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Abstract  
The mechanisms of age-associated memory impairment may be associated with glutamate receptor function and chromatin modification. 
To observe the effect of an enriched environment on the cognitive function of mice with age-associated memory impairment, 3-month-
old C57BL/6 male mice (“young” mice) were raised in a standard environment, while 24-month-old C57BL/6 male mice with memory 
impairment (“age-associated memory impairment” mice) were raised in either a standard environment or an enriched environment. The 
enriched environment included a variety of stimuli involving movement and sensation. A water maze test was then used to measure cog-
nitive function in the mice. Furthermore, quantitative real-time polymerase chain reaction and western blot assays were used to detect 
right hippocampal GluN2B mRNA as well as protein expression of GluN2B and CREB binding protein in all mice. In addition, chromatin 
immunoprecipitation was used to measure the extent of histone acetylation of the hippocampal GluN2B gene promoters. Compared with 
the young mice, the water maze performance of age-associated memory impairment mice in the standard environment was significantly 
decreased. In addition, there were significantly lower levels of total histone acetylation and expression of CREB binding protein in the 
hippocampus of age-associated memory impairment mice in the standard environment compared with the young mice. There were also 
significantly lower levels of histone acetylation, protein expression, and mRNA expression of GluN2B in the hippocampus of these mice. 
In contrast, in the age-associated memory impairment mice with the enriched environment intervention, the water maze performance and 
molecular biological indexes were significantly improved. These data confirm that an enriched environment can improve cognitive dys-
function in age-associated memory impairment mice, and suggest that the mechanisms may be related to the increased expression of CREB 
binding protein and the increased degree of total histone acetylation in the hippocampus of age-associated memory impairment mice,  
which may cause the increase of histone acetylation of GluN2B gene promoter and the enhancement of GluN2B mRNA transcription and 
protein expression in hippocampus. The animal experiment was approved by the Animal Ethics Committee of Yangzhou University, China 
(approval No. 20170312001) in March 2017.
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Graphical Abstract   

Enriched environment improves cognitive function in age-associated memory impairment (AAMI) 
mice via increasing histone acetylation level of the hippocampal GluN2B gene promoter
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Introduction 
With the improvement of living standards and medical con-
ditions, life expectancies are currently increasing. However, 
age-related diseases, such as age-associated memory impair-
ment (AAMI), are also causing health problems as the popu-
lation ages (Langa et al., 2014; Plechatá et al., 2019). Without 
effective intervention, it is predicted that 90 million people 
around the world will have AAMI by 2040. AAMI seriously 
affects patients’ quality of life and social stability (Dause et 
al., 2019; Plechatá et al., 2019). Therefore, it is important to 
find effective treatments for AAMI.

Many factors can lead to AAMI, such as dysfunctional 
neurovascular coupling (Csiszar et al., 2019; Tarantini et 
al., 2019). Mitochondrial-targeted antioxidants have been 
demonstrated to improve dysfunctional neurovascular cou-
pling in AAMI mice, which is caused by the NO-mediated 
component of the response, and they also improve cognitive 
function in these mice (Csiszar et al., 2019). In addition, 
AAMI is associated with changes in some neurotransmitters 
and their associated receptors (Li et al., 2017; Márquez et 
al., 2017). Glutamate is an excitatory neurotransmitter that 
plays an important role in the cognitive function of humans 
and animals (Kumar et al., 2015; Morgenroth et al., 2019). 
N-methyl-D-aspartic (NMDA) receptors are ionotropic 
glutamate receptors, and are distributed in brain regions 
that are important for cognition, such as the hippocampus 
and prefrontal cortex (Kumar et al., 2015; Morgenroth et al., 
2019). The NMDA receptor is a heterotetrameric protein, 
and includes seven subtypes: GluN1, GluN2A–D, and Glu-
N3A–B (Kumar et al., 2015; Li et al., 2017). Among these 
subtypes, GluN2B is the most strongly associated with long-
term potentiation (Li et al., 2017). Studies have reported that 
GluN2B is the NMDA receptor that is most susceptible to 
aging, and may be related to memory loss during the aging 
process (Wang et al., 2014; Márquez et al., 2017). Hippo-
campal GluN2B protein and mRNA levels are significantly 
lower in aged animals than in young animals (Li et al., 2017; 
Márquez et al., 2017). 

