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Abstract
Background: Histone acetylation, which is a chromatin modification of histone tails, can dynamically regulate the expression of various genes in normal development. HDAC2 is a negative
regulatory factor of acetylation and closely related to learning and memory. NSE is a nerve marker
and vital for maintaining physiological functions in nervous system. Currently, few studies associated with the expression pattern of HDAC2 in postnatal rat hippocampus have been reported.
This study aimed to explore the temporal and spatial expression pattern of HDAC2, helping to
reveal the expression characteristics of HDAC2 during postnatal neuronal maturation. Materials
and Methods: With NSE as a biomarker of neuronal maturation at postnatal days 1, 3, 7 and
weeks 2, 4, and 8 (P1D, P3D, P7D, P2W, P4W, P8W), the expression patterns of HDAC2 in rat
hippocampus were examined using real-time PCR and western blotting. Additionally, the subcellular distribution of HDAC2 was analysed by immunofluorescence. Results: We found that
HDAC2 was highly expressed in the neonatal period and decreased gradually. HDAC2 expression
was widely distributed in neurons of hippocampal CA1, CA3 and DG regions and gradually shifted
from the nucleus to the cytoplasm during postnatal development. Altogether, the expression of
HDAC2 decreased gradually with different subcellular localizations throughout development.
Conclusions: The observed results indicate that the expression levels of HDAC2 become lower
and with different subcellular localizations in neurons during hippocampal neuronal maturation,
suggesting the specific expression characteristics of HDAC2 might play an important role during
postnatal learning-memory function and development.
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Introduction
The hippocampus plays a crucial role in the
generation of episodic and declarative memory during the maturation of neurons as well as during spatial learning and in the formation of memory. The
hippocampus is responsible for the proper formation
and function of the postnatal brain development in
rodents [1]. It has been reported that epigenetic
mechanisms are involved in the control of the accessibility of chromatin to transcriptional factors in neu-

rons. These transcription factors can in turn impact
gene expression and lead to modulation of neurotransmission, synaptic plasticity, and disease states
[2]. Histone acetylation involves post-translational
modification, such as the removal or addition of an
acetyl group to specific lysine residues in the amino-terminus of histone residues by histone deacetylases (HDACs) and histone acetytransferases (HATs).
Non-selective HDAC inhibitors (HDACi) can imhttp://www.medsci.org
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prove deficiencies in synaptic plasticity and cognition-related behaviours in the animal models of neurodegenerative diseases and clinical treatments [2-9].
However, currently little is known about the actual
HDAC isoforms and the mechanisms mediating histone acetylation during disease progression. Thus, the
identification of specific HDAC isoforms is critical for
the application of HDACi in the therapeutic treatment
of cognitive impairment.
HDACs are classified into four types. HDAC2 is
a member of the class I HDACs. Some findings have
demonstrated that HDAC2 is an important negative
regulator of memory formation [10]. However, to date
the characteristic of HDAC2 during postnatal development is not well explored. Few studies have addressed a complete pattern and timeline of dynamic
changes in expression levels, localisation or the multiple functional areas of HDAC2 in the period from
birth to sexual maturity [11-13]. Because changes in
HDAC2 expression can reflect the physiological needs
of different stages of development, systematic study
of the expression pattern of HDAC2 is very necessary.
Neuron-specific enolase (NSE) is considered to be a
marker of neurons and neuroendocrine cells and can
reflect the characteristics of the nervous system
[14-16]. Therefore, our current study tried to utilise
NSE as a biomarker of neuronal maturation in the
hippocampus to analyse the HDAC2 expression pattern underlying changes during the postnatal development period.

Materials and methods
Animals
Wistar rats were obtained from the Experimental
Animal Centre of Chongqing Medical University,
China [certificate: SCXK (Yu) 2007~0001]. All rats
were housed under specified pathogen free (SPF) laboratory conditions. The rats were housed in individual stainless steel cages at a constant temperature
of 19°C-25°C with 55%-65% relative humidity; artificial daylight was put on between 7 a.m. and 7 p.m.,
and food and water were available ad libitum. The
day of birth was designated as P0. All animal experimental protocols were approved by the Chongqing
Medical University Institutional Animal Care and Use
committee. All efforts were made to minimize the
number of animals used and alleviate their suffering.

