 consecutive daily acquisition sessions, each of
them consisting of 4 trials, with a maximum trial duration of 60 sec-
onds. Latency time (s) to find the hidden platform was recorded
during each trial of each learning session. If the mice found the plat-
formwithin the maximum trial time allowed, it was left on the plat-
form for 20 seconds. If the mice did not find the platformwithin the
time limit, itwasgentlyplacedon theplatformfora20-secondperiod.
Probe tests were carried out 1 hour or 48 hours after acquisition.

2.9. Nissl staining

The mice were deeply anesthetized and perfused intracardially
with 400 mL normal saline, followed with fixing in 400 mL 4%
formaldehyde for 3 days. The fixed brains were transferred into 20%,
25%, 30% sucrose for each one day successively to be dehydrated.
Then the brains were embedded in optimum cutting temperature
(OCT) compound (Sakura, USA), frozen, and sectioned at 25 mmusing
freezingmicrotome (Leica,1950,Wetzlar, Germany).Then brain slices
were immersed in Nissl staining solution for 30 seconds, followed
with 100% ethanol for 1 minute, and xylene for 15 minutes succes-
sively. Finally, the brain slices were mounted with neutral balsam.
Images were observed under the microscope (Nikon, Tokyo, Japan).

2.10. Golgi staining

The mice were anesthetized and perfused intracardially with
400 mL normal saline containing 0.5% sodium nitrite, followed with
400 mL 4% formaldehyde and the Golgi dye solution containing 5%
chloral hydrate, 4% formaldehyde, and 5% potassium dichromate.
After perfusion, the brains were dissected into 5 mm � 5 mm sec-
tions and transferred to a vial containingGolgi dye solution for 3 days
in dark, then immersed in solution containing 1% silver nitrate for
another 3 days. The brains were serially sectioned into 100 mm thick
slices using a vibrating microtome (Leica, VT1000S, Germany). Im-
ages were observed under the microscope (Nikon, Tokyo, Japan).

2.11. Acute slice preparation and LTP recording

For recording hippocampal long-term potentiation (LTP), mice
were decapitated under deep anesthesia; the brain was quickly
removed and placed in ice-cold oxygenated artificial cerebral spinal
fluid (aCSF) containing 119mMNaCl, 2.5 mMKCl, 26.2mMNaHCO3,
1 mM NaH2PO4, 11 mM glucose, 1.3 mM MgSO4, and 2.5 mM CaCl2
(pH 7.4). Horizontal 350 mm thick brain slices were cut in ice-cold
aCSF using a vibrating microtome (Leica, VT1000S, Germany).



Fig. 3. CIP2A-induced astrogliosis promotes synaptic degeneration in primary neurons. Rat primary cortical neurons (DIV 10) were cultured in the conditional media from CIP2A-
overexpressed astrocytes (DIV 10, infected with AAV-CIP2A for 5 days) for 4 days. (A) Cell viability was detected by LDH cytotoxicity assay kit. n ¼ 9 well per group. (B) Left: PSD95,
synapsin I, and synaptophysin expression levels were detected by Western blotting using the antibodies indicated. DM1Awas used as a loading control. Right: Quantitative analysis
of the PSD95, synapsin I, and synaptophysin levels. *** p < 0.001 versus vector, n ¼ 3 per group. Data are mean � SEM.
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Slices were then transferred to a recovery chamber at least
1.5 hours with oxygenated aCSF at room temperature until re-
cordings were performed.

For LTP recording, acute brain slices were transferred to a
recording chamber and submerged in aCSF. Slices were laid down in
a chamber with an 8 � 8 microelectrode array (Parker Technology,
Beijing, China) in the bottom planar (each 50 � 50 mm in size, with
an interpolar distance of 150 mm) and kept submerged in aCSF.
Signals were acquired using the MED64 System (Alpha MED Sci-
ences, Panasonic). The field excitatory postsynaptic potentials
(fEPSPs) in CA1 neurons were recorded by stimulating CA3 neurons.
LTP was induced by applying 3 trains of high-frequency stimulation
(HFS; 100 Hz,1s duration). The LTPmagnitudewas quantified as the
percentage change in the field excitatory postsynaptic potential
slope (10%e90%) taken during the 60 minutes interval after LTP
induction.
2.12. Statistical analysis

