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Histone deacetylase inhibitors (HDACIs) that modulate
gene expression by inhibiting HDAC enzymes may con-
tribute to the survival of immature hippocampal neurons.
However, it remains unknown how and when HDACIs
regulate the survival of newly generated immature hippo-
campal neurons. In the present study, if the treatment of
valproic acid (VPA) and sodium butyrate (SBt) in the spe-
cific time window during the development of newly gener-
ated neurons resulted in the increased survival of bro-
modeoxyuridine (BrdU)(+) neurons in the dentate gyrus
(DG) of hippocampus in mice was investigated. It was
found that the number of BrdU(+) cells, the expressions of
anti-apoptotic Bcl-2 family members and pCREB [D1]
were increased by HDACIs when HDACIs were treated no
later than 2-3 weeks after BrdU labeling. This suggests that
epigenetic modification within a specific time window is
critical for the survival of newborn hippocampal neurons
by inhibiting the apoptotic pathway.

INTRODUCTION

Adult hippocampal neurogenesis is a multi-step process: new-
born cells are proliferating, determining their fate, maturing and
surviving by way of various regulatory factors. The implications
of what adult hippocampal neurogenesis means regarding
brain function has yet to be answered. It has been reported that
mental activities enhance adult hippocampal neurogenesis,
especially by the increased survival of newborn neurons (Sisti
et al., 2007). Survival is one of the key issues in a non-
pathological condition like adult hippocampal neurogenesis.
Interesting findings regarding the survival of newborn neurons
were demonstrated: First, the survival of newborn hippocampal
neurons is related to their age or maturity. More than half of
newborn neurons die in the course of maturating to become
functional granule cells (Kempermann et al., 2003). Second,
the survival of immature newborn neurons is increased by neu-
ronal activity (Kempermann et al., 1998) and third, such activity-
dependent survival is more predominant within a critical time
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window; during maturation to functional neurons (Tashiro et al.,
2007). Accordingly, the ‘use it or lose it' principle proposed
previously (Swaab, 1991) may apply to newly generated hippo-
campal neurons.

Histone deacetylase inhibitors (HDACIs) facilitate gene ex-
pression by inhibiting the action of HDAC enzymes that deace-
tylate lysine and arginine-rich N-terminal domains of histones
so that the acetylation by histone acetyltransferase (HAT) is
favorable (Thiagalingam et al., 2003). Recently, HDACls were
given attention as a neuroprotective agent regarding neuropa-
thological dysfunction. For example, sodium phenylbutyrate,
one of the histone deacetylase inhibitors, significantly extended
survival times [H2] and improved both the clinical and neuro-
pathological phenotypes in animal models (Ryu et al., 2005).
Another histone deacetylase inhibitor, SBt, ameliorated the
phenotypic expression in a transgenic mouse model of spinal
and bulbar muscular atrophy (Minamiyama et al., 2004). Al-
though the mechanism underlying the neuroprotective effect
remains to be elucidated, those findings suggest that HDACls
might be a target not only for brain tumor therapy but also in
various neuropathological settings such as neuronal excitotoxi-
city and encephalomyelitis (Kanai et al., 2004; Langley et al.,
2008).

HDACIs have been studied for potential beneficial agents
which promote brain function like learning and memory, as
chromatin remodeling like histone acetylation is involved in
long-term memory formation (Vecsey et al., 2007). Furthermore,
the activation of NMDA receptors in area CA1 in vitro increased
the acetylation of histone H3, and SBt or TSA enhanced the
induction of long-term potentiation at Schaffer-collateral syn-
apses in area CA1 of the hippocampus (Levenson et al., 2004).