Real-time PCR of HDAC2 and NSE of the
hippocampus
Extraction of RNA of hippocampal tissue was
performed using the total RNA isolation system
(Takara, Japan). The mRNA was reverse transcribed
into cDNA using the PrimeScript RT Reagent Kit

789
(Takara, Japan). Real-time PCR reactions were performed using a RealMasterMix Kit (Takara, Japan)
and a Real-time PCR instrument (Bio-Rad, USA). The
reaction protocol was carried out as follows: 95 °C ×30
s, 95 °C ×5 s and 60 °C ×20 s for 40 cycles, and followed by 60 °C for 30 s. Melt curve analysis was utilised when the temperature was brought gradually up
to 95 °C. The data were represented as gene expression and were calculated using the ratio of the relative
concentration of the target gene to that of GAPDH
with the same samples by CFX Manager Software.
Primer sequences for HDAC2, NSE and GAPDH were
designed with the Primer 5 software as follows.
HDAC2, forward: 5'-GCTGCTTCAACCTAACT
G-3'; reverse: 5'-CTCATACGTCCAACATCG-3'
NSE, forward: 5′-CTGTTTGCTGCTCAAGGTC3′; reverse: 5′-TCCCACTACGAGGTCTGC-3′
GAPDH, forward: 5′-CCTGGAGAAACCTGCC
AAG-3′; reverse: 5′-CACAGGAGACAACCTGGTCC3′

Western blotting of HDAC2 and NSE of the
hippocampus
Hippocampal tissue was prepared for protein
extraction with RIPA buffer (Bioteke, China). Protein
concentrations in the homogenates were determined
with the micro BCA protein assay kit (Bioteke, China)
with an enzyme-labelling instrument (Thermo varioskan flash, USA). Approximately 40 μg of total protein samples were loaded per lane onto a 10%
SDS-polyacrylamide gel (Beyotime, China). Proteins
were transferred to 0.45 μm polyvinylidene fluoride
membranes (Millipore, USA) after electrophoretic
separation. All membranes were then blocked with
5% skim milk in TBST at 37 °C for 1 h and probed with
anti- NSE (at dilution of 1/2000) (Abcam, UK), anti-HDAC2 (at dilution of 1/1500) (Millipore, USA),
and anti-β-actin (at dilution of 1/800) (Santa Cruz,
USA) primary antibodies at 4°C overnight. The proteins were probed with HRP-conjugated secondary
antibodies (at dilution of 1/5000) (Santa Cruz, USA) at
room temperature for 1 h and visualised using an
enhanced chemiluminescence kit (Millipore, USA)
with an ECL Imaging System (SynGene GBOX, UK).
Band intensities were quantified using ImageJ software.

Immunofluorescence staining
Animals were deeply anesthetised and perfused
transcardially with 200 ml of ice-cold PBS (0.01 M)
followed by 200 ml paraformaldehyde (4% in 0.1 M
PBS). Brains were rapidly removed from the skull and
post-fixed overnight in the same fixative at 4°C. Every
sixth section of every brain was mounted onto slides
for staining. After dehydration and paraffin embedhttp://www.medsci.org
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ding, the brains were sliced into coronal hemisections,
with a 4.5 µm in thickness using the vibratome (Leica,
Germany) and the sections were kept at 4°C in slice
boxes before use. After permeabilisation (PBS 1X /
Triton 2%, 10 min) and antigen retrieval (boiling citric
acid / sodium citrate buffer, pH 6.0, 45 min), the
hippocampus slices were blocked (5% goat serum, 30
min), followed by incubation with anti-HDAC2 antibody (at dilution of 1/100) (Millipore, USA), at 4°C
overnight. After three washes (PBS 1X/Triton 0.1%),
the hippocampus slices were incubated with
dylight488-conjugated secondary antibodies (at dilution of 1/1000) (Jackson ImmunoResearch, USA) at
room temperature for 1 hour. Additionally, nuclei
were stained using 4'6'-diamidino-2-phenylindole
dihydrochloride (DAPI) (at dilution of 1/2000) (Sigma, USA) for 10 min. Fluorescent images and fluorescence intensity were acquired with an Immunofluorescence Laser Confocal (Nikon, Japan). Control
IgG of corresponding primary antibodies were used
as negative controls. Three regions (CA1, CA3, DG) of
the hippocanpus were all selected for each time point
for statistical analyses of fluorescence expression intensity. Analysis was performed on the samples with
the magnification of 400× with scale bars of 10 μm
using NIS-Elements AR 3.1 software (NIKON, Japan).
The different scales of HDAC2 expression shown in
Table 1 were based on the subcellular localizations of
HDAC2 in the three regions (CA1, CA3, DG) of the IF
pictures with the magnification of right row 400× (C,
F, I, L, O, R) with scale bars of 10 μm.