Data are expressed as mean � SEM and analyzed using Graph-
Pad Prism 5 statistical software (USA, GraphPad Software). The one-
way analysis of variance procedure followed by Tukey was used to
determine the differences among groups. For the comparison be-
tween 2 groups, Student’s t-test was used. The significance was set
at p < 0.05. All results shown correspond to individual represen-
tative experiments.
3. Results

3.1. CIP2A is expressed in astrocytes and upregulated in patients
with AD and transgenic mouse brains

To explore the role of CIP2A in astrocytes and astrogliosis in
AD, we first examined the expression of CIP2A in cultured as-
trocytes in vitro. In cocultures of primary neurons and astrocytes
(DIV 2), we found that CIP2A was expressed at considerable level
in astrocytes (Map-2 negative) when comparing to that in neu-
rons (Map-2 positive) (Fig. 1A). For a detailed observation of
CIP2A in astrocytes, we examined the CIP2A immunostaining in
cultured primary astrocytes on different days in vitro. Before
experiments, the cell purity was confirmed through detecting the
expression levels of cell typeespecific genes (Supplementary
Fig. 1). In cultured primary astrocytes, CIP2A expression was
observed in cytoplasm and maintained at relative high levels
(Fig. 1B). Western blotting and polymerase chain reaction further
confirmed the expression of CIP2A in astrocytes (Supplementary
Fig. 2). These data indicated that CIP2A may play a physiological
or pathophysiological role in astrocytes.

In AD brains, reactive astrogliosis is observed and suggested to
participate in AD pathogenesis (Birch, 2014). To evaluate the po-
tential effect of CIP2A in astrogliosis in AD, we detected the
expression of GFAP as an astrogliosis marker, as well as CIP2A levels
in patients with AD and 3xTg-AD mice brains. The results showed
that both CIP2A and GFAP levels were increased in patients with AD
and mouse brains (Fig. 1C and D). These findings suggest that CIP2A
may play a role in reactive astrogliosis in AD brains.
3.2. Overexpression of CIP2A induces reactive astrogliosis

To further validate the hypothesis that CIP2A promotes astro-
gliosis, we overexpressed CIP2A through AAV infection in cultured
rat primary astrocytes. Staining of astrocytes with anti-GFAP
showed that CIP2A overexpression induced a significant morpho-
logical change of reactive astrogliosis: cell soma hypertrophy and
more processes (Fig. 2A). CIP2A did not increase the cell number of
astrocytes, indicating that CIP2A does not promote cell proliferation
in our experimental system (Fig. 2B). Consistent with the findings in
AD mouse and patients brains, CIP2A overexpression resulted in
increased expression of GFAP protein in astrocytes (Fig. 2C), further
supporting a role of CIP2A in astrogliosis.

Previous studies have identified that reactive astrocytes may be
neurotoxic through producing inflammatory cytokines (Gruol,
2016; Sofroniew, 2009); we thus measured the release of cyto-
kines from CIP2A-overexpressed astrocytes. The results showed
that cytokines like IL-1a, IL-6, and TNF-a in the culture media were
significantly increased in CIP2A group compared to control group
(Fig. 2D). Several research groups have reported that reactive as-
trocytes can produce significant amounts of Ab (Frost and Li, 2017;
Zhao et al., 2011), so we measured the Ab levels in the medium. We
found that both Ab40 and Ab42 levels were dramatically increased in
CIP2A group (Fig. 2E). Taking together, these results indicate that
overexpression of CIP2A induces reactive astrogliosis, leading to
release of inflammatory cytokines and overproduction of Ab.
3.3. CIP2A-induced astrogliosis promotes synaptic degeneration

Activated astrocytes-derived toxic factors could promote
neuronal death in retinal ganglion cells, differentiated oligoden-
drocytes, and dopaminergic neurons when these cells were treated
with reactive astrocyte-conditioned medium (Liddelow et al.,
2017). To verify whether neurotoxic factors released in CIP2A-
induced astrogliosis also promote neurodegeneration, we incu-
bated rat primary cortical neurons (DIV 10) with CIP2A-



