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Aging is a cause of cognitive decline in the elderly and the major risk factor for

Alzheimer’s disease, however, aging people are not all destined to develop into cognitive

deficits, the molecular mechanisms underlying this difference in cognition of aging people

are obscure. Epigenetic modifications, particularly histone acetylation in the nervous

system, play a critical role in regulation of gene expression for learning and memory.

An inhibitor of acetyltransferases (INHAT) is reported to suppress histone acetylation

via a histone-masking mechanism, and pp32 is a key component of INHAT complex.

In the present study, we divided ∼18 m-old aged mice into the cognitive-normal and

the cognitive-impaired group by Morris water maze, and found that pp32 level was

significantly increased in the hippocampus of cognitive-impaired aged mice. The mRNA

and protein levels of synaptic-associated proteins decreased with reduced dendrite

complexity and histone acetylation. Knockdown of pp32 rescued cognitive decline

in cognitive-impaired aged mice with restoration of synaptic-associated proteins, the

increase of spine density and elevation of histone acetylation. Our study reveals a

novel mechanism underlying the aging-associated cognitive disturbance, indicating that

suppression of pp32 might represent a promising therapeutic approach for learning and

memory impairments.
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INTRODUCTION

In the twenty-first century, aging population has emerged as amajor demographic trendworldwide.
Declining fertility, improved health, and longevity, have swelled the older populations dramatically.
The global population of people aged 60 and over representing 11 percent of the world’s population,
were 680 million people in 2009. They have increased by 10.4 million just since 2007—an average
increase of 30,000 each day. By 2050, the 60 and older population will increase from 11 to 22
percent of the world’s population-increasing from 680 million to 2 billion. Aging is the major
risk factor for major neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease,
and amyotrophic lateral sclerosis. Most people over the age of 70 exhibit some degree of cognitive
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decline, particularly for short-term memory, and this accelerates
with aging. However, some old people show no impaired learning
and memory abilities. The molecular mechanisms underlying
this difference in cognition of aged people are obscure.

Using histone acetylation to remodel chromatin is a key
mechanism to control gene expression (Jenuwein and Allis,
2001). The electrostatic affinity between neighboring histones
and DNA is diminished by histone acetylation, and consequently,
histone acetylation can promote a more open chromatin
structure that allows for memory-related genes transcription
(Brownell and Allis, 1996). Epigenetic modifications, particularly
histone acetylation in the central nervous system, play a
critical role in regulation of learning and memory-related genes
expression (Kosik et al., 2012). A number of studies indicate
that aging correlates with brain region-specific changes of
gene expression (Lee et al., 1999; Lu et al., 2004; Xu et al.,
2007; Berchtold et al., 2008), and altered histone acetylation
contributed to aging-associated changes in gene expression and
cognitive decline (Peleg et al., 2010). Therefore, we hypothesized
that altered histone acetylation might also contribute to the
cognitive differences in aging people.

Acetylation and deacetylation of histone is catalyzed by
histone acetyltransferases (HATs) and histone deacetylases
(HDACs), respectively. Recently, independently of changes of
HATs or HDACs, a cellular complex termed inhibitor of
acetyltransferases (INHAT) was reported to regulate histone
acetylation (Seo et al., 2002). INHAT suppresses histone
acetylation through a mechanism namely histone-masking, in
which INHAT binds to histones and masks their access to
acetyltransferases (Seo et al., 2001). As an endogenous inhibitor
of protein phosphatase 2A (PP2A) (Li et al., 1996), ANP32A also
named IPP2A1 , pp32, and so on, is one of the major subunits of
INHAT (Seo et al., 2002). Of note, the reduction of PP2A activity
leading to hyperphosphorylation of a microtubule associated
protein tau plays an important role in neurodegeneration in
Alzheimer’s disease (AD) (Chen et al., 2008; Tanimukai et al.,
2009). Interestingly, pp32 level is selectively up-regulated in the
areas of AD brain, which affected with neurofibrillary pathology
(Tanimukai et al., 2005). Therefore, regarded as an inhibitor of
PP2A, pp32 has been causally linked to neurodegeneration in AD
(Tanimukai et al., 2005).

In the present study, we examined the impact of pp32
on cognitive performance in a mouse model of aging. We
demonstrated that pp32 level was inversely correlated with
cognitive performance. Knockdown of pp32 increased histone
acetylation and promoted the expression of genes associated with
learning and memory, which resulted in rescuing of cognitive
decline. Our study suggests that pp32 may represent an early
biomarker of an impaired genome-environment interaction in
aging.

MATERIALS AND METHODS

Antibodies
Polyclonal antibody (pAb) anti-H4K8 (acetylated histone H4
at lysine 8), monoclonal antibody (mAb) anti-tau-5 (total tau),
mAb anti-tau-1 (unphosphorylated tau at Ser198/199/202), pAb

anti-NR2A, pAb anti-synapsin-1, pAb anti-synaptophysin, pAb
anti-GluR2, and monoclonal antibody (mAb) anti-GluR1, were
purchased from Millipore (Billerica, MA). PAb anti-H4K12
(acetylated histone H4 at lysine 12), mAb anti-β-actin, pAb
anti-RFP, pAb anti-NR2B, pAb anti-pp32, pAb anti-Histone
H4, pAb anti-Histone H3, and pAb anti-H3K9 (acetylated
Histone H3 at lysine 9) were from Abcam (Cambridge, USA).
pAb anti-pT205 (phosphorylated tau at Thr205), pAb anti-
pS396 (phosphorylated tau at Ser396), and pAb anti-pS404
(phosphorylated tau at Ser404) were from SAB (Pearland, TX).
PAb anti-H3K14 (acetylated Histone H3 at lysine 14) was come
from Cell Signaling (Cambridge, MA). MAb anti-DM1A (total
α-tubulin) was purchased from Sigma (St. Louis, MO).

