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Abstract We previously reported that sodium butyrate
(SB), a histone deacetylase inhibitor, robustly increased
pyridoxine-induced cell proliferation and neuroblast differ-
entiation in the dentate gyrus of the adult mouse. In this
study, we investigated the effects of treatment with SB
combined with pyridoxine on cell proliferation and neuro-
blast differentiation in the dentate gyrus of a mouse model of
aging induced by p-galactose (p-gal). b-gal was administered
to 20-week-old male mice (p-gal mice) for 10 weeks to
induce changes that resemble natural aging in animals.
Seven weeks after p-gal (100 mg/kg) treatment, vehicle
(physiological saline; p-gal-vehicle mice) and SB (300 mg/
kg) combined with pyridoxine (Pyr; 350 mg/kg) were
administered to the mice (D-gal-Pyr-SB mice) for 3 weeks.
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Escape latency under water maze in the p-gal mice was
longer than that in the control mice. In the p-gal-Pyr-SB
mice, escape latency was similar to that in the control mice.
In the p-gal mice, many cells in the granule cell layer of the
dentate gyrus showed pyknosis and condensation of the
cytoplasm. However, in the p-gal-Pyr-SB mice, such cellular
changes were rarely found. Furthermore, the p-gal mice
showed a great reduction in cell proliferation (Ki67-positive
cells) and neuroblast differentiation (doublecortin-positive
neuroblasts) in the dentate gyrus compared to control mice.
However, in the p-gal-Pyr-SB mice, cell proliferation and
neuroblast differentiation were markedly increased in the
dentate gyrus. Furthermore, the administration of pyridoxine
with sodium butyrate significantly increased Ser133-phos-
phorylated cyclic AMP response element binding protein in
the dentate gyrus. These results indicate that the combination
treatment of Pyr with SB in p-gal mice ameliorated the p-gal-
induced reduction in cell proliferation, neuroblast differen-
tiation, and memory deficits.
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Introduction

The hippocampus is an important brain region that plays a
central role in memory. Recently, it has been suggested that
newly generated cells from the subgranular zone that
migrate to the granule cell layer of the dentate gyrus might
be involved in aspects of normal hippocampal function,
such as spatial learning and memory [1-3]. Neurogenesis
declines dramatically in the dentate gyrus in the aged brain,
and this is closely related to cognitive decline [4-9].
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D-galactose (D-gal) is a naturally occurring substance in
the body, and many studies have demonstrated that reactive
oxygen species can be generated during the course of p-gal
metabolism [10-13]. Chronic administration of b-gal
induces age-related phenotypes, such as cognitive dys-
function [14-16], neurodegeneration [17-20], and the for-
mation of advanced glycation endproducts [12, 21].

Neurogenesis involves the birth, differentiation, matu-
ration, migration, and survival of newly generated neurons.
Many factors influence neurogenesis in the dentate gyrus.
Changes in chromatin structure due to posttranslational
modifications of histones are associated with a number of
behavioral events, including memory formation [22-24]. In
addition, histone protein modifications, such as acetylation
and deacetylation, play a key role in regulating gene
expression during the processes of cell proliferation and
differentiation [25].

In a previous study, we observed that pyridoxine (Pyr,
vitamin Bg) significantly increased cell proliferation and
neuroblast differentiation in the mouse dentate gyrus
without any neuronal damage [26]. In addition, we found
that sodium butyrate (SB), a histone deacetylase (HDAC)
inhibitor, robustly increased Pyr-induced cell proliferation
and neuroblast differentiation in the mouse dentate gyrus
[27]. In the present study, we investigated whether the
stimulation of neurogenesis in the brain might yield ben-
efits for cerebral dysfunctions that are associated with the
aging induced by Dp-gal.

Experimental Procedures
Experimental Animals

Male C57BL/6 mice were purchased from Japan SLC Inc.
(Shizuoka, Japan). They were housed in a conventional state
under adequate temperature (23°C) and humidity (60%)
control with a 12 h light/12 h dark cycle, and could freely
access food and tap water. The handling and the care of the
animals conformed to the guidelines established in order to
comply with current international laws and policies (NIH
Guide for the Care and Use of Laboratory Animals, NIH
Publication No. 85-23, 1985, revised 1996), and were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Seoul National University (SNU-
100628-6). All of the experiments were conducted with an
effort to minimize the number of animals used and the suf-
fering caused by the procedures used in the present study.

Drug Treatment

The animals were divided into 2 groups: control (n =
13) and 100 mg/kg p-gal (n = 26, Sigma, St. Louis,
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MO)-treated group. The latter group was further classified
into 2 subgroups (n = 13 in each subgroup): 1) vehicle
(physiological saline)-treated (p-gal-vehicle) group, and 2)
350 mg/kg Pyr combined with 300 mg/kg SB (Sigma, St.
Louis, MO)-treated (p-gal-Pyr-SB) group. p-gal was sub-
cutaneously administered to 20-week-old mice once a day
for 10 weeks. At 7 weeks after p-gal administration,
vehicle or Pyr was intraperitoneally administered to mice
twice a day for 3 weeks, and SB was subcutaneously
treated to mice at the same age once a day for 3 weeks.
These schedules were adopted because doublecortin (DCX,
a marker for neuroblasts) is exclusively expressed in
immature neurons from 1 to 28 days of cell age [28, 29].