In the present study, it is hypothesized that HDACIs might
facilitate the survival of immature hippocampal neurons within a
specific time window during differentiation, consequently aug-
menting the number of neurons integrated into functioning net-
works. Anti-apoptotic Bcl-2 family members might be involved
in promoting the survival of newborn neurons and thus it is
explored whether bcl-2 members are affected by HDACls.
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MATERIALS AND METHODS

Animals and drug treatment

Nine to ten-week-old male C57BL/6 mice were purchased from
a local animal distributor (Koatech, Korea). They were divided
into 3 groups: saline, VPA, and SBt groups. Six mice per each
group were housed with 2-3 mice per cage, then bred and
maintained under pathogen-free conditions. Experiments were
performed in accordance with the institutional guidelines of the
Hanyang University Veterinary Committee. To evaluate the in
vivo survival of newborn neurons in the subgranular zone
(SGZ) of adult hippocampi, BrdU (150 mg/kg body weight,
Sigma-Aldrich, USA) were admini-stered intraperitoneally twice
a day for 2 days to mice from each group. Five days later, VPA
(300 mg/kg bodyweight, Calbiochem) or SBt (1.2 g/kg body
weight, Sigma-Aldrich) was injected daily for 7 consecutive
days, with dosages of VPA and SBt based on previous reports
(Jessberger et al., 2007; Leven-son et al., 2004). Animals were
sacrificed on the day following the last injection.

Hippocampal neural progenitor cell cultures

Embryonic day 14.5 (E14.5) embryos were dissected out of
C57BL/6 adult pregnant female mice. The hippocampal regions
of embryonic brains were isolated in calcium/magnesium free
HBSS. Cells were plated at 2.5 x 10* cells/cm® on 10-cm-dia-
meter dishes coated with 15 pg/ml poly-L-ornithine and 1 pg/ml
fibronectin (Invitrogen). Cells were placed in an N2 media sup-
plemented B27 (Invitrogen) at 37°C in 95% air/5% CO. gas
incubator. Basic fibroblast growth factor (bFGF, 20 ng/ml, R&D
Systems) and EGF (20 ng/ml, R&D Systems) were required
daily in order to expand the population of neural precursors and
the medium was changed every other day. Cells on 80% con-
fluency were passaged and maintained in B27-supplemented
N2 media containing bFGF and EGF at 6 x 10* cells/cm?
These subcultured progenitors were induced to differentiate by
the withdrawal of bFGF and EGF, and kept in differentiation
media (Neurobasal medium supplemented with B27) for 3-5
days. The medium was changed once every 3 days. VPA (1
mM) or SBt (1 mM) was treated 3-5 days after the induction of
differentiation.

Histone extraction from hippocampi

Histone proteins were extracted from hippocampi by the modi-
fied method of a previous report (Chwang et al., 2007). Briefly,
samples prepared with a Dounce homogenizer were centri-
fuged at 6,800 x g for 10 min. The pellet containing the nuclear
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Fig. 1. VPA and SBt enhance the survival of newborn
neurons in the mouse hippocampal SGZ. (A) The para-
digm setup employed for studying the survival effect of
VPA and SBt. A detailed procedure is described in the
material and method. (B) Representative immunoblots
for actylated H3 and H4 and normalized values. Single
pulse treatment of VPA (300 mg/kg) or SBt (1.2 g/kg)
significantly enhanced acetylation of H3 and H4 his-
tones in both the cortex and the hippocampus com-
pared to those of saline treatment. Values are ex-
pressed as percentage of saline treatment group (Sal)
and represent mean + SEM (n = 2 per group). (C) Rep-
resentatives are immunohistograms of BrdU (red) and
DAPI (blue). (Graph) The number of BrdU(+) cells is
increased by VPA and SBt in hippocampal SGZ. Nor-
malized graph indicates BrdU(+) cells in a unit mm®.
Scale bar =100 pm.

Sal VPA SBt

fraction was resuspended in 1 ml of 0.4 N H.SO,4 for 30 min
and centrifuged at 14,000 x g for 10 min. The supernatant was
mixed with 250 pl of cold 100% trichloroacetic acid to precipi-
tate proteins. The precipitate was placed on ice at least for 30
min and centrifuged at 14,000 x gfor 30 min. The pellet was
washed with 1 ml of acidified acetone (0.1 % HCI) and 1 ml of
pure acetone for 5 min each. After being air-dried for 15 min at
room temperature, the pellet was resuspended by 10 mM Tris
(pH 8) and stored at -80°C for further studies.