Epigenetics refers to genetic modification methods in-
cluding DNA methylation and histone acetylation, which 
are considered to be central regulators of aging (Sewal et 
al., 2015; Marioni et al., 2018). Epigenetics is also strongly 
associated with neurocognitive functions, including neural 
differentiation, nerve growth, synaptic function, and memo-
ry generation (Marioni et al., 2018). It has been reported that 
monocyte DNA methylation in the peripheral blood of pa-
tients with Alzheimer’s disease is negatively correlated with 
cognitive function (Di et al., 2015). In addition, it has been 
revealed that AAMI is related to transcript changes in some 
genes (such as TAU3, GFAP, and KLOTHO) in astrocytes 
(Csipo et al., 2019). Some studies have reported that spatial 
memory impairment in AAMI mice is accompanied by a de-
crease in histone acetylation in the hippocampus (Castellano 
et al., 2014; Yan et al., 2015). Changes in protein expression 
of acetylated histone H3 (Ac-H3) and CREB binding protein 
(CBP) can be used to assess the changes in histone acetyla-
tion (Wang et al., 2018). However, it has yet to be confirmed 

whether these changes in histone acetylation involve NMDA 
receptors.

An enriched environment (EE) is an important rehabili-
tation method to improve cognitive function, and has been 
widely used in clinical and animal research (Rosbergen et al., 
2016; Wang et al., 2016). EE can improve post-stroke cogni-
tive dysfunction and prevent and alleviate senile cognitive 
impairment (Stein et al., 2016; Wang et al., 2016). However, 
the molecular biological mechanisms of the positive effects 
of EE on AAMI remain unclear. For example, EE can im-
prove cognitive function in aged mice and enhance NMDA 
receptor-dependent long-term potentiation (Stein et al., 
2016), but it is not clear whether these changes involve epi-
genetics or GluN2B.

Therefore, this study aimed to observe the effects of EE 
on AAMI mice and explore the related mechanisms. We 
hypothesized that AAMI is related to transcript changes 
of GluN2B in the hippocampus; and that EE can increase 
histone acetylation in the hippocampus, enhance hippocam-
pal GluN2B expression, and improve cognitive function in 
AAMI mice.
  
Materials and Methods 
Animals
Thirty 3-month-old C57BL/6 male mice weighing 25–30 g 
(young mice) and sixty 24-month-old C57BL/6 male mice 
with memory impairment weighing 30–35 g (AAMI mice) 
were purchased from the Animal Experimental Center of 
Yangzhou University, China (license No. SYXK (Su) 2017-
0044). All mice were raised in either a standard environment 
(SE) or EE to explore the effects of EE on AAMI mice. All 
3-month-old C57BL/6 male mice were raised in the SE. Of 
the 60 AAMI mice, 30 were randomly selected to be raised 
in the SE and 30 were raised in the EE. The experimental an-
imals were kept at 25°C with a 12-hour light–dark cycle and 
were allowed free access to drinking water. All procedures 
in the animal experiments were conducted according to the 
experimental protocol and approved by the Animal Ethics 
Committee of Yangzhou University, China in March 2017 
(approval No. 20170312001).

SE and EE housing
The housing protocol that we used was based on that of 
Wang et al. (2016). In brief, all 30 young mice were housed 
in the SE, as the young + SE group. The AAMI mice were 
randomly divided into the AAMI + EE group (n = 30; 
housed in EE) and the AAMI + SE group (n = 30; housed in 
SE). The cage sizes for the SE were 30 cm × 18 cm × 14 cm, 
while the cage sizes for the EE were 60 cm × 36 cm × 28 cm. 
The cages for the EE were also equipped with toys and pipes 
of different shapes and colors, as well as training runners. 
The positions of these devices were changed twice a week to 
keep them fresh for the mice. The mice in each group lived 
in their individual cages all day during 28 days. 