Animals
Male C57 mice (18 months old) were purchased from the
animal center of Tongji Medical College, Huazhong University of
Science and Technology. All mice were kept at 24± 2◦C on daily
12 h light-dark cycles with ad libitum access to food (supplied
by Beijing Huafu Kang Biotechnology Co., Ltd, product number:
1032) and water. By the way, gene expression changes in the
course of normal brain aging are sexually dimorphic; the female
brain showed fewer gene changes than males overall in aging
(Xu et al., 2007; Marintcheva et al., 2008). To avoid the gender
related differential expression of the transcriptomes induced by
gender, only male mice were used. All animal experiments of
this study were performed according to the “Policies on the
Use of Animals and Humans in Neuroscience Research” revised
and approved by the Society for Neuroscience in 1995, and the
Guidelines for the Care and Use of Laboratory Animals of the
Ministry of Science and Technology of the People’s Republic of
China, and the Institutional Animal Care and Use Committee
at Tongji Medical College, Huazhong University of Science and
Technology approved the study protocol. We made all efforts
to minimize animal suffering and sacrifice in this experiment
process.

Behavioral Tests
Experimental procedure: 18-month-old C57 mice were divided
into cognitive normal (Aged-CN) group and cognitive impaired
(Aged-CI) group according to the escape latency after learning
through Morris water maze (MWM)-tests. Combined with the
escape latency in other days, if the escape latency to find the
submerged platform in sixth day is within 20 s, which is similar
as that of 12-month-old normal mice, the mouse is grouped into
cognitive normal (CN) group, while the mice could not find
the platform in 30 s were grouped as cognitive impaired (CI)
group (Figure 1A). Eleven CNmice were injected with scrambled
control lentivirus and used as Aged-CN-siC group, while 22 CI
mice were further divided into two groups (11 each), one group
was injected with pp32-shRNA (Aged-CI-sipp32) to knockdown
pp32 and another group was injected with the scrambled control
(Aged-CI-siC).

Four weeks after brain infusion of the virus, MWM-test was
used to test the spatial learning and memory in Aged-CN-siC,
Aged-CI-sipp32, and Aged-CI-siC group mice (Morris et al.,
1982). For spatial learning, mice were trained in water maze
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FIGURE 1 | Pp32 level increases in the hippocampus of aged cognitive-impaired mice. (A) Escape latency in the Morris water maze task of 12 m-old (Ctrl,

n = 9), cognition-normal 18 m-old C57 mice (Aged-CN, n = 9) and cognitive-impaired 18 m-old C57 mice (Aged-CI, n = 9).*p < 0.05 vs. Ctrl (mean ± SEM).

(B,C).Western blotting analysis (B) and quantification (C) of pp32 levels in the cortex (Cr), hippocampus (Hip) and cerebellum (Cb) of Aged-CN and Aged-CI mouse

brain (n = 3 for each group). Tubulin was used as a loading control and was detected with DM1A antibody. Note: pp32 levels are significantly increased in the Hip of

Aged-CI, compared to that in Aged-CN. *p < 0.05, **p < 0.01 vs. Aged-CN.

to find a hidden platform for 6 consecutive days, 4 trials per
day with a 30 s interval from 14:00 to 20:00 p.m. On each trial,
the mice started from one of the four quadrants facing the
wall of the pool and ended when the animal climbed on the
platform. If the mice did not locate the platform within 60 s,
they were guided to the platform. The swimming path and the
time used to find the platform (latency) were recorded each day
during training. The spatial memory was tested 24 h after the
last training. The platform was removed and the times passing
through the platform quadrant and the first time to cross the
platform (latency) were recorded.

Seven days after the MWM-test, the step-down avoidance test
was performed to evaluate the ability of learning and memory
(Liu et al., 2013). Briefly, the mice were kept in the cage for
3min to adapt to the environment before the experiment, and
then the mice received training by delivering electrical shock
(36 v) for 3min. The short term memory (STM) and long term
memory (LTM) were tested respectively in 15min and 24 h after
the training by measuring the step-down latency in 3min.

Brain Infusion of Lentiviral Constructs
The pp32-shRNA sequence is CGGATTTATTTAGAGCTGC
and the scrambled control sequence is TTCTCCGAACGTGT
CACGT, and all of them were cloned into LentiLox 3.7. The
RFP sequence was driven by a cytomegalovirus (CMV) promoter
and terminated using polyadenylation signal in the 3′ long
terminal repeat (LTR). The third generation packaging systems
was used for lentiviral production. The standard procedure was
used to construct the RFP-labeled lentiviral pp32-shRNA (LV-
sipp32) and the scrambled control (LV-siC). By the calcium
phosphate method, the recombinant lentivirus was produced by
transient transfection of HEK293T cells. According to the cell
status, HEK293T cell supernatant was collected 48 h and 72 h
after transfection and centrifuged at 4,000 g for 10min at 4◦C
to remove cell debris; and then the supernatant was filtered
through a 0.45 µm filter and centrifuged at 25,000 rpm for 2 h
at 4◦C. After centrifugation, the supernatant was discarded and
the pellet was resuspended by the virus preservation solution and
continued to centrifuge at 10,000 rpm for 5min, the supernatant

was packaged. Lastly, quantitative PCR (qPCR) was used to detect
virus titer.

For brain injections, mice were positioned in a stereotaxic
instrument, then 2 µl LV-sipp32 or LV-siC were bilaterally
injected into CA3 region of hippocampus (AP ± 2.0, ML −1.5,
DV−2.0) at a rate of 0.50µl/min. The needle was left in place for
∼3 min before being withdrawn. This operation did not increase
the death rate or change the normal activity of themice compared
with the sham operation group. Western blotting and RT-PCR
were used to measure the knockdown efficiency at 4 weeks after
the virus injection.