Fig. 4. Overexpression of CIP2A in astrocytes induces visual episodic memory deficit in mice. (A) Timeline of the experiment. (B) The structure diagram of AAV-CIP2A. (C) AAV-
CIP2A was injected into the hippocampal CA3 region of the C57/BL6 mice, and CIP2A expression was observed (green) 4 weeks after injection. Cell nuclei were stained with
Hoechst (blue) to show the hippocampus. Scale bar ¼ 500 mm. (D) Brain slices in C were immunostained with anti-GFAP to show astrocytes; virus infection efficiency was obtained
through calculating the ratio of costained (red and green) cells/GFAP-positive (red) cells. (E) The experimental design of novel object recognition test (NOR). One day before the
memory acquisition, the mice were habituated to the arenas for 5 minutes, as indicated in the first box. The second box showed the acquisition trial. The third and forth box showed
the test trial conducted 1 hour and 24 hours after the acquisition trial. (F) The recognition index of object A and B in the acquisition trial. (G) The recognition index of object A and C
in the test trial 1 hour post the acquisition trial. *** p < 0.001 unfamiliar object C versus familiar object A. (H) The recognition index of object A and D in the test trial 24 hours post
the acquisition trial. *** p < 0.001 unfamiliar object D versus familiar object A. (I) The discrimination index of 1 hour test trial and 24 hours test trial. *** p < 0.001 versus vector
group. n ¼ 6 mice per group. Data are mean � SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Overexpression of CIP2A in astrocytes induces spatial memory deficit in mice. (A) The experimental design of Morris water maze test (MWM). (B) The representative
searching trace on day 6 of the training. (C) The latency to reach the hidden platform. (D) Left: Swimming speed after removing the platform (1 hour) during the probe trial. Middle:
The number of times of crossing the position of the platform. Right: The percentage of time spent in target quadrant. Quadrant 3 is the target quadrant. (E) Left: Swimming speed
after removing the platform (48 hours) during the probe trial. Middle: The number of times to cross the position of the platform. Right: The percentage of time spent in target
quadrant. *** p < 0.001 versus vector. n ¼ 6 mice per group. Data are mean � SEM.
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overexpressed astrocytes-conditioned medium (CIP2A-ACM) for
5 days. LDH assay showed that CIP2A-ACM did not induce marked
cell death comparing to control astrocytes-conditioned medium
(Vector-ACM) and maintenance medium (Con) (Fig. 3A). However,
Western blotting analysis revealed a significant reduction in syn-
aptic proteins including PSD95, synapsin I, and synaptophysin
(Fig. 3B), indicating that CIP2A-induced astrogliosis promotes syn-
aptic degeneration.

3.4. Overexpression of CIP2A in astrocytes induces AD-like cognitive
deficits

Synaptic degeneration underlies cognitive deficits in AD; to
explore the effect of CIP2A overexpression in astrocytes on cogni-
tive function, we performed bilateral intrahippocampal injection of
PBS (Con), AAV-GFAP-Vector (Vector) or AAV- GFAP-CIP2A (CIP2A)
virus to C57/BL6 mice aged 8 weeks (Fig. 4A). A GFAP promoter in
the AAV-vector was designed to induce specific expression of target
protein in astrocytes (Fig. 4B). After 4 weeks, overexpression of
CIP2A in the hippocampus was confirmed by fluorescence micro-
scopy (Fig. 4C). It was observed that almost all GFP-expressing
(green) cells were costained with GFAP immunofluorescence
(red). The virus infect efficiency in astrocytes was 53% in control
group and 47% in CIP2A-overexpressed group (Fig. 4D). Behavioral
tests were performed to evaluate the learning and memory ability
of the mice. In novel object recognition (NOR) test (Fig. 4E), the
recognition index was comparable among the 3 groups (Fig. 4F) in
the acquisition trial. In the test trial 1 hour after the acquisition trial,
mice in the 3 groups showed increased interest to the newobjective
with comparable recognition index (Fig. 4G). However, in the test
trials, 24 hours after the acquisition trial, recognition index to new
object was significantly decreased in the CIP2A-overexpressedmice
(Fig. 4H), indicating impaired long-term memory. The analysis of
the discrimination index at 1 hour and 24 hours test trials showed
the same effects (Fig. 4I). These results suggest that CIP2A over-
expression in astrocytes induces deficits in visual episodic memory.
Next, we examined the effect of astrocytic CIP2A on the reference
spatial memory using the MWM (Fig. 5A). In the acquisition
training phase, the 3 group mice had the same latency, showing
that learning ability was not impaired in AAV-GFAP-CIP2A virus-
infected mice (Fig. 5B and C). In the test trials at 1 hour, the 3 group
mice showed the same speed, crossing times and swimming time in
the target quadrant, indicating that astrocytic CIP2A overexpression
has no effect on motion ability and short spatial memory (Fig. 5D).
In the test trials at 48 hours, CIP2A virus-infected mice showed
decreased crossing times and swimming time in the target quad-
rant compared to the PBS-injected or vector virus-infected mice,
with no changes in swimming speed, suggesting that CIP2A over-
expression in astrocytes causes disruption in long-term spatial
memory (Fig. 5E). Taken together, overexpression of CIP2A in as-
trocytes promotes AD-like cognitive deficits.