Water maze test
After all mice were housed for 28 days in the correspond-
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ing environment, the water maze test (Shanghai Xinruan 
Information Technology Co., Ltd., Shanghai, China) was 
performed (Wang et al., 2013). The weight of all mice was 
measured, and those that were abnormally heavy (more than 
35 g) or could not finish the water maze test were excluded. 
During training and testing, the water temperature was kept 
at 20°C, and a platform was placed 2 cm below the water lev-
el in one of four quadrants. From days 1 to 4, the mice were 
trained, and testing took place on day 5. The mice in each 
group were placed into the water from the four inlet points 
several times during training and testing. From days 1 to 4, 
the average escape latency to find the hidden underwater 
platform was recorded for each mouse. To assess cognitive 
function, the average escape latency and the distance taken 
to find the platform were recorded for each mouse on day 
5. Mice that had hardly swimming or died were excluded. 
Three AAMI mice (one EE and two SE) died after the water 
maze test. In addition, four AAMI mice (one EE and three 
SE) and two young mice were unable to complete the water 
maze test. All of these mice were excluded. To ensure equal 
numbers of mice in each group, 24 mice were randomly se-
lected from each group for further use. The remaining mice 
(four young mice, one AAMI + SE mouse, and four AAMI + 
EE mice) were not followed up.

Brain tissue preparation
The hippocampus is the brain region that is most closely 
related to cognitive function (Kim et al., 2019). The CA1 re-
gion of the right hippocampus was therefore selected as the 
target brain region. On the day after the water maze test, all 
mice were sacrificed. Brain tissue was cut into coronal slices 
using a cryostat microtome (CM1950, Leica Biosystems, 
Nussloch, Germany), and the CA1 region (bregma –1.46 
mm to –4.04 mm) of the right hippocampus was collected 
(Olivier et al., 2012; Wang et al., 2016). The frozen hippo-
campi were immediately stored at –80°C for subsequent 
western blot assay, polymerase chain reaction, and chroma-
tin immunoprecipitation assay experiments. In each group, 
eight mouse brains from each group were randomly selected 
for each method.

Western blot assay 
One week after the brain tissue was removed, proteins were 
extracted from the right hippocampus as previously de-
scribed (Wang et al., 2016). An equal amount of protein (20 
mg) was extracted from each hippocampus and separated by 
4–10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, and then transferred to nitrocellulose membranes. 
The membranes were blocked with 5% non-fat milk, fol-
lowed by 4°C incubation overnight with anti-total histone 
H3 (rabbit, polyclonal antibody, 1:1000; Abcam, Cambridge, 
MA, USA), anti-Ac-H3 (rabbit, polyclonal antibody, 1:1000; 
Abcam), anti-CBP protein (rabbit, polyclonal antibody, 
1:1000; Abcam), and anti-GluN2B (rabbit, polyclonal anti-
body, 1:1000; Abcam). In addition, GAPDH (rabbit, poly-
clonal antibody, 1:1000; Abcam) was used as an internal 
control. After a series of processes (more detail can be found 

in our previously published paper (Wang et al., 2013)), the 
optical density values of the target bands of each group 
were analyzed using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA) and the results were presented 
as the ratio between the intensity of the target proteins and 
GAPDH. 

Quantitative real-time polymerase chain reaction 
Total RNA was extracted using an RNA isolation kit (Prome-
ga, Madison, WI, USA) 2 weeks after the brain tissue was 
removed, and was then synthesized into cDNA. Quantita-
tive real-time polymerase chain reaction (qRT-PCR) was 
performed using the ABI PRISM 7500 Sequence Detection 
System (Applied Biosystems, Foster City, CA, USA). The 
primers for GluN2B were purchased from Applied Biosyste-
ms, and GAPDH was used as the internal control. The primer 
sequences are listed in Table 1. The reaction conditions were 
as follows: 95°C for 5 minutes; followed by 40 cycles of 95°C 
for 45 seconds, 60°C for 50 seconds, and 72°C for 30 seconds. 
Fluorescent signal was detected at the end of each cycle. The 
mRNA expression levels were determined relative to a blank 
control after normalizing to GAPDH using the 2–ΔΔCt method 
(Wang et al., 2013).  