Water Maze Performance

At the 10th week after p-gal administration, spatial mem-
ory was assayed with Morris water maze. At 3 days after
the training, the time required for individual mouse to
find the submerged platform within 2 min (escape latency)
and the swimming distance were monitored by a digital
camera and a computer system for 4 consecutive days and
4 trials per day. The administration of p-gal, SB and Pyr
was continued during the water maze performance.

Tissue Processing

For histology, control, p-gal-vehicle, and p-gal-Pyr-SB
groups (n = 8 in each group) at the day after water maze
test were anesthetized with 30 mg/kg Zoletil 50 (Virbac,
Carros, France) and perfused transcardially with 0.1 M
phosphate-buffered saline (PBS, pH 7.4), which was fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate-buffer
(PB, pH 7.4). Brains were removed and postfixed in the
same fixative for 4 h. For hematoxylin and eosin staining
(H&E) and phosphorylated cyclic AMP response element
at Ser133 (pCREB) immunohistochemistry, the brain
tissues (n = 3) were dehydrated with graded concentra-
tions of alcohol for embedding in paraffin. Three-pm-thick
sections were serially cut using a microtome (Leica), and
they were mounted onto silane-coated slides. The sections
were stained with H&E staining according to the general
protocol. For immunohistochemical staining, the brain
tissues (n = 5) were cryoprotected by infiltration with 30%
sucrose overnight. The 30-pum-thick brain sections were
serially cut in the coronal plane using a cryostat (Leica,
Wetzlar, Germany). The sections were collected in six-well
plates containing PBS until further processing.

Immunohistochemistry

In order to obtain accurate data for immunohistochemistry,
free-floating sections were carefully processed under the
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same conditions. The tissue sections were selected between
—1.46 mm and —2.46 mm posterior to the bregma in ref-
erence to a mouse atlas [30] for each animal. Ten sections
were in 90 pm apart from each other, and the sections were
sequentially treated with 0.3% hydrogen peroxide (H,O,)
in PBS and 10% normal goat or rabbit serum in 0.05 M
PBS. For pCREB immunohistochemistry, the sections were
placed in 400 ml jars filled with citrate buffer (pH 6.0) and
heated in a microwave oven (Optiquick Compact, Moul-
inex) operating at a frequency of 2.45 GHz and 800 W
power setting. After three heating cycles of 5 min each,
slides were allowed to cool at room temperature and
washed in PBS. They were next incubated with diluted
rabbit anti-Ki67 (a marker for cell proliferation) antibody
(1:1,000; Abcam, Cambridge, UK), goat anti-DCX anti-
body (1:50; Santa Cruz Biotechnology, Santa Cruz), or
rabbit anti-pCREB (diluted 1:1,000, Millipore, Temecula,
CA) overnight, and subsequently exposed to biotinylated
rabbit anti-goat, or goat anti-rabbit IgG (diluted 1:200;
Vector, Burlingame, CA) and streptavidin peroxidase
complex (diluted 1:200, Vector). Then, the sections were
visualized by reaction with 3,3’-diaminobenzidine tetra-
hydrochloride (Sigma).

The measurement of Ki67-, DCX-, and pCREB-positive
cells in all the groups was performed using an image analysis
system equipped with a computer-based CCD camera
(software: Optimas 6.5, CyberMetrics, Scottsdale, AZ). In
addition, images of all DCX-immunoreactive structures
were taken from the dentate gyrus through a BXS51 light
microscope (Olympus, Tokyo, Japan) equipped with a
digital camera (DP71, Olympus) connected to a computer
monitor. The dendritic complexity of DCX-positive cells
was traced using camera lucida at 100 x magnification
(Neurolucida; MicroBrightField, Williston, VT). DCX-
positive cells were separated into 2 categories according to
dendritic complexity. The first category contained cells that
lacked dendrites or had immature dendrites with primary or
secondary branches which did not extend into the outer
molecular layer. The second category contained cells that
had mature dendrites with tertiary branches which extended
into the outer molecular layer. Then, the DCX-positive cells
in each section of the dentate gyrus were counted using
Optimas 6.5 software (CyberMetrics). The cell counts from
all of the sections of all of the mice were averaged.