3.5. Overexpression of CIP2A in astrocytes causes neuronal loss,
synaptic degeneration, and impairments in synaptic plasticity in
mouse brains

To investigate whether CIP2A overexpression in astrocytes
induce neurodegeneration in mouse brains, we used Nissl staining
to show neuron survival and found that the number of neurons was
decreased in hippocampal CA3 region of CIP2A-overexpressed mice
compared to the con or vector virus-infected mice (Fig. 6A).
Furthermore, the dendritic spine number of CIP2A virus-infected
mice was significantly decreased comparing with the other
groups (Fig. 6B). Consistent with the experiment results in cultured
cells, the protein levels of PSD95, synapsin I, and synaptophysin
were decreased markedly in the hippocampus of CIP2A-



Fig. 6. Overexpression of CIP2A in astrocytes induces neuronal loss, synaptic degeneration, and impairment in hippocampal LTP in mouse brains. (A) Left: Nissl staining of the brain
slices from Con, AAV-vector, and AAV-CIP2A infected mouse brains. Right: Quantitative analysis of the neuron numbers in CA1 and CA3 regions of the hippocampus. n ¼ 3 brain
slices per mouse, 3 mice per group. (B) Top: Representative dendritic spines of neurons in hippocampal CA3 region from Golgi impregnated hippocampus. Bottom: Quantitative
analysis of averaged spine density (mean spine number per 10 mm dendrite segment). n ¼ 10, from 3 mice per group. (C) Top: CIP2A, PSD95, synapsin I, and synaptophysin
expression levels were detected by Western blotting in mouse cortex. DM1A was used as a loading control. Bottom: Quantitative analysis of the protein levels, n ¼ 3 per group. (D)
Top: CIP2A, PSD95, synapsin I, and synaptophysin expression levels were detected by Western blotting in mouse hippocampus. DM1A was used as a loading control. Bottom:
Quantitative analysis of the protein levels, n ¼ 3 per group. (E) Top: Normalized CA3-CA1 fEPSP mean slope recorded from the CA1 dendritic region in acute hippocampal slices.
Bottom: Quantitative analysis of the normalized fEPSP slope. n ¼ 15, 3 mice per group, 5 brain slices per mouse were recorded. * p < 0.05, ** p < 0.01, *** p < 0.001 versus vector.
Data are mean � SEM.
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overexpressing group but not in other 2 groups (Fig. 6C and D).
Next, we recorded the LTP, a classic form of synaptic plasticity in
brain hippocampal slices prepared from the 3 groups of mice. We
found that the magnitude of LTP was significantly decreased in
CIP2A-overexpressing group (Fig. 6E). These in vivo data reinforced
the idea that overexpression of CIP2A in astrocytes causes neuronal
loss, synaptic degeneration and impairments in synaptic plasticity.
3.6. Overexpression of CIP2A in astrocytes results in increased
production of inflammatory cytokines and Ab in mouse brains