Western blotting

The same amount of protein extracts were mixed with SDS
sample buffer and boiled for denaturation. The samples were
then electrophoresed on 10 or 15% polyacrylamide gel and
transferred onto nitrocellulose membrane filters (Amersham
Pharmacia Biotech). Blots were blocked with 5 % non-fat milk in
TTBS (0.05% Tween-20 in 1X TBS) for 1 h and incubated
overnight at 4°C with primary antibodies. The primary antibod-
ies used are as follows; anti-p-CREB (Ser133) (1:500, Abcam
Inc), anti-CREB (1:500, Cell Signaling Technology), anti-Bcl-2
(1:1000, Sigma-Aldrich), anti-Bcl-xL (1:1000, Cell Signaling).

Immunohistochemistry

After the brains were sliced into 30-um-thick serial sections
using a freezing microtome, a series of one-in-eight sections
starting from the emerging point of hippocampal tissue was
used for BrdU immunostaining (six sections per brain, 180 um
apart). Immunoperoxidase staining was performed using DAB
(3,3'-Diaminobenzidine). Rabbit anti-phospho (ser133)-CREB
antibody (1:300, Santa Cruz Biotechnology) was used, detec-
ted by the biotinylated anti-rabbit IgG antibody (Vector Labora-
tories). For double immunofluorescent staining for BrdU and
Dcx, sections were incubated in 50% formamide/50% 2X SSC
buffer (0.3 M NaCl and 0.03 M sodium citrate) at 65°C for 2 h
and rinsed in 2X SSC buffer for 10 min. They were then incu-
bated in 2 N HCI for 30 min at 37°C and rinsed in 0.1 M boric
acid (pH 8.5) for 15 min. After washing with PBS, the sections
were incubated in a blocking buffer for 1 h at room temperature.
Sections were then incubated with rat anti-BrdU antibody
(1:200, Abcam) and goat anti-Dcx antibody (1:200, Santa Cruz
Biotechnology) in a blocking buffer overnight at 4°C. The sec-
tions were then further incubated in PBS containing such sec-
ondary antibodies for 1 h at room temperature as Alexa Fluor
546-conjugated anti-rat IgG and Alexa Fluor 488-conjugated
anti-goat IgG (Molecular Probes, USA). The sections were
mounted on glass slides with Vectashield (Vector Laboratories).
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Statistical analysis

All experiments were performed at least three times in triplicate.
Optical densities were measured using Image J software.
Quantified data is presented as mean + SEM. The significance
of differences was assessed by an unpaired Student’s ttest (*p
< 0.05).

RESULTS

VPA and SBt promote the survival of newborn neurons in
the mouse hippocampal SGZ

To trace the newborn neurons, BrdU (150 mg/kg body weight/
pulse) was intraperitoneally administrated at 2 pulses per day
for 2 days to nine-to-ten-week-old male C57BL/6 mice (n = 6
per group). As previous studies reported that newborn neurons
of 7-14 days of birth are most susceptible to neuronal activity
(Ambrogini et al., 2000; Tashiro et al., 2007), mice of each
group were given normal saline, VPA (300 mg/kg body weight),
or SBt (1.2 g/kg body weight) daily for 7 consecutive days, 5
days after the last BrdU injection and then sacrificed for
BrdU(+) cell counting. Figure 1A shows schematics of the ex-
perimental protocol employed for BrdU(+) cell counting. The
single pulse injection of HDACIs substantially increased the
acetylation of histone 3 (H3) and histone 4 (H4) proteins in the
hippocampus as well as in the cortex (Fig. 1B; Cortex: VPA;
acetylated H3 = 120.1%, acetylated H4 = 203.7%, SBt; acety-
lated H3 = 116.8%, acetylated H4 = 228.8%, Hippocampus:
VPA,; acetylated H3 = 160.5%, acetylated H4 = 162.8%, SBt;
acetylated H3 = 152.1%, acetylated H4 = 136.0%,; values were
normalized to saline-treated control, n = 2 per group). The
number of BrdU(+) cells was also significantly increased in the
VPA and SBt groups (Fig. 1C).