Table 1 Primers used for quantitative real-time polymerase chain 
reaction

Genes Sequence (5′–3′) Product size (bp)

GluN2B Forward: AGC GAC CTG TAC GGC 
AAG TT

73

Reverse: CAT CCG ATC GAA TCA 
AGT CAT

GAPDH Forward: GTC ATA TTT CTC GTG 
GTT CAC ACC

149

Reverse: CTG AGT ATG TCG TGG 
AGT CTA CTG G

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

Chromatin immunoprecipitation
Four weeks after the brain tissue was removed, we assessed 
the extent of histone acetylation of the hippocampal GluN2B 
gene promoter using chromatin immunoprecipitation. This 
test was performed using a chromatin immunoprecipitation 
kit (Merck Millipore, Burlington, MA, USA) according to 
the manufacturer’s instructions. Briefly, the hippocampus 
was first placed into a tissue-stabilizing lysate, and the entire 
hippocampal chromatin was then separated by ultrasound 
into 200–1000 base-pair (bp) fragments. The chromatin ly-
sates containing rabbit anti-mouse-incubated IgG (as a neg-
ative control) or Ac-H3 antibody (1:1000; Merck Millipore) 
were continuously agitated at 4°C overnight. Protein and 
DNA cross-linked complexes were eluted and purified, while 
acetylated histone levels on the GluN2B gene promoter were 
measured by PCR assay (Wang et al., 2016). The PCR condi-
tions were as follows: 40 cycles of 94°C for 20 seconds, 59°C 
for 30 seconds, and 72°C for 30 seconds; 20 μL of reaction 
mixture. The primer sequences of the GluN2B gene promot-
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er were taken from Chen et al. (2016), and are listed in Table 
2. After amplification, the PCR product (10 μL) was separat-
ed by agarose gel and then exposed to ultraviolet light. The 
light intensity was measured and analyzed using the density 
method. The input DNA was the positive control, while the 
IgG sample was the negative control and indicated whether 
the sample was contaminated. The DNA content was pre-
sented as the ratio between the intensity of the target DNA 
and the input DNA (Wang et al., 2018).

Statistical analysis
The measurement data are expressed as the mean ± standard 
deviation (SD) and were analyzed using SPSS 23.0 statistical 
software (IBM, Armonk, NY, USA). All data were analyzed 
using a one-way analysis of variance followed by Dunnett’s 
post hoc test. A value of P < 0.05 was considered statistically 
significant. 

Results
Mice characteristics in each group
After excluding mice with abnormal swimming speeds and 
those who died during the experimental procedures, 24 
mice were randomly selected from each group for analysis. 
Although the weight of the AAMI mice (both SE and EE) 
was significantly higher than that of the young + SE mice, 
there were no AAMI mice that the weight was more than 35 
g (Table 3). There was no significant difference in the aver-
age swimming speed of each group, and all mice from each 
group underwent the water maze testing (Table 3). 

EE improves water maze test performance in AAMI mice
There were no significant differences in average escape la-
tency between any groups on day 1 of training (Figure 1). 
However, differences between all of the groups gradually 
emerged from day 2 of training. By day 5, the total swim-
ming distance and average escape latency of the AAMI + SE 
mice were significantly higher (P < 0.05) than those of the 
young + SE mice, suggesting that the cognitive function of 

AAMI mice was impaired. Compared with the AAMI + SE 
mice, the total swimming distance and average escape laten-
cy were significantly improved in the AAMI + EE mice (P < 
0.05). However, the water maze test performance of AAMI + 
EE mice was also significantly worse than that of the young 
+ SE mice (P < 0.05; Figure 1).

EE increases GluN2B expression in the hippocampus of 
AAMI mice
GluN2B mRNA expression in the right hippocampal CA1 
area was significantly lower in the AAMI + SE mice than in 
the young + SE mice (P < 0.05), and was significantly higher 
in the AAMI + EE mice than in the AAMI + SE mice (P < 
0.05). However, GluN2B mRNA expression in the AAMI + 
EE mice was still significantly lower than that in the young + 
SE mice (P < 0.05; Figure 2). The changes in GluN2B protein 
in the hippocampus of each group were consistent with the 
changes in GluN2B mRNA (Figure 2).

EE increases histone acetylation levels in the hippocampus 
of AAMI mice
Changes in histone acetylation in the right hippocampal 
CA1 area were assessed using Ac-H3 expression. Compared 
with the young + SE mice, Ac-H3 expression was significant-
ly lower in the AAMI + SE mice (P < 0.05). Furthermore, 
Ac-H3 expression was significantly higher in the mice of 
the AAMI + EE group than in the mice of the AAMI + SE 
group. However, Ac-H3 expression in the AAMI + EE mice 
was still significantly lower than that in the young + SE mice 
(P < 0.05; Figure 3).