To determine the active molecules responsible for neuronal and
synaptic degeneration in CIP2A-overexpressed mice, we examined
the inflammatory cytokines and Ab production in mouse brain ho-
mogenates. IL-1a, TNF-a, and Ab40 levels were increased in the
hippocampus of CIP2A virus-infected mice comparing to the other
groups, hippocampal IL-6 and Ab42 levels showed no difference
among the 3 groups. Comparable levels of the cytokines and Abwere
detected in the brain cortex without CIP2A overexpression (Fig. 7A
and B). These results indicate that expression of CIP2A in astrocytes
induces increase in inflammatory cytokines and Ab production in vivo.
3.7. Ab induces CIP2A upregulation and release of inflammatory
cytokines in primary astrocytes

The upstream factor inducing CIP2A upregulation in astrocytes
in patients with AD and transgenic mouse brains needs further
exploration. Because Ab itself can active astrocytes, we then
explored the possibility that Ab activated astrocytes through
upregulating CIP2A. Incubation of cultured primary astrocytes with



Fig. 7. Overexpression of CIP2A in astrocytes induces increased production of in-
flammatory cytokines and Ab in mouse brains. (A) IL-1a, IL-6, and TNF-a in brain
homogenates from the cortex and hippocampus of the mice were detected by ELISA,
n ¼ 6 per group. (B) Ab40 and Ab42 levels in brain homogenates were detected by ELISA,
n ¼ 6 per group. *** p < 0.001 versus vector. Data are mean � SEM. (C) Cultured
primary astrocytes were treated with Ab oligomers (2 mM) for 24 hours; CIP2A levels
were detected by Western blotting. Left, representative blots. Right, Quantitative
analysis of the protein levels, n ¼ 3 per group. *p < 0.05 versus con. Data are mean �
SEM. (D) Cell culture media in (C) were collected; IL-1a, IL-6, and TNF-a in culture
media were detected by ELISA, n ¼ 9 well per group. * p < 0.05, *** p < 0.001,**** p <

0.0001 versus con. Data are mean � SEM. (E) A working model: In AD brains, CIP2A is
upregulated in astrocytes and induces reactive astrogliosis, the latter, results in over-
production of toxic cytokines and Ab (identified in the present study), and probably
reduced release of neurotrophins, thus promotes neuronal degeneration. Ab further
stimulates CIP2A overexpression and thus forms a vicious cycle.
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Ab oligomers resulted in increased CIP2A expression (Fig. 7C) and
cytokines release (Fig. 7D), indicating that Ab is a causative factor
inducing CIP2A upregulation in astrocytes.
4. Discussion

Reactive astrogliosis has long been suspected to participate in
AD pathogenesis, with the exact role being in debate (Birch, 2014).
Active astrocyte has been shown to be beneficial through clearing
Ab by both phagocytosis and secretion of Ab-degrading proteases
(Dorfman et al., 2010; Koistinaho et al., 2004; Pihlaja et al., 2011; Yin
et al., 2006). Consistently, attenuating astrocyte activation acceler-
ates plaque deposition in APP/PS1 mice (Kraft et al., 2013). On the
other side, there is a great deal of research showing harmful effects
of active astrocytes in AD. Activated astrocyte is a significant source
of Ab (Forst and Li, 2017; Zhao et al., 2011). Ab itself can reversely
activate astrocytes and induce release of neurotoxic inflammatory
factors such as cytokines and nitric oxide (Akama and Van Eldik,
2000; Hu et al., 1998; White et al., 2005). An in vivo study shows
that reducing astrocyte activation ameliorates neurologic pathol-
ogies and improves synaptic function and cognition in a mouse
model of AD (Furman et al., 2012).

By analyzing transcriptome databases obtained from reactive
astrocytes from different mouse injury models, Zamanian et al.
found 2 subtypes of reactive astrocytes dependent on the type of
inducing injury. Reactive astrocytes in ischemia exhibited a mo-
lecular phenotype that may be beneficial or protective, whereas
reactive astrocytes induced by LPS exhibited a phenotype that may
be detrimental (Zamanian et al., 2012). Thus, the conflicting find-
ings on the role of astrogliosis in AD may derive from the distinct
strategies for activating astrocytes in different studies. Further
exploration by the same group showed that LPS-induced A1
phenotype reactive astrocytes lose the ability to promote neuronal
survival, outgrowth, synaptogenesis, and phagocytosis and induce
neuronal death. More importantly, A1 astrocytes make up a large
proportion of astrocytes in AD brains (Liddelow et al., 2017). Thus,
understanding the molecular steps leading to “harmful” A1 type
astrocytes will help us find effective therapeutic target in pre-
venting the detrimental effect of astrogliosis.