Real Time PCR
Total RNA (3 µg) was isolated by TrizolTM (Invitrogen, CA),
and then was reversely transcribed. The produced cDNA (1 µl)
was used for real time PCR with primer sets: 5′-TATGCTCTTT
GGGTCAGTCTCGTT-3′ and 5′-GTCCCTTTATCCTCCGTC
TTTCTT-3′ for NR2B, 5′-TCAAGGAAAGCAGAAGGGGAAA
-3′ and 5′-TGTGGAATGGAATGATAGGCGA-3′ for NR2A, 5′-
CACATGTAGCCGGAGTGATG-3′ and 5′-CACTCAAGAGGA
TGGGGAAA-3′ for GluR1, 5′-ATTTCGGGTAGGGATGGTTC
-3′ and 5′-ACCATCCTTCACTGGCATTC-3′ for GluR2, 5′-CA
AACAATACCGAAGGGCACAG-3′ and 5′-AAGAGGGCTAGA
TAATCAGAAGACAGA-3′ for synaptophysin, 5′-CTTTGCTT
GTTTATTTTGCTTC-3′ and 5′-CCAATGTGTTTATCTGTG
ACTG-3′ for synapsin I, 5′-CACGTTTTCTCGGTAGGCATT-
3′ and 5′-AGGGGACCTGGAAGTATTGGC-3′ for pp32, and 5′-
AGCCTTCCTTCTTGGGTAT-3′ and 5′-GCTCAGTAACAGTC
CGCCTA-3′ for β-actin.

PP2A Activity Assay
PP2A activity was measured using a Serine/Threonine
Phosphatase Assay Kit (Promega, MA), which could specifically
measure the activity of PP2A through specific substrate and
alternative buffer systems. The absorbance was read at 600 nm
(BioTek Instruments, VT).

Western Blotting
Western blotting was performed as described previously (Duan
et al., 2013). The hippocampal CA3 region (where virus injected),
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cortex (temporal lobes), and cerebellum were rapidly removed
and homogenized at 4◦C using a Teflon glass homogenizer with
homogenate buffer (Tris-HCl 50mM (pH 7.4), NaCl 150mM,
NaF 10mM, Na3VO41mM, EDTA 5mM, benzamidine 2mM,
and phenylmethylsulfonyl fluoride 1mM). After mixed with
sample buffer (3:1, v/v, containing 200mM Tris-HCl (pH 7.6),
8% SDS, 40% glycerol, 40mM dithiothreitol), the extract was
boiled for 10min. The proteins were transferred to nitrocellulose
membranes after separated by 10% SDS-polyacrylamide gel
electrophoresis. The membranes were blocked for 1 h with
5% nonfat milk, which dissolved in TBSTween-20 (containing
50mM Tris-HCl (pH 7.6), 150mM NaCl, 0.2% Tween-20), and
probed with primary antibody at 4◦C overnight. Finally, the blots
were incubated with anti-rabbit or anti-mouse IgG conjugated to
IRDyeTM (800 CW) at room temperature and visualized using
the Odyssey Infrared Imaging System (Licor biosciences, Lincoln,
NE, USA).

Golgi Staining and Dendritic Morphology
Analysis
Golgi staining was performed as described previously (Woolley
and McEwen, 1992). After anesthetized, the mice were
transcardially perfused with 4% paraformaldehyde. Individual
sections were incubated overnight at room temperature in water
solution of 3.5% K2Cr2O7 and 0.4% OsO4, sandwiched in two
glass slides and incubated in 1% AgNO3 at room temperature
in dark for 5 h. Then the slide assemblies were dismantled in
water and the sections were mounted on gel-coated slides (0.5%
porcine gelatin), and dehydrated in a series of graded ethanol
rinses. The sections were cleared with Histoclear and cover
slipped with cytoseal. Olympus BX60 (Tokyo) was used to take
the images.

The segments of dendrites at a distance of 190–210µm (distal)
from the soma were used to determine the spine density. In
order to acquire images for spine analysis, a Zeiss Axioimager
microscope with a 63× oil immersion objective was used to take
images of the dendritic segments under bright-field illumination.
The spine morphology was analyzed according to a previously
reported method (Magariños et al., 2011), which does not assess
spine density in a 3 dimensional manner but focuses on spines
paralleled to the plane of section. Although the method may
underestimate the total number of spines, it facilitates a direct
comparison of treatment groups when they are analyzed in
an identical manner. Linear spine density, which presented
as the number of spines per 10 µm of dendrite length, was
calculated using Image J software (Spires-Jones et al., 2011).
Spines were classified into the following categories on the basis of
morphology: (i) thin: spines with a long neck and a visible small
head; (ii) mushroom: big spines with a well-defined neck and a
very voluminous head. Data from 5 to 7 neurons were averaged
per animal and used in further statistical analysis.

Immunohistochemistry
In brief, the mice were anesthetized with chloral hydrate
(1 g/kg) and perfused through aorta with 0.9% NaCl followed
by phosphate buffer containing 4% paraformaldehyde. Brains
were removed and postfixed in perfusate overnight, and then a

vibratome (Leica, Nussloch, Germany; S100, TPI) was used to
cut brains into sections (20 µm), which collected consecutively
in PBS for immunohistochemical staining. Free floating sections
were blocked with 0.3% H2O2 in absolute methanol for 30min,
and then, nonspecific sites were blocked with bovine serum
albumin (BSA) for 30min at room temperature. Primary
antibody was used to incubate the sections at 4◦C overnight. For
each primary antibody, 3–5 consecutive sections from each brain
were used. Using HistostainTM-SP kits (Zymed, San Francisco,
CA. USA), immunoreaction was developed and visualized with
diaminobenzidine (brown color). The images were observed
using a microscope (Olympus BX60, Tokyo, Japan). We will not
use chloral hydrate as an anesthetic for survival surgery and
euthanasia for animal welfare in our further animal researches.