EE increases CBP protein expression in the hippocampus 
of AAMI mice
The expression levels of CBP in the right hippocampal CA1 
area of AAMI + SE mice were significantly lower than those 
of young + SE mice (P < 0.05). In addition, the expression 
levels of CBP were significantly higher in the AAMI + EE 
mice compared with the AAMI + SE mice (P < 0:05).  How-
ever, there was also a significant difference in CBP expres-
sion levels between the AAMI + EE mice and the young + 
SE mice, and CBP expression levels in the AAMI + EE mice 
were still significantly lower than those in the young + SE 
mice (P < 0.05; Figure 4).

EE increases histone acetylation of the GluN2B gene 
promoter in the hippocampus of AAMI mice
The degree of histone acetylation of the GluN2B gene pro-
moter in the right hippocampal CA1 area was significantly 
decreased in the AAMI + SE mice compared with the young 
+ SE mice (P < 0.05). In addition, the degree of histone acetyl-
ation was significantly higher in AAMI + EE mice than in 
AAMI + SE mice (P < 0.05). However, there was also a signif-
icant difference in the degree of GluN2B gene promoter his-
tone acetylation between the AAMI + EE mice and the young 
+ SE mice, and the degree of GluN2B gene promoter histone 
acetylation in the AAMI + EE mice was still significantly low-
er than that in the young + SE mice (P < 0.05; Figure 5).

Table 2 Primers used for the GluN2B gene promoter

Name Sequence (5′–3′) Product size (bp)

GluN2B gene 
promoter 

Forward: CCA GCT TCT CCA CAC 
AGA GA

98

Reverse: GGC AAT TAA GGG TTG 
GGT TC

Table 3 Body weight and average swimming speed of the mice

Group Body weight (g) Swimming speed (m/s)

Young+SE 28.08±1.26 0.174±0.018
AAMI+SE 31.92±1.44* 0.174±0.016
AAMI+EE 32.08±1.63* 0.181±0.014

Data are expressed as the mean ± SD (n = 24; one-way analysis of 
variance followed by Dunnett's post hoc test). *P < 0.05, vs. the young 
+ SE group. AAMI: Age-associated memory impairment; EE: enriched 
environment; SE: standard environment. 
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Figure 1 EE improves water maze test 
performance of AAMI mice. 
(A) Average escape latency of mice from 
days 1 to 4 (training days). (B) Average 
escape latency of mice on day 5 (test day). 
(C) Total swimming distance of mice on 
day 5 (test day). (D–F) Representative tra-
jectory diagrams of mice in the young + SE 
(D), AAMI + SE (E), and AAMI + EE (F) 
groups on the test day. Data are expressed 
as the mean ± SD (n = 24; one-way analysis 
of variance followed by Dunnett’s post hoc 
test). *P < 0.05 vs. young + SE group; #P < 
0.05 vs. AAMI + SE group. AAMI: Age-as-
sociated memory impairment; EE: enriched 
environment; SE: standard environment. 

Figure 2 EE increases GluN2B expression in the hippocampus of AAMI mice. 
(A) Hippocampal GluN2B mRNA transcription levels. (B) Western blot assay of the protein expression of hippocampal GluN2B. (C) Quantitative 
measurements of the protein intensities in B. Data are expressed as the mean ± SD (n = 8; one-way analysis of variance followed by Dunnett’s post 
hoc test). *P < 0.05, vs. young + SE group; #P < 0.05, vs. AAMI + SE group. AAMI: Age-associated memory impairment; EE: enriched environment; 
SE: standard environment.
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mice.
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three groups. (B) Quantitative measurements of the protein intensities 
in A. Data are expressed as the mean ± SD (n = 8; one-way analysis of 
variance followed by Dunnett’s post hoc test). *P < 0.05, vs. young + SE 
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Figure 4 EE increases hippocampal CBP protein expression in AAMI 
mice. 
(A) Western blot assay of hippocampal CBP protein expression in the 
three groups. (B) Quantitative measurements of the protein intensities 
in A. Data are expressed as the mean ± SD (n = 8; one-way analysis of 
variance followed by Dunnett’s post hoc test). *P < 0.05, vs. young + SE 
group; #P < 0.05, vs. AAMI + SE group. AAMI: Age-associated memory 
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Figure 5 EE increases histone acetylation of the GluN2B gene 
promoter in the hippocampus of AAMI mice.
(A) Chromatin immunoprecipitation results of hippocampal Ac-H3 
of the GluN2B gene promoter in the three groups. (B) Quantitative 
measurements of the intensities in A. Data are expressed as the mean ± 
SD (n = 8; one-way analysis of variance followed by Dunnett’s post hoc 
test). *P < 0.05, vs. young + SE group; #P < 0.05, vs. AAMI + SE group. 
AAMI: Age-associated memory impairment; Ac-H3: acetylated histone 
H3; EE: enriched environment; SE: standard environment.