D (P1D, P3D, P7D) and at 2, 4, and 8 W (P2W, P4W,
P8W). From the data shown in Fig. 1A, we found that
the mRNA expressions of NSE in the hippocampus
tissue gradually increased with the growth and development of pups, and there were significant differences among 6 groups (#p<0.001, one-way ANOVA).
The levels of NSE mRNA expression significantly
increased from P3D to P4W, but there was no significant difference between P4W and P8W (ns, p≥ 0.05,
SNK). Developmental regulation of NSE expression in
the rat hippocampus was almost like an “s”, relatively
steady in the beginning and end but with a sharp increase in the middle. Meanwhile, the changes in NSE
protein levels were completely consistent with those
of NSE mRNA expressions among 6 time points (Fig.
1B, 1C) (#p<0.001, one-way ANOVA). The expression
levels of NSE protein increased significantly from the
P3D to P4W, and the levels of NSE protein expression
at P4W were near to those of P8W (ns, p≥0.05, SNK).

Table 1. Subcelluar translocation.

1D
3D
7D
2W
4W
8W

CA1
Cyto
Nucleus
plasm
-+
+++
-+
+++
-+
+++
+
++
++
+
+++
+

CA3
Cytoplasm Nucleus
-+
-+
+
++
++
+++

+++
++
++
+
+
+

DG
Cytoplasm
-+
+
+
+
+
++

Nucleus
+++
+++
+++
++
++
+

+++ : high expression, ++ : intermediate expression, + : low expression, −+ : micro
expression.

Statistical analysis
The results were expressed as the means ± S.E.M.
Statistical analyses were performed using one-way
analysis of variance (ANOVA) or Student-NewmanKeuls test (SNK). The data were analysed using
GraphPad Prism 5.0 software. p ≤ 0.05 was considered
to be significant.

Results
Expression pattern of NSE in the hippocampus
First, we measured the mRNA expression levels
of NSE in the rat hippocampus at postnatal 1, 3, and 7

Figure 1. The regulation of NSE mRNA and protein expression levels in
the rat hippocampus during postnatal development. The regulation of NSE
mRNA (A) and protein (B) expression at the six time points (P1D, P3D, P7D, P2W,
P4W, P8W) of postnatal development. Quantitative analysis of NSE protein expression levels (C). The values are the mean ± SEM. There are three samples for each time
point and each sample was tested in triplicate independently. The mRNA was
normalised to GAPDH. The protein samples were equally loaded and normalised to
β-actin (#p<0.001 by one-way ANOVA and *p<0.05, **p<0.01, ***p<0.001 by SNK).

http://www.medsci.org
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changes of HDAC2 protein expression were surprisingly similar to the expressions of HDAC2 mRNA at
all of the time points (Fig. 2B, 2C) (#p<0.001, one
way-ANOVA). The expression levels of HDAC2 protein also significantly decreased from P3D to P4W, but
there was no obvious difference between P1D and
P3D or between P4W and P8W. Generally, based on
the mRNA expression of HDAC2 and NSE, we readily
observed that the regulation of HDAC2 expression
was opposite to that of NSE expression during the
postnatal growth and development of pups.