Statistical Analysis
The data was expressed as mean±SD or mean±SEM and
statistical comparisons were performed using SPSS 12.0 statistical
software (SPSS Inc., Chicago, Illinois). Statistical analyses were
performed by Student’s t-test for two-group comparisons.
For comparison of multiple groups, 2-way repeated-measures
ANOVA or two-way ANOVA with Bonferroni’s post hoc analysis
was used. P < 0.05 was accepted as statistically significant in all
the experiments.

RESULTS

Pp32 Levels Inversely Correlate with
Learning and Memory Performance
Since aging is associated with cognitive decline, we utilized a
mouse model of aging to explore the role of pp32 in learning
and memory. By using 12 month-old mice as the control, we
performed MWM-tests to screen out the cognitive-impaired
group (Aged-CI) and cognitive-normal group (Aged-CN) from
18-month old agingmice as shown in themethods. Based on their
performances inMWM, the cognitive-impaired group (Aged-CI)
displayed significantly longer escape latency (>30 s) than 12 m-
old mice, and the cognitive-normal group (Aged-CN) exhibited
similar escape latency (∼20 s) as that of the control [Figure 1A:
from day 1 to day 6: Aged-CN vs. Ctrl, group effect: F(1, 16) =

1.32, p = 0.268; day effect: F(1, 16) = 583.423, p < 0.001;
group × day interaction: F(1, 16) = 0.168, p = 0.687; Aged-CI
vs. Aged-CN, group effect: F(1, 16) = 12.269, p = 0.003; day
effect: F(1, 16) = 137.966, p < 0.001; group × day interaction:
F(1, 16) = 2.242, p = 0.058 with p4day = 0.023, p5day =

0.01, p6day = 0.04]. Using western blots analysis, we examined
pp32 levels in different brain regions including cortex (temporal
lobes), hippocampus and cerebellum in Aged-CI, using Aged-
CN mice as the control. Pp32 levels were significantly increased
in the hippocampus and cortex-brain regions responsible for
learning and memory, but not in cerebellum brain region not
directly involved in spatial memory in Aged-CI mice, compared
to Aged-CN mice (Figures 1B,C: Cr, p = 0.002; Hip, p = 0.001).
The proportion of Aged-CI mice in total aged mice is about
30%. Collectively, these results indicate that pp32 levels inversely
correlate with the cognitive performance in aged mice.
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Reducing pp32 Level Ameliorates
Cognitive Deficits in Cognitive-Impaired
Aged Mice
We further determined whether reducing pp32 expression
could improve cognitive performance in Aged-CI mice
which exhibited behavioral deficits. To this end, lentivirus
coexpressing pp32 shRNA (LV-sipp32) and RFP was injected
into hippocampal CA3 area of Aged-CI mice to knockdown
pp32 expression. The control mice were injected with
lentivirus coexpressing scrambled control shRNA (LV-siC)
and RFP. The virus infection image was shown in Figure 2A,
the RFP level was same in three groups of mice and LV-
sipp32 dramatically reduced both the protein[Figures 2B,C:
group effect: F(1, 7) = 44.121, p = 0.001; treatment effect:
F(1, 7) = 8.464, p = 0.027 with pAged-CN-siC vs. Aged-CI-siC =

0.001, pAged-CI-sipp32 vs. Aged-CI-siC = 0.027] and
mRNA levels [Figure 2D: group effect: F(1, 7) =

28.102, p = 0.002; treatment effect: F(1, 7) = 11.217,
p = 0.015 with pAged-CI-siC vs. Aged-CN-siC = 0.002,
pAged-CI-sipp32 vs. Aged-CI-siC = 0.015] of pp32 in the
hippocampal CA3 of Aged-CI mice. Injection of LV-siC
did not significantly affect pp32 expression (Figures 2B–D)
Immunohistochemistry assays also showed that the expression
of pp32 was much lower in LV-sipp32 injected CA3 subset
compared with the LV-siC injection (Figure 2E). So,
sipp32 indeed knocked down pp32 expression in Aged-CI
mice.

Next, we determined the influence of knocking down pp32
expression on learning and memory performance by MWM-
tests. As before, theMWMwas used to prescreenmice into Aged-
CI and Aged-CN groups, and then used again 4 weeks after virus
injection (Figure 3A).

Before lentivirus injection, the Aged-CI mice showed
longer escape latencies to reach the goal than the Aged-
CN mice in MWM-tests (Figure 3B). Four weeks later after
lentivirus injection, LV-sipp32 not LV-siC injected mice showed
dramatically reduced escape latencies during the training
[Figure 3C: from day 1 to day 6: Aged-CI-siC vs. Aged-
CN-siC, group effect: F(1, 20) = 24.157, p < 0.001; day
effect: F(1, 20) = 7.591, p = 0.012; group × day interaction:
F(1, 20) = 0.12, p = 0.732 with p1day = 0.022, p3day =

0.001, p6day = 0.002; Aged-CI-sipp32 vs. Aged-CI-siC, group
effect: F(1, 20) = 8.509, p = 0.009; day effect: F(1, 20) =

20.277, p < 0.001; group × day interaction: F(1, 20) = 2.658,
p = 0.119 with p6day = 0.015] and test [Figure 3D: Pre,
group effect: F(1, 31) = 4.3, p = 0.047; treatment effect:
F(1, 31) = 0.117, p = 0.735 with pAged-CI−siC vs. Aged-CN-siC =