Discussion
AAMI refers to a decline in memory function with increas-
ing age. The biggest driver of this memory dysfunction is 
age, and people over 60 years old have a high risk of AAMI 
(Dause et al., 2019). The decline or loss of self-care abilities 
in these individuals, as well as the need for the care of oth-
ers, may place a serious burden on families and society as a 
whole (Mamo et al., 2017; Dause et al., 2019). NMDA recep-
tors are important molecules in the formation of memory. 
GluN2B is the NMDA receptor most susceptible to aging, 
and is known to be associated with memory loss during 
aging (Wang et al., 2014; Márquez et al., 2017). This asso-
ciation may be related to the ability of GluN2B to promote 
long-term potentiation, thus improving synaptic plasticity 
(Kumar et al., 2015; Márquez et al., 2017). The hippocampus 
is an important brain region for cognitive function, and it 
is also involved in neural regeneration in adult mammals 
(Eriksson et al., 1998; Li et al., 2019). The hippocampal CA1 
region is the initial site of glutamatergic neuron projections 
(Spellman et al., 2015; Bender et al., 2019), so we chose the 
hippocampal CA1 region as the target brain region in the 
current study. Our results confirmed that, compared with 
young mice, AAMI mice had worse water maze performance 
as well as a significant decrease in GluN2B mRNA transcrip-
tion and protein expression in the hippocampal CA1 region. 
These results were similar to the findings of previous studies 
(Li et al., 2017; Márquez et al., 2017).

Epigenetics, including histone acetylation, is also strongly 
associated with both the aging process and AAMI (Castel-
lano et al., 2014; Jiang et al., 2016). For example, choline 
acetyltransferase, a rate-limiting enzyme in the synthesis of 
acetylcholine, is strongly associated with cognitive function. 
Choline acetyltransferase is regulated by histone acetylation, 

and affects memory function by adjusting the synthesis and 
function of choline acetyltransferase (Aizawa et al., 2012; 
Wang et al., 2018). In addition, the promoter of GluN2B 
is also regulated by histone acetylation (Fujita et al., 2012; 
Chen et al., 2016). In the present study, the hippocampal 
levels of total histone acetylation were lower in AAMI mice 
compared with young mice. We also revealed that the degree 
of histone acetylation of the GluN2B gene promoter was sig-
nificantly lower in the hippocampal CA1 area of AAMI mice 
compared with young mice, which resulted in a significant 
reduction of GluN2B mRNA and protein expression in the 
AAMI mice. Our results therefore suggest that a hippocam-
pal decrease in histone acetylation in the promoter of the 
GluN2B gene is likely to be an important factor for memory 
loss in AAMI mice. 

Studies have shown that EE can improve cognitive dys-
function after stroke, cognitive dysfunction after traumatic 
brain injury, and senile cognitive dysfunction (Stein et al., 
2016; Wang et al., 2016, 2018). In the present study, although 
EE did not restore the cognitive function of the AAMI mice 
to that of younger mice, cognitive dysfunction was signifi-
cantly improved compared with AAMI + SE mice. Moreover, 
GluN2B protein expression was also significantly improved 
by EE intervention. The mechanisms by which EE improve 
cognitive dysfunction remain unclear; however, it has been 
reported that EE can improve the function of the hippocam-
pal cholinergic system and thus improve cognitive dysfunc-
tion (Wang et al., 2016). It has also been reported that EE 
can enhance the function of the hippocampal NMDA sys-
tem in AAMI mice, thus improving synaptic plasticity and 
cognitive dysfunction. This conclusion is consistent with the 
results from the present study, but the specific mechanism by 
which the hippocampal NMDA system function is improved 
has not yet been elucidated (Stein et al., 2016).