Functional area and subcellular location of
HDAC2 in the hippocampus

Figure 2. Changes in HDAC2 mRNA and protein expression in the rat
hippocampus during postnatal development. The expression pattern of
HDAC2 mRNA (A) and protein (B) expression at the six time points (P1D, P3D, P7D,
P2W, P4W, P8W) of postnatal development. The mRNA was normalised to GAPDH.
The protein samples were equally loaded and normalised to β-actin. Quantification
analysis of protein expression levels of HDAC2 (C) in the hippocampus during the
postnatal development. The values are displayed as the mean ± SEM. There are three
samples for each time point and each sample was tested in triplicate independently
(#p<0.001 by one-way ANOVA and *p<0.05, **p<0.01, ***p<0.001 by SNK).

Expression pattern of HDAC2 in the
hippocampus
We also examined the expression profiles of
HDAC2 in the hippocampus at postnatal 1, 3, and 7 D
and at 2, 4, and 8 W. As shown in the Fig. 2A, the expression levels of HDAC2 mRNA in the hippocampus
gradually decreased with the growth and development of pups, and there were significant differences
among the 6 groups (#p<0.001, one way-ANOVA).
The levels of HDAC2 mRNA expression slightly decreased from P1D to P3D with no significant difference between P1D and P3D (ns, p≥0.01, SNK). HDAC2
mRNA expression levels significantly decreased from
P7D to P4W and remained similar between P4W and
P8W (ns, p ≥ 0.05, SNK). Contrasting with NSE, the
mRNA regulatory pattern of HDAC2 was almost like
a “trans-s”, relatively stable in the beginning and end
but with a sharp decrease in the middle. Next, the

HDAC2 subcellular expression was analysed in
the hippocampus by Immunofluorescence Laser
Confocal Multi-magnification Scanning. HDAC2 expression was observed in the CA1 (Fig. 3), CA3 (Fig.
4) and DG (Fig. 5) regions of the hippocampus at P1, 3,
and 7 D and at 2, 4, and 8W under 100×, 200×, and
400× scanning microscopy, respectively. HDAC2 was
abundantly expressed in the neurons of the three regions of the hippocampus. Expression of HDAC2 also
declined dynamically along with the development
from P1D to P8W. The quantitative analysis of fluorescence intensity demonstrated that the levels of
HDAC2 expression in hippocampus diminished from
P1D to P8W (Fig. 6), which was consistent with the
results of HDAC2 mRNA and protein expression exhibited above. Moreover, the changes in HDAC2 expression in the three regions of the hippocampus and
translocation to cytoplasm from the nucleus
throughout the postnatal development are shown in
the white frames (Fig. 3, Fig. 4, Fig. 5, C, F, I, L, O, R)
and in Table 1. We were surprised to find that HDAC2
expression localised both in the nucleus and cytoplasm of neurons rather than only in the nucleus. In
the P1-7D period, little HDAC2 immunoreactivity
was detected in the neuronal cytoplasm and was
mostly located in the nucleus (Fig. 3, Fig. 4, Fig. 5, A-I,
Table 1. P1D-7D). However, a significant amount of
HDAC2 was expressed in the neuronal cytoplasm,
and HDAC2 displayed weak expression in the nucleus in the P2-8W period (Fig. 3, Fig. 4, Fig. 5, J-R,
Table 1. P2W-8W).

Discussion
The central nervous system in mammals, especially the hippocampus, undergoes significant postnatal development, which is particularly important
for the maturation of neural function and is mainly
responsible for learning and memory in adulthood.
[17, 18]. NSE is a marker of mature neurons and can
reflect the characteristics of the central nervous system during the development period well [14-16].
http://www.medsci.org
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Therefore, to better understand the developmental
changes in the hippocampus, we detected the temporally dynamic expression patterns of NSE in the
postnatal hippocampus. We found that NSE increased
gradually along the different stages and stayed steady
in the adult stages. NSE expression is very abundant
in adult brains [16], and our results verified this
finding (Fig. 1). The dynamic changes in NSE imply

the progressive maturation of hippocampal neurons
and are reflected in our study based on the stable development of neurons in the rat hippocampus. Consequently, we can use NSE as a biomarker of neuronal
maturation to observe the expression pattern of
HDAC2 at the different stages of neuron development.