0.047, pAged-CI-sipp32 vs. Aged-CN-siC = 0.022; Post, group
effect: F(1, 31) = 14.389, p = 0.01; treatment effect:
F(1, 31) = 4.366, p = 0.045 with pAged-CI-siC vs. Aged-CN-siC =

0.01, pAged-CI-sipp32 vs. Aged-CI-siC = 0.045]. Though Aged-
CI-sipp32 mice had no difference in times crossing the
platform compared to Aged-CN-siC or Aged-CI-siC mice,
knockdown pp32 induced aged-CI mice crossed the platform
more often during the test [Figure 3E: Pre, group effect:
F(1, 31) = 4.544, p = 0.041; treatment effect: F(1, 31) =

0.063, p = 0.804 with pAged-CI-siC vs. Aged-CN-siC = 0.041,
pAged-CI-sipp32 vs. Aged-CN-siC = 0.024; Post, group effect:
F(1, 31) = 6.925, p = 0.013; treatment effect: F(1, 31) =

1.554, p = 0.222 with pAged-CI-siC vs. Aged-CN-siC = 0.013].
The swimming distance and speed were similar between the
different groups (Figures 3F,G). We also analyzed behavior
performance using step-down avoidance test. Compared to
Aged-CN mice, the Aged-CI mice displayed significantly shorter
recent and remote step-down latency, indicating impaired
recent and remote memory, which were completely rescued
by LV-sipp32 infection [Figure 3H: Recent, group effect:
F(1, 25) = 17.217, p = 0.001; treatment effect: F(1, 25) =

4.306, p = 0.049 with pAged-CI-siC vs. Aged-CN-siC = 0.001,
pAged-CI-sipp32 vs. Aged-CI-siC = 0.049; Remote, group effect:
F(1, 25) = 4.649, p = 0.041; treatment effect: F(1, 25) =

14.272, p = 0.002 with pAged-CI-siC vs. Aged-CN-siC = 0.041,
pAged-CI-sipp32 vs. Aged-CI-siC = 0.002]. These results demonstrate
that reducing pp32 levels could rescue cognitive decline in
Aged-CI mice. Combined with the data of Figures 1–3, we
found that there was a positive correlation of pp32 levels with
escape latency at sixth day during training, which suggested
that the animals with higher pp32 level in the hippocampus
spent longer time to find the platform (Supplementary Figure
1). This result implied that pp32 levels negatively correlated with
cognition.

Sipp32 Increases Spine Density and the
Expression of Synaptic Proteins
Several independent studies have demonstrated that, genes such
as N-methyl-D-aspartate receptor type 2A (NR2A) and N-
methyl-D-aspartate receptor type 2B (NR2B), AMPA receptor
subunits GluR1 and GluR2, as well as synaptophysin (Syp)
and synapsin 1 (Syt1) are related to synaptic plasticity (Janz
et al., 1999; Fox et al., 2006; Bidoret et al., 2009; Emond et al.,
2010; Hutson et al., 2011). We determined the influence of
pp32 on the expression of synaptic proteins. The mRNA and
protein levels of presynaptic proteins including Syp and Syt1
and postsynaptic proteins including GluR1, GluR2, NR2A, and
NR2B were dramatically downregulated in the hippocampal CA3
region of LV-siC injected Aged-CI mice, compared with those in
LV-siC injected Aged-CN mice [Figure 4B: group effect: GluR1,
F(1, 7) = 8.911, p = 0.024; GluR2, F(1, 7) = 13.21, p = 0.011;
NR2A, F(1, 7) = 12.626, p = 0.012; SYN1, F(1, 7) = 38.972, p =

0.001; SYP, F(1, 7) = 9.151, p = 0.023; NR2B, F(1, 7) = 25.877,
p = 0.002; treatment effect: GluR1, F(1, 7) = 26.862, p = 0.002;
GluR2, F(1, 7) = 6.192, p = 0.047; NR2A, F(1, 7) = 6.146, p =

0.048; SYN1, F(1, 7) = 25.004, p = 0.002; SYP, F(1, 7) = 21.974,
p = 0.003; NR2B, F(1, 7) = 17.97, p = 0.005; Aged-CI-siC vs.
Aged-CN-siC:pGluR1 = 0.024, pGluR2 = 0.011, pNR2A = 0.012,
pSYN1 = 0.001, pSYP = 0.023, pNR2B = 0.002; Aged-CI-sipp32
vs. Aged-CI-siC: pGluR1 = 0.002, pGluR2 = 0.047, pNR2A = 0.048,
pSYN1 = 0.002, pSYP = 0.003, pNR2B = 0.005; Figure 4C: group
effect: GluR1, F(1, 7) = 6.871, p= 0.04; GluR2, F(1, 7) = 13.073, p
= 0.011; NR2A, F(1, 7) = 6.288, p= 0.046; SYN1, F(1, 7) = 13.475,
p= 0.01; SYP, F(1, 7) = 35.533, p= 0.001; NR2B, F(1, 7) = 29.838,
p = 0.002; treatment effect: GluR1, F(1, 7) = 19.186, p = 0.005;
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FIGURE 2 | Sipp32 decreases the protein and mRNA level of pp32 in the hippocampal CA3 region of aged cognitive-impaired mice. Lentiviruses

co-expressing RFP and pp32 shRNA (sipp32) or the scrambled control shRNA (siC) (2 × 109 TU/ml) were stereotaxically injected into the hippocampal CA3 area of

Aged-CN or Aged-CI mice (Aged-CN-siC, Aged-CI-siC, and Aged-CI-sipp32). Four weeks later, the mice were sacrificed for the following measurements. (A)

Representative fluorescent images of LV-transfection in the hippocampal CA3 region of the aged mice. (B,C). Level of pp32 protein and RFP in the hippocampal CA3

region of aged mice was detected by Western blotting and quantitative analysis. (D) Level of pp32 mRNA in the hippocampal CA3 region of aged mice was detected

by RT-PCR. (E) Representative immunohistochemical images of pp32 expression in the hippocampal CA3 region of the aged mice. N = 3 for each group. **p < 0.01

vs. Aged-CN-siC; #p < 0.05 vs. Aged-CI-siC (mean ± SD).