In the present study, we explored the role of CIP2A in inducing
reactive astrogliosis in AD. CIP2A is first discovered as an onco-
protein overexpressed in a variety of peripheral tumors (Junttila
et al., 2007; Khanna et al., 2013; Soo Hoo et al., 2002). Through
specific inhibition of protein phosphatase 2A (PP2A), CIP2A selec-
tively regulates the phosphorylation and stabilization of well-
established cancer drivers such as MYC and E2F1, thus promotes
the development of cancer (Junttila et al., 2007; Laine et al., 2013).
Despite considerable levels of CIP2A expression in normal adult
human and mouse brains (Junttila et al., 2007; Kerosuo et al., 2010),
its function in the brain remains largely unknown. Our interest in
CIP2A in astrocytes was originated from the observation that this
protein was expressed at a comparable level in primary astrocytes
when comparing to that in neurons. Also, in patients with AD and
transgenic mice, we observed that an increased CIP2A expression
was correlatedwith GFAP levels. These data imply a potential role of
CIP2A in reactive astrogliosis in AD.

We thus overexpressed CIP2A in cultured astrocytes and found
that upregulation of CIP2A induced typical morphological and mo-
lecular changes of astrogliosis. More importantly, CIP2A over-
expression in culture system resulted in significant release of
inflammatory cytokines such as IL-1, IL-6, and TNF-a, a phenotype of
“harmful” A1 astrocytes. Further detection identified that CIP2A
promoted Ab production, which is also an identified event in activated
astrocytes (Zhao et al., 2011). These findings indicate that CIP2A can
promote the inducement of detrimental reactive astrocytes.

Both excessive Ab and cytokines are destructive to synapses
(Koffie et al., 2011; Liu et al., 2017; Rossi et al., 2012). To test the
neurotoxicity of the CIP2A-promoted reactive astrocytes, we incu-
bated the primary neurons with CIP2A-ACM. The CIP2A-ACM only
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induced modest but not significant cytotoxicity. However, func-
tional synaptic proteins, such as PSD95, synapsin I, and synapto-
physin, were all reduced markedly. These findings indicate that
CIP2A-promoted astrogliosis may induce synaptic degeneration.

To further confirm this hypothesis in vivo, we injected AAV with
GFAP promoter to the mouse hippocampus to induce specific CIP2A
overexpression in astrocytes, and then test the cognition and the
biochemical changes in the brain of the mice. Consistent with the
findings in cells, upregulation of CIP2A in hippocampal astrocytes
resulted in deficits in long-termvisual episodic and spatial memory,
loss in neurons and dendritic spines, reduced expression of synaptic
proteins, and impairment in hippocampal LTP. Detection of cyto-
kine and Ab in the brain homogenates also revealed an elevation in
IL-1a, TNF-a, and Ab40 in the hippocampus of CIP2A-overexpressed
mice.

The upstream factor that induces CIP2A upregulation in astro-
cytes in patients with AD and transgenic mouse brains remains
unknown. With the knowledge that Ab can activate astrocytes, we
suspected that Ab might be a causative factor. To identify this hy-
pothesis, we treated primary astrocytes with Ab oligomers and
found that Ab induced CIP2A overexpression and cytokines release,
indicating that Ab is an upstream factor inducing CIP2A upregula-
tion in astrocytes in AD.

In summary, under normal physiologic conditions, astrocytes
exert supportive function to neurons; however, in AD brains,
upregulated CIP2A induces neurotoxic A1 phenotype astrocytes,
which promote synaptic degeneration through releasing toxic cy-
tokines and Ab, the latter, further stimulates CIP2A overexpression
and thus forms a vicious cycle to promote disease development
(Fig. 7E). As a peripheral tumor promoter, CIP2A has already been
druggable in cancer therapy, thus it deserves further investigation
as potential therapeutic target in AD. Further studies such as CIP2A
depletion in astrocytes will help us identify the role of CIP2A in
astrocytes and its potential as a drug target.
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