Figure 3. Subcellular localisation of HDAC2 in the CA1 region of the rat
hippocampus during postnatal development. HDAC2 expression was readily
detected in the neuronal nuclei at P1D-7D, and cytoplasmic expression was weak
(A-I). The patterns of translocation to the neuronal cytoplasm from the nucleus were
observed at P2W-8W (J-R). Red arrows indicate the location of the white frames,
which display the respective cells from each time point. The magnification of the left
row is 100× (A, D, G, J, M, P), middle row 200× (B, E, H, K, N, Q), and right row 400×
(C, F, I, L, O, R); with scale bars of 50 μm, 20 μm, and 10 μm, respectively. Blue
fluorescence: nucleus; Green fluorescence: HDAC2.

Figure 4. Subcellular localisation of HDAC2 in the CA3 region of the rat
hippocampus during postnatal development. HDAC2 was mainly expressed in
neuronal nuclei at the P1D-7D, and the cytoplasmic expressions were weak (A-I). The
translocation expression pattern in the neuronal cytoplasm was observed at
P2W-8W (J-R). Red arrows indicate the location of the white frames which show the
respective cells at each time point. The magnification of the left row is 100× (A, D, G,
J, M, P), middle row 200× (B, E, H, K, N, Q), and right row 400× (C, F, I, L, O, R) with
scale bars of 50 μm, 20 μm, and 10 μm, respectively. Blue fluorescence: nucleus;
Green fluorescence: HDAC2.

http://www.medsci.org
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Figure 5. Subcellular localisation of HDAC2 in the DG region of the rat
hippocampus during postnatal development. The HDAC2 immunoreactivity
was located in the neuronal nuclei at P1D-2W, and the cytoplasmic expressions were
weak (A-L). The expression pattern was translocation into the neuron cytoplasm
during P4W-8W (M-R). Red arrows indicate the location of the white frames, which
display the respective cells at each time point. The magnification of left row is 100×
(A, D, G, J, M, P), middle row 200× (B, E, H, K, N, Q), and right row 400× (C, F, I, L,
O, R) with scale bars of 50 μm, 20 μm, and 10 μm, respectively. Blue fluorescence:
nucleus; Green fluorescence: HDAC2.