GluR2, F(1, 7) = 30.579, p = 0.01; NR2A, F(1, 7) = 11.591, p =

0.014; SYN1, F(1, 7) = 15.957, p= 0.007; SYP, F(1, 7) = 8.257, p=
0.028; NR2B, F(1, 7) = 27.486, p = 0.002; Aged-CI-siC vs. Aged-
CN-siC: pGluR1 = 0.04, pGluR2 = 0.011, pNR2A = 0.046, pSYN1 =

0.01, pSYP = 0.001, pNR2B = 0.002; Aged-CI-sipp32 vs. Aged-CI-
siC: pGluR1 = 0.005, pGluR2 = 0.01, pNR2A = 0.014, pSYN1 =

0.007, pSYP = 0.028, pNR2B = 0.002]. Knockdown pp32 with
LV-sipp32 significantly elevated the mRNA and protein levels of
these synaptic proteins in Aged-CI mice when compared with the
control mice (Figures 4A–C).

We also measured spine density of neurons in hippocampal
CA3 area. The densities of spines including mushroom
and thin-shaped spines in LV-siC injected Aged-CI mice

were significantly fewer than those in LV-siC injected
Aged-CN mice [Figures 4D–F, Figure 4E: group effect:
F(1, 27) = 56.593, p < 0.001; treatment effect: F(1, 27) =

10.211, p = 0.004 with pAged-CI-siC vs. Aged-CN-siC < 0.001,
pAged-CI-sipp32 vs. Aged-CI-siC = 0.004; Figure 4F: Mushroom,
group effect: F(1, 27) = 56.876, p < 0.001; treatment effect:
F(1, 27) = 8.622, p = 0.007 with pAged-CI-siC vs. Aged-CN-siC <

0.001, pAged-CI-sipp32 vs. Aged-CI-siC = 0.007; Thin, group
effect: F(1, 27) = 6.381, p = 0.018; treatment effect: F(1, 27) =

15.003, p = 0.001 with pAged-CI-siC vs. Aged-CN-siC = 0.018,
pAged-CI-sipp32 vs. Aged-CI-siC = 0.001]. Knockdown of pp32 with
LV-sipp32 drastically increased spine densities in Aged-CI mice
(Figures 4D–F).
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FIGURE 3 | Silencing pp32 improves learning and memory in Aged-CI mice. (A) Schematics of experimental procedure for aged mice. (B) Representative swim

traces of mice in training of MWM task. (C) Escape latencies in MWM task of Aged-CN-siC, Aged-CI-siC, and Aged-CI-sipp32 animals. (D,E). Latencies to find the

platform (D), and times crossing the place (E) where placed the platform during the test. (F,G) Distance traveled and swim speed of Aged-CN-siC, Aged-CI-siC and

Aged-CI-sipp32 animals in the MWM task. No significant difference was observed among the Aged-CN-siC, Aged-CI-siC, and Aged-CI-sipp32 mice. (H) Recent and

remote memory were detected by step-down avoidance test. N = 11 for each group. *p < 0.05, **p < 0.01 vs. Aged-CN-siC; #p < 0.05; ##p < 0.01 vs.

Aged-CI-siC (mean ± SEM).

Pp32 Regulates Histone Acetylation
Pp32 has been implicated in the regulation of histone acetylation
(Seo et al., 2002), and histone acetylation could mediate the
expression of synaptic proteins involved in synaptic plasticity
(Gräff et al., 2012), therefore we assessed whether pp32 could
mediate histone acetylation. We particularly focused on histone3
(H3) and histone4 (H4), as they have been linked to the
regulation of synaptic protein expression (Gräff et al., 2012).
The acetylation of H3 at K9 (H3K9) and K14 (H3K14) or H4
at K5 (H4K5) and K12 (H4K12) was drastically reduced in
siC-injected Aged-CI mice, compared with siC-injected Aged-
CN mice; knocking down pp32 with sipp32 completely rescued
the hypo-acetylation of H3 and H4 in Aged-CI mice, while no
significant changes of the levels of total H3 and H4 was observed
[Figure 5: group effect: H4K5, F(1, 7) = 8.152, p= 0.029; H3K14,
F(1, 7) = 10.061, p = 0.019; H3K9, F(1, 7) = 16.12, p = 0.007;
H4K12, F(1, 7) = 20.667, p= 0.004; H3, F(1, 7) = 0.009, p= 0.928;
H4, F(1, 7) = 0.134, p = 0.727; treatment effect:H4K5, F(1, 7) =

42.437, p = 0.001; H3K14, F(1, 7) = 6.141, p = 0.043; H3K9,
F(1, 7) = 92.543, p < 0.001; H4K12, F(1, 7) = 20.101, p = 0.004;
H3, F((1, 7) = 0.272, p = 0.621; H4, F(1, 7) = 2.326, p = 0.178;
Aged-CI-siC vs. Aged-CN-siC: pH4K5 = 0.029, pH3K14 = 0.019,
pH3K9 = 0.007, pH4K12 = 0.004, pH3 = 0.928, pH4 = 0.727; Aged-
CI-sipp32 vs. Aged-CI-siC: pH4K5 = 0.001, pH3K14 = 0.043,
pH3K9 < 0.001, pH4K12 = 0.004, pH3 = 0.621, pH4 = 0.178].