Doublecortin (Dcx) is an immature neuronal marker. To see
the degree to which BrdU(+) cells are destined to become neu-
rons [H3], BrdU and Dcx double-labeled cells were counted in
the granular layer (Fig. 2A). Interestingly, the HDACIs groups
have a higher total number of cells co-labeled [H4] for BrdU
and Dcx (BrdU*Dcx') compared to a saline group (Fig. 2B;
mean + SEM; saline,1231 + 46 /mm®, VPA, 1427 + 59/mm?>;
SBT, 1487 + 76 /mm°, n = 6 per group, *p < 0.05, Student’s t-
test), suggesting that increased acetylation of histones by
HDACIs treatment might be related to the promoted survival of
newborn neurons in mouse hippocampal SGZ.

HDAC increases the activation of CREB and anti-apoptotic
molecules, Bcl-2 and Bcl-xL

The immunoreactivity for pCREB (Fig. 3A) was remarkably
increased in DG in HDACIs treated groups compared to the
saline group, which is consistent with the results of Western
blotting (Figs. 3B and 3C). Notably, the CA1 region showed a

Fig. 2. Increased survival of new born neurons by HDACls.
(A) Representative double immunostaining images for
BrdU and Dcx. Cells co-labeled [H6] for BrdU and Dcx
(BrdU'Dcx") are more frequently detected in VPA or SBt
treated groups. Insets are magnified in bottom panel. (B)
Values are average BrdU'Dex" cells/mm? granule layer +
SEM. *p < 0.05, Student’s ttest. Scale bar =100 pum.

Sal VPA SBt

similar pattern of pCREB immunoreactivity in both saline and
HDACIs groups (Fig. 3A). pCREB(+) cells were mainly de-
tected within the inner half of the granular layer where immature
neurons locate, which is in accordance with a previous report
(Nakagawa et al., 2002) (Fig. 3A).

Bcl-2 plays a protective role against apoptotic and necrotic
cell death in response to various stimuli including ischemia
(Sasaki et al., 2006; Zhang et al., 2006). It is known that HDACls
increase the expression of Bcl-2 (Chen et al., 1999; Faraco et
al., 2006). To see the increase of Bcl-2 expression in immature
neurons by VPA and SBt, Western blotting was performed
(Figs. 3B and 3C). As shown in Figs. 3B and 3C, VPA and SBt
significantly increased the expression of Bcl-2 in immature neu-
rons of 3-5 days after induction of differentiation in a time de-
pendent manner [H5] (Figs. 3B and 3C; Bcl-2: VPA 3 h, 123.3
+ 8.2%; SBt 3 h, 115.8 £ 5.0%; Bcl-xL: VPA 3 h, 125.4 + 3.6%,
VPA 6 h, 118.8 + 1.7%, VPA 12 h, 124.2 + 45%; SBt 3 h,
125.4 + 9.6, n = 3 per group). Bcl-2 is one of the genes targeted
by CREB (Kitagawa, 2007; Meller et al., 2005), and CREB
plays a crucial role in the survival of immature hippocampal
neurons during adult hippocampal neurogenesis. To ascertain
whether CREB is activated by HDACI treatment, CREB ex-
pression was examined by Western blotting after VPA treat-
ment. The phosphorylation of CREB (pCREB) was significantly
increased by VPA compared to phosphorylation by control
(Figs. 3B and 3C; VPA 6 h, 146.9 + 6.7%, VPA 24 h, 146.9 +
1.6%; SBt 6 h, 193.4.8 + 13.6%, SBt 12 h, 167.3 £ 5.5%, n =3
per group). Although Bcl-2 may play a major role in promoting
the survival of immature neurons, Bcl-xL, another anti-apoptotic
Bcl-2 family member, may also be involved (Dietz et al., 2007;
Hansen et al., 2007; Le et al., 2008). The presented results
show that the expression of Bcl-xL increased by VPA and SBt
(Figs. 3B and 3C).