Figure 6. Quantification of fluorescence intensity in HDAC2 immunoreactivity of the rat hippocampus during postnatal development from P1D
to P8W. Analysis was performed on the samples with the magnification of right row
400× (C, F, I, L, O, R) of Fig 3, 4, 5 with scale bars of 10 μm. The levels of HDAC2
protein expression peaked at P1D and then decreased gradually with postnatal
development. The reported values are shown as the mean ± SEM, and the above data
were confirmed in at least six samples for each time point and each sample was tested
in triplicate (#p<0.001 by one-way ANOVA).
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HDAC enzymes are present in animals, plants,
and bacteria [19], and there are 11 isoforms of HDAC
in the brain of the adult rat [20]. HDAC2 can negatively regulate the formation of hippocampus-dependent memory by decreasing synaptic plasticity and synapse number [21-26]. Some studies have
demonstrated the distribution of HDAC2 in the central nervous system. Macdonald and Roskams
showed the expression pattern of HDAC2 at embryonic day 13.5 (E13.5), postnatal day 7 (P7), and in the
adult murine brain and reported predominant
HDAC2 expression in neurons [11]. Yao’s study
demonstrated that HDAC2 was positively distributed
in the hippocampal neurons of mice aged 3 months
[12]. Yoo’s research found that HDAC2 was abundantly expressed throughout the course of development in the cortex ranging from E12 to P9, maintained
a similar expression level at all embryonic time points,
and showed a two-fold decrease in postnatal mouse
cerebellum [13]. However, the timing variation for
HDAC2 throughout development from the early life
period to sexual maturation in rat hippocampus was
definitely unclear. The current study shows that
HDAC2 exhibited a widespread distribution with
relatively high levels in the CA1, CA3, and DG regions, especially at the neonatal stage in the rat hippocampus. Moreover, not only by morphological
methods but also by systematic gene and protein
studies, we revealed that the expression levels of
HDAC2 decreased during early life development and
kept at a stable and low level after P4W. When NSE
was steadily expressed later, HDAC2 was also kept at
a stable and low level after P4W. Some findings imply
functional roles for HDAC2 in the maturation of
neural cells [10, 11, 27-29], especially in migration and
differentiation [13]. In addition, HDAC2 can affect
basic excitatory neurotransmission [26, 29, 30]. Thus,
the specific characteristics of HDAC2 expression may
be one of the key elements of normal development of
the hippocampus.
According to the expression patterns and the
sequence homology relative to the yeast HDAC proteins, the mammalian HDAC enzymes are classified
into four principal types. Class I (HDACs 1, 2, 3, and
8) proteins are thought to be located predominantly in
the nucleus. Class IIa (HDACs 4, 5, 7, and 9) and Class
IIb (HDACs 6 and 10) shuttle between the nucleus and
the cytoplasm. Class III corresponds to the
NAD+-dependent Sirtuin family. HDAC11 is a
zinc-dependent deacetylase that has common features
with class I and II HDACs and is the sole member of
class IV so far [31-33]. However, we were surprised to
find that HDAC2 also could shift from the nucleus to
the cytoplasm similar to class II HDACs and other
nuclear receptors [34, 35]. The HDAC2 expression
http://www.medsci.org
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patterns likely reflect the intrinsic characteristics in
both the circuitry and function of these regions in
hippocampus. The neurons that convey information
within hippocampal circuits are the granule cells of
the DG and the pyramidal cells of the CA3 and CA1
regions. CA1 is involved in spatial memory formation, and CA3 is involved more with pattern completion-based memory recall [36, 37]. DG is a novelty
detector through its neuronal activation, giving salience to incoming sensory stimuli [38, 39]. The differences in HDAC2 expression over time may indicate
that neurons are activated when diverse sensory
stimuli or information flows at different developmental stages are challenged. In addition, neuronal
histone acetylation is dynamically regulated in response to environmental stimuli that initiate memory
formation [3]. The nucleo-cytoplasm shuttling of class
IIa HDACs or receptors is due to transcriptional induction of genes for cellular adaptation with diverse
stress signals by chromatin remodelling [38, 40].
HDAC2 expression declines and shifts from the nucleus to the cytoplasm gradually in our study, implying that functionally distinct roles are caused by
abundant stimuli during postnatal development. In
addition, the expression patterns of HDAC2 were
similar across the different regions of the developing
hippocampus. This result supports the hypothesis
that HDAC2 plays important roles in mediating the
distinct signals generated by region-specific genes,
rather than the region-specific genes themselves.
HDAC2 in distinct neural fates of different regions by
diverse stimulus warrants further study. The enzymatic activity of HDACs can be regulated by protein
kinases, phosphatases, other post-translational modifications or by protein-protein interaction [38, 40].
HDACs also deacetylate non-histone proteins. The
gradual increase in histone acetylation can facilitate
the ability of transcription factors to mediate gene
expression for functional maturation. Moreover, the
translocation of HDAC2 is speculated to be required
for interaction with some necessary regulators. In this
regard, HDAC2 is vital for maturation of neuronal
function, possibly through some novel epigenetic
regulator-mediated pathway. Certainly, our next task
is to explore the exact roles of HDAC2 in neuronal or
functional maturation and its specific relationship
with NSE. Further studies of both the upstream and
the downstream targets of HDAC2 will extend our
knowledge of the biological role of HDAC2 which
could lead to development of novel therapeutic
strategies for cognitive damages. Taken together,
spatiotemporal expression of HDAC2 shown in our
data reinforces the notion that HDAC2 plays a critical,
but extremely complicated role in neuronal maturation with specific developmental expression patterns.
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The findings connecting these changes to functional
maturation, the underlying mechanisms of action,
their direct substrates, and their biological roles warrant further examination.
In summary, the HDAC2 expression levels decreased gradually during early life development.
Moreover, HDAC2 expression displayed different
subcellular localizations in neurons during postnatal
hippocampal development. These findings reveal that
the specific expression characteristics of HDAC2
might play an important role during postnatal learning-memory function and development.

Abbreviations
HATs: histone acetytransferases; HDACs: histone deacetylases; HDAC2: histone deacetylase 2;
NSE: neuron-specific enolase; DG: dentate gyrus.
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