Sipp32 Has No Significant Effects on the
Phosphorylated Level of Tau
As pp32 is an endogenous inhibitor of PP2A (Santa-
Coloma, 2003), and the reduction of PP2A activity leading
to hyperphosphorylation of tau plays an important role in
neurodegenerative diseases (Tanimukai et al., 2009), we further
detected the phosphorylated level of tau and investigated
whether tau phosphorylation contributes to sipp32-ameliorated
learning and memory impairment in Aged-CI mice. In Aged-CI
mice, PP2A activity was also decreased and knockdown of pp32
increased PP2A activity to ∼83% of the control [Figure 6A:
group effect: F(1, 7) = 13.575, p = 0.01; treatment effect: F(1, 7)
= 6.982, p = 0.038 with pAged-CI-siC vs. Aged-CN-siC = 0.01,
pAged-CI-sipp32 vs. Aged-CI-siC = 0.038]. Notably, no significant
changes of tau phosphorylation were observed in Aged-CI
mice, regardless of sipp32 treatment (Figures 6B,C). These data
suggest that tau phosphorylation does not play a major role in
the altered cognitive function of the Aged-CI mice and after
pp32 knockdown.

DISCUSSION

Aging is a cause of cognitive decline in the elderly and
the major risk factor for AD (Yankner, 2000). However, the
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FIGURE 4 | Sipp32 reverses the impaired spine density and increases the synaptic-related proteins. (A,B). The levels of synaptic proteins in the

hippocampal CA3 region of Aged-CN-siC, Aged-CI-siC and Aged-CI-sipp32 animals were detected by Western blotting and quantitative analysis (n = 3 for each

group). (C) The mRNA levels of synaptic proteins in the hippocampal CA3 region of Aged-CN-siC, Aged-CI-siC and Aged-CI-sipp32 animals were detected by

qRT-PCR (n = 3 for each group). (D,F) The representative photomicrographs of spines (D) and quantitative analysis of spine density (E) or density of mushroom- or

thin-shaped spines (F) in the hippocampal CA3 neurons of Aged-CN-siC, Aged-CI-siC and Aged-CI-sipp32 animals (at least 20 neurons from five to six mice per

group). *p < 0.05, **p < 0.01, ***p < 0.001 vs. Aged-CN-siC; #p < 0.05; ##p < 0.01 vs. Aged-CI-siC (mean ± SD).

age-related changes in cognitive function do not correspond
well with age-related neuron loss and synaptic change in
cortical or temporal structures. Studies have shown that aging
affects the expressions of genes related to synaptic plasticity,
vesicular transport, and mitochondrial function, such as AMPA
receptor subunit GluR1, the NMDA receptor subunit NR2A,
VAMP1/synaptobrevin, synapsin II, RAB3A and SNAPs, and so
on (Lee et al., 1999; Lu et al., 2004; Xu et al., 2007; Berchtold
et al., 2008). In the present study, we divided the aged mice
into the cognitive-normal mice and the cognitive-impaired
mice by MWM, and we found that synaptic proteins, GluR1,
GluR2, NR2A, NR2B, synaptophysin, and synaptotagmin1 in
the hippocampus of the cognitive-impaired aging mice were
significantly decreased compared to the cognitive-normal mice.

The impairment of histone acetylation has been causally
linked to the cognitive decline in aging and a series of
neurodegenerative diseases including AD (Peleg et al., 2010; Gräff

et al., 2011). HATs and HDACs respectively regulate acetylation
and deacetylation of histones. In addition to HATs and HDACs,
histone acetylation can be regulated by INHAT, a complex
composed of three essential subunits, TAF-Iα, SET/TAF-Iβ, and
pp32 (Seo et al., 2001). INHAT regulates histone acetylation by
binding to substrate histones thereby preventing their access to
HATs (Seo et al., 2001). Pp32, a member of the acidic nuclear
phosphoproteins, is a nucleocytoplasmic shuttling protein with a
diverse array of functions, including modulation the cytoskeletal
compartment by binding to microtubule associated proteins
(Ulitzur et al., 1997; Opal et al., 2003). In the nucleus, one of
the best characterized functions of pp32 is to inhibit HATs, such
as CBP, p300, and PCAF, and conceivably others by binding
to the basic histones and preventing HAT access to chromatin
(Seo et al., 2002). Pp32 increased in the temporal and entorhinal
cortices of the Alzheimer’s patients (Tanimukai et al., 2005) and
the acetylated levels of histone decreased (Gräff et al., 2012).
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FIGURE 5 | Sipp32 increases the level of acetylated histone. (A,B) Western blotting (A) and quantitative analysis (B) of the level of acetylated histone in the

hippocampal CA3 region of Aged-CN-siC, Aged-CI-siC and Aged-CI-sipp32 animals (n = 3 for each group). *p < 0.05, **p < 0.01 vs. Aged-CN-siC; #p < 0.05;
##p < 0.01; ###p < 0.001 vs. Aged-CI-siC (mean ± SD).

FIGURE 6 | Sipp32 has no effects on the phosphorylated tau levels. (A) PP2A activity in the hippocampal CA3 region of Aged-CN-siC, Aged-CI-siC, and

Aged-CI-sipp32 animals were measured by using a Serine/Threonine Phosphatase Assay Kit (n = 3–5 in triplicates). (B,C) Phosphorylated tau protein levels in the

hippocampal CA3 region of Aged-CN-siC, Aged-CN-siC, and Aged-CI-sipp32 animals were detected by western blotting and quantitative analysis (n = 3 for each

group). *p < 0.05, vs. Aged-CN-siC; #p < 0.05 vs. Aged-CI-siC (mean ± SD).