Western Blot Analysis

To confirm the effects of SB combined with Pyr on neu-
roblast differentiation, the dentate gyrus were dissected out
using PixCell II system (Arcturus Engineering). The tissues
were homogenized in 20 mM PBS (pH 7.4) containing
0.1 mM ethylene glycol bis (2-aminoethyl Ether)-
N,N,N’,N’ tetraacetic acid (EGTA) (pH 8.0), 0.2% Nonidet

P-40, 10 mM ethylendiamine tetraacetic acid (EDTA) (pH
8.0), 15 mM sodium pyrophosphate, 100 mM f-glycero-
phosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 1 mM dithiothreitol (DTT). After centrifuga-
tion, the protein level was determined in the supernatants
using a Micro BCA protein assay kit with bovine serum
albumin as the standard (Pierce Chemical, Rockford, IL).
Aliquots containing 20 pg of total protein were boiled in
loading buffer containing 150 mM Tris (pH 6.8), 3 mM
DTT, 6% SDS, 0.3% bromophenol blue and 30% glycerol.
The aliquots were then loaded onto a polyacrylamide gel.
After electrophoresis, the gels were transferred to nitro-
cellulose transfer membranes (Pall Corp., East Hills, NY).
To reduce background staining, the membranes were
incubated with 5% non-fat dry milk in PBS containing
0.1% Tween 20 for 45 min, followed by incubation with
goat anti-DCX (1:100), peroxidase-conjugated anti-goat
IgG (Sigma) and an enhanced luminol-based chemilumi-
nescent (ECL) kit (Pierce Chemical). The blot was densi-
tometrically scanned for the quantification of relative
optical density of each band using Scion Image software
(Scion Corp., Frederick, MD). These data were normalized
against f-actin.

Statistical Analysis

The data presented represent the means of the experiments
performed for each experimental investigation. The dif-
ferences among the means were statistically analyzed by a
one-way analysis of variance followed by a Tukey’s mul-
tiple range method in order to elucidate differences among
groups.

Results
Spatial Memory

None of the mice tested showed any obvious health
problems, such as weight loss or toxic reactions. The
escape latency in the p-gal-vehicle group was longer than
that in the control group for all days (Fig. 1). In the p-gal-
Pyr-SB group, the escape latency was significantly
decreased compared to that in the p-gal-vehicle group,
and it was similar to that in the control group for all days
(Fig. 1).

Hematoxylin & Eosin (H&E) Staining

In the control group, round granule cells were easily
observed in the dentate gyrus (Fig. 2a). In the p-gal-vehicle
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Fig. 1 Spatial memory test using a Morris water maze in the control,
D-gal-vehicle, and bp-gal-Pyr-SB groups (n =17 per group;
*P < 0.05, indicating a significant difference compared to the control
group; *P < 0.05, significantly different from the b-gal-vehicle
group). Bars indicate standard errors (SE)

group, many cells that were located in the subgranular zone
of the dentate gyrus showed pyknosis and condensed
cytoplasm (Fig. 2b). In the p-gal-Pyr-SB group, the H&E
staining pattern was similar to that in the control group
(Fig. 2c).

Cell Proliferation

In the control group, Ki67-positive nuclei were mainly
detected in the subgranular zone of the dentate gyrus
(Fig. 3a). These nuclei were clustered, and the mean
number was 10.4 per section (Fig. 3d). In the p-gal-vehicle
group, Ki67-positive nuclei were significantly decreased
compared to that in the control group, and the mean
number of Ki67-positive nuclei was 6.5 per section
(Fig. 3b, d). In the p-gal-Pyr-SB group, Ki67-positive
nuclei were robustly increased in the dentate gyrus com-
pared to that in the p-gal-vehicle group, and the number of
Ki67-positive nuclei was similar to that in the control
group. The mean number of Ki67-positive nuclei was 10.7
per section (Fig. 3c, d).

Neuroblast Differentiation

In the control group, doublecortin (DCX)-immunoreactive
neuroblasts were detected in the subgranular zone of the
dentate gyrus, and many of them had tertiary dendrites
that extended into the upper two-thirds of the molecular
layer of the dentate gyrus (Fig. 4a, b). In this group, the
mean number of DCX-immunoreactive neuroblasts with
and without tertiary dendrites was 9.4 and 14.2 per sec-
tion, respectively, in the dentate gyrus (Fig. 4g). In the p-
gal-vehicle group, DCX-immunoreactive neuroblasts were
markedly decreased in the dentate gyrus compared to the
control group, and only a few DCX-immunoreactive
neuroblasts had tertiary dendrites (Fig. 4c, d). In this
group, the mean number of DCX-immunoreactive
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Fig. 2 Hematoxylin & Eosin (H&E) staining in the dentate gyrus of
the control (a), p-gal-vehicle (b), and p-gal-Pyr-SB (c) groups.
Pyknosis and cytoplasmic condensation (arrows) are observed in the
subgranular layer of the p-gal-vehicle group. In the p-gal-Pyr-SB
group, overall morphology is similar to that in the control group. GCL
granule cell layer, ML molecular layer, PL polymorphic layer. Scale
bar = 50 pm

neuroblasts with and without tertiary dendrites was 2.4
and 8.3 per section, respectively, in the dentate gyrus
(Fig. 4g). In the p-gal-Pyr-SB group, the dendrites of
DCX-immunoreactive neuroblasts were much more com-
plex compared to the p-gal-vehicle group (Fig. 4e, f). In
the p-gal-Pyr-SB group, the mean number of