We believe that the improvement in neuronal plasticity 
with EE may be related to epigenetic changes in neurons 
(Andin et al., 2007; Wang et al., 2016; Griñán et al., 2018). 
It has been reported that EE interventions can enhance 
cognitive performance of 5xFAD mice (a mouse model of 
Alzheimer’s disease) by reducing DNA methylation levels 
in the hippocampus (Griñán et al., 2018). The results from 
the present study also suggest that EE-induced functional 
improvement of the hippocampal NMDA system may de-
pend on the ability of EE to enhance histone acetylation of 
hippocampal GluN2B promoters. In the present study, the 
hippocampal levels of total histone acetylation were lower 
in the AAMI mice compared with the young mice, and were 
strongly associated with decreased CBP expression. CBP is 
an endogenous histone acetyltransferase, and studies have 
revealed that an increase in CBP protein promotes histone 
acetylation and related gene transcription (Bose et al., 2017). 
In the present study, the lower CBP levels in the hippocam-
pus of AAMI mice were consistent with the hippocampal 
changes in total H3 acetylation and GluN2B levels. 

Previous studies have shown that EE can enhance CBP 
expression in the hippocampus of mice (Lopez-Atalaya et 
al., 2011; Wang et al., 2016, 2018). In addition, after EE in-
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tervention, the improvements in cognitive function and hip-
pocampal histone acetylation in CBP-deficient (CBP+/–) mice 
were reported to be significantly lower than those of wild-
type (CBP+/+) mice (Lopez-Atalaya et al., 2011). Therefore, 
CBP may be an important factor that allows EE to regulate 
epigenetic modification and improve cognitive function. In 
the current study, 28 days of EE intervention in the AAMI 
mice resulted in significant increases in hippocampal CBP 
expression and the degree of total H3 acetylation compared 
with AAMI + SE mice, although none of the measurements 
returned to the levels observed in younger mice. Further-
more, EE intervention in AAMI mice in the present study 
resulted in increased H3 histone acetylation in hippocampal 
GluN2B promoters. Epigenetics is known to regulate NMDA 
receptor system functions. For example, vorinostat, a histone 
deacetylase inhibitor, can enhance GluN2B gene expres-
sion (Chen et al., 2016). This is mainly because the GluN2B 
promoter contains cAMP response elements. These cAMP 
response elements can bind to CBP, which increases the de-
gree of histone acetylation and gene transcription (Chen et 
al., 2016; Carter et al., 2017). We therefore conclude that EE 
enhances hippocampal CBP expression and the degree of 
H3 histone acetylation of GluN2B promoters in AAMI mice, 
thereby enhancing the transcription and protein expression 
of GluN2B. All of these changes ultimately lead to improve-
ments in cognitive dysfunction in AAMI mice.

In the present study, the EE condition was not applied to 
the young mice in any experiments because we did not want 
to emphasize that the EE-induced changes were age-specific. 
In future studies, we will further investigate the effects of EE 
on young mice, as well as its mechanisms. We will also ex-
plore whether the changes induced by EE are age-specific. In 
addition, in the current study we only investigated the effects 
of EE on protein expression in the hippocampal CA1 region. 
We did not explore the effects of EE on other cognitive brain 
regions, such as the prefrontal cortex, or on other hippocam-
pal regions. Furthermore, we only investigated changes in 
GluN2B, and did not study changes in other synaptic recep-
tors or transporters. We will therefore carry out further, in-
depth explorations of these topics in future research.

In conclusion, a hippocampal decrease in histone acetyla-
tion of the GluN2B gene promoter is an important factor for 
memory dysfunction in AAMI mice. EE can improve cogni-
tive dysfunction in AAMI mice, and its mechanisms may be 
related to the enhancement of hippocampal GluN2B mRNA 
transcription and protein expression. In the hippocampus of 
AAMI mice, EE can enhance CBP expression and the degree 
of histone acetylation of the GluN2B gene promoter, thereby 
enhancing hippocampal GluN2B mRNA transcription and 
protein expression.
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