The extended survival effect by HDACIs on the newborn
neurons is a time-specific event on development

To investigate whether a specific time window during develop-
ment is critical for the survival of newly generated hippocampal
neurons, HDACI was treated in two different time windows: at
2-3 weeks and at 4-5 weeks after neurons were generated. To
test whether the production and the survival of the newborn
neurons in the subgranular zone of the hippocampi are affected
by HDACIs in the limited time window, VPA were treated for 2
weeks; 2-3 weeks or 4-5 weeks after the newborn neurons
were generated (Fig. 4A). The number of BrdU(+) cells was
significantly increased compared to that of the control by VPA
treatment 2 weeks after the BrdU injection, whereas the num-
ber of BrdU(+) cells was not increased by VPA treatment 4
weeks after BrdU injection (Fig. 4B). To determine the extent of
differention of the BrdU(+) cells into neuronal lineage, double
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Fig. 3. HDACIs increase the activation of CREB and anti-
apoptotic molecules, Bcl-2 and Bcl-xL, in cultured imma-
ture neurons. (A) Each hippocampal slice was prepared by
sacrificing mice 6 h after systemic injection with saline,
VPA, and SBt. The expression level of phosphorylated
CREB (pCREB) was visualized by immunoperoxidase
staining. All three groups show a similar immunoreactivity
for pPCREB in CA1 subregion, but VPA or SBt groups dis-
play a significant increase compared to the saline group at
the inner half layer of DG. Scale bar = 100 um. VPA (B) or
SBt (C) treatments on cultured immature hippocampal
neurons increased the expressions of Bcl-2 and Bcl-xL in a
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time dependent manner. Immature cells to be committed to
neurons were prepared by withdrawing bFGF and EGF for
3-5 days from N2 supplemented B27 media. (Graphs)
Densitometric analyses of three independent Western blot
experiments. pCREB, Bcl-2 and Bcl-xL levels were normal-
ized to the amount of CREB and B-actin respectively, and
are shown relative to expression in non-treated control
cells. CREB activation was not significantly detected rela-
tive to that of Bcl-2 or Bel-xL. Note that the activation of
CREB occurs after the expression of Bcl-2 or Bel-xL in-
creases. *p < 0.05, **p < 0.01.
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Fig. 4. The effect of HDACIs on the survival of newborn
neurons is limited in a specific time window. (A) A sche-
matic paradigm for the time-specific effect of VPA and SBt
on the survival of newborn neurons. VPA was injected for
14 days, either 2 or 4 weeks after BrdU injection. (B) The
number of BrdU(+) cells was increased by VPA treatment
when treated 2 weeks after the BrdU injection. VPA treat-
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o1 oz o D;.i,-.ﬁ:. e fawe ment 4 weeks after the BrdU injection was not effective on
C NeuN/BrdU the survival of newborn neurons. (C) Double-labeled im-
-ig'j:e ages for BrdU (red) and NeuN (green). The increased
. number of BrdU and NeuN labeled cells (BrdU'NeuN®;
arrows) in VPA treated group is significantly distinct 2-3
week treatment after BrdU injection, not in 4-5 week time
point. (D) Values are shown as an averaged number of
BrdU*NeuN" cells/mm? + SEM. *p < 0.05, Student's ttest.

immunolabeling for BrdU and NeuN, a neuronal marker, was
performed. Figure 4C shows that the number of BrdU(+) and
NeuN(+) cells (BrdU*NeuN") was significantly increased by
VPA treatment during the 2-3 week period, but not at 4-5 weeks
after the BrdU injection (Fig. 4D). The result suggests that it
might be important for the proliferation and the survival of new-
born neurons how they intereact the microenvironment and
what kind of signal they receive during the critical period of
development.