The expression of pp32 mRNA is fluctuated in different areas
of human brain (Wang et al., 2015). Immunoblot detection
revealed that pp32 is expressed throughout the brain, including
the hippocampus, temporal cortex, parietal cortex, subcortical
nuclei, and brain stem (Kovacech et al., 2007). In the present
study, we also found that pp32 is abundant expressed in
the hippocampus. The hippocampus plays important roles in
the consolidation of information from short-term memory
to long-term memory, and in spatial memory. This implies
that pp32 may have important functions in neural plasticity
for essential acquired ability, such as learning and memory.
The hippocampal CA3 region, with its characteristic recurrent
collateral connections at the anatomical level, has been proposed
as the key structure for the storage of spatial memory or
contextual memory (Daumas et al., 2004; Gold and Kesner,
2005). CA3 lesions or experimentally-induced dysfunctions of
CA3 induced a severe deficit in spatial memory and fear
conditioning (Handelmann and Olton, 1981; Steffenach et al.,

2002). Intrahippocampal CA3 information processing is also
important for memory-based behavior and can modulate activity
in the CA1 (O’Reilly et al., 2014). Here, we chose to decrease pp32
level in CA3.

As pp32 is a component of INHAT, it is suggested that
inhibition of INHATmay rescue cognitive function by regulating
histone acetylation. In the previous study, histone acetylation
and some synaptic protein levels had no change in 3- and 16-
month-old naive mice (Peleg et al., 2010). However, we found in
the present study that histone acetylation and synaptic protein
were changed in aged mice. Two reasons may interpret this
difference. First, histone acetylation and synaptic protein levels
were detected immediately after the animals were administered
step-down avoidance test in the present study; second, the
control used here is the ∼18-m-old cognitive normal mice, the
experiment group mice were also ∼18-m-old, but had cognitive
impairment; while 3-m-old mice used as the control in the
previous study (Peleg et al., 2010).
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A recent study found that INHAT domain between amino
acids 151 and 180 was a major HAT inhibitory domain of pp32,
and was responsible for histone binding, HAT inhibitory activity,
and repression of transcription (Seo et al., 2002). By representing
pp32 INHAT domain toward the individual histones H2B, H2A,
H3, and H4, the relative IC50-values of the synthesized pp32
peptide ranged between 0.6 and 1.5 µM. Though pp32 has a
high affinity to bind to and inhibit acetylation of histone H2B
and H3, when pp32 is incorporated into the INHAT complex,
this H2B preference is lost, and pp32 predominantly binds to
and inhibits acetylation of histones H3 and H4 (Seo et al.,
2002). Acetylated histones including H3K9, H4K8, and H4K12
were found to bind to the promoter region of the synaptic
genes, including glutamate receptor subunits GluR1, GluR2,
NR2A, and NR2B, presynaptic protein synaptophysin (Syp) and
synaptotagmin 1 (Syt1) (Gräff et al., 2011). Based on these
reasons, we detected the acetylated levels of histone H3 and H4,
and the protein and mRNA levels of the synaptic gene in the
present study. We found that elevation of pp32 decreased the
acetylated levels of histone H3 at lysine 9 and 14, and histone
H4 at lysine 5 and 12, and the mRNA and protein levels of
synaptic genes GluR1, GluR2, NR2A, NR2B, Syp, and Syt1 with
decreases of dendritic spine density in the hippocampus of the
cognitive-impaired aged mice, resulting in cognitive deficits.
However, knockdown pp32 increased the acetylated histone
level and the mRNA and protein levels of synaptic genes with
increasing dendritic spine density, and resulted in ameliorating
cognitive impairments. These results suggest that pp32 plays
an important role in learning and memory via epigenetic
modifications.

Typically, changes in histone acetylation are associated
with changes in transcription, which are necessary for long—
but not short-term memory. In the present study, we found
that the short-term memory was also affected by pp32
knockdown. This suggests that knockdown pp32 not only affects
memory consolidation, but also affects memory acquisition and
expression. Previous study reported that depleting pp32 altered
3,187 genes expression including BDNF and GAP43 (Kular et al.,
2009), which may explain why sipp32 affects short-term memory
here.

One major characteristic pathological change of AD is
the intracellular neurofibrillary tangles, which consisted of
phosphorylated tau. Pp32 is a multifaceted protein. It is an
endogenous inhibitor of PP2A. The up-regulation of pp32
leading to the suppression of PP2A activity has been linked to an
increased phosphorylation of tau (Tanimukai et al., 2005). Here
we found that phosphorylation level of tau was not altered in
cognitive-impaired mice or by pp32 knockdown. These results
were consistent with the report showing that mild cognitive
decline in aging was in the absence of gross histopathologic
changes (Flood et al., 1987a,b; Pakkenberg et al., 2003; Bertoni-
Freddari et al., 2007). We speculate that the decreased PP2A
activity may be not enough to induce tau phosphorylation.

Meanwhile, the effects of the kinases such as GSK-3, also deserves
further study.

Previous study reported that knockout pp32 had no significant
effect in the cognition in normal mice (Opal et al., 2004).
Pp32 null mice were indistinguishable from their wild-type
littermates. Themice in 11 week or beyond 12months performed
well on comprehensive neurological tests, including those that
test for strength, balance, motor coordination, and learning.
Moreover, detailed histological analysis and electrophysiological
studies, such as long-term potentiation (LTP) and Paired-pulse
facilitation (PPF), did not reveal any major abnormalities (Opal
et al., 2004). Therefore, knockdown pp32 in the cognitive-normal
mice may not affect cognitive function, which makes pp32 a
selective target for AD.

CONCLUSIONS

In conclusion, we found that the level of pp32, one subunit of
INHAT involved in epigenetic modification, negatively correlates
with cognitive performance in aged mice. Knockdown pp32
increases spine density and ameliorates cognitive deficits by
increasing the mRNA and proteins levels of synaptic proteins.
Therefore, pp32 (or INHAT) may serve as a potential therapeutic
target for learning and memory impairments.
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