DISCUSSION

Whether HDACIs alone can enhance the survival of newborn
hippocampal neurons in a specific time window, thus enhancing
adult hippocampal neurogenesis was investigated. If so, what
molecules mediate such a survival-promoting effect of HDACIs
on newborn hippocampal neurons? In the present study, we
demonstrate that HDACIs increase the number of BrdU(+) cells
committed to neurons in the DG when HDACs are administered

within 3 weeks after the neural progenitor cells were born. In
addition, increased expressions of anti-apoptotic Bcl-2 and Bcl-
xL proteins might be, at least in part, responsible for the sur-
vival-promoting effect of HDACls.

Previous studies show that the neural plasticity correlated
with the Morris water maze or contextual fear conditioning in-
volves histone acetylation (Vecsey et al., 2007). However, no
study has thus far investigated whether HDACIs can directly
exert such a beneficial effect without relation to adult hippo-
campal neurogenesis. The presented results, for the first time,
pose a possibility that pharmacological modulation of histone
acetylation status may engender the same effect as neural
plasticity resulting from mental activities within a critical time
window.

These results show that HDAClIs could increase expressions
of Bcl-2 and Bcl-xL (Figs. 2A and 2B). Interestingly, just 1.5 h of
incubation with VPA or SBt increased the expressions of Bcl-2
and Bcl-xL, suggesting that the expressions of Bcl-2 and Bcl-xL
by HDACIs might be regulated not by newly generated tran-
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scription factors, but by activation of intracellular signaling
molecules. It is well known that CREB is a common target of
many intracellular signaling cascades activated by neuronal
activities and Bcl-2 is one of a variety of target genes controlled
by antivation of CREB. Therefore, it was investigated whether
the activation of CREB is correlated with increased expression
of Bcl-2 by VPA or SBt. While the immunoblotting results
showed that CREB could be activated by HDACIs (Fig. 2), the
causality between CREB activation and Bcl-2 expression by
HDACIs needs further evidence; the increased expression of
Bcl-2 preceded the activation of CREB, suggesting that the
expression of Bcl-2 by HDACIs might involve other mediators to
be activated much earlier. Moreover, direct evidence is needed
that Bcl-2 or Bcl-xL increases at the dentate gyrus of the hippo-
campus treated with HDACIs and that inhibition of activated
CREB attenuates the increase of Bcl-2 or Bcl-xL expression in
the hippocampus treated with HDACIs. However, despite lack
of necessary and sufficient evidence to explain the increased
survival of newborn neurons by HDACIs, these findings at least
indicate that increased expressions of Bcl-2 and Bcl-xL by VPA
or SBt treatment might underlie the enhanced survival of imma-
ture hippocampal neurons. For complete evidence, whether
expressions of Bcl-2 or Bcl-xL can directly increase at the DG of
the hippocampus when treated with VPA or SBt is currently
under investigation. At the same time, experiments are to be
conducted to identify the upstream molecules mediating the
increased expressions of Bcl-2 and Bcl-xL by HDACIs.

Although the current results support the role of HDACls as an
enhancer of adult hippocampal neurogenesis, the regulation of
neurogenesis by HDACIs does not always lean toward increas-
ing neurogenesis. It has been shown that learning has different
influences on neural progenitor cells at different developmental
stages. The survival of 3-day-old, but not 8-day-old newborn
cells is inhibited by training in the Morris water maze through
increased apoptosis. Interestingly, blocking apoptosis of neural
progenitor cells during the late phase of Morris water maze
training led to impaired performance in rats, implicating a re-
quirement for selective integration of newborn neurons in spa-
tial learning and memory (Dupret et al., 2007). Therefore, the
regulation of hippocampal neurogenesis by histone modifica-
tions can be complicated and warrants further investigations to
clarify regulators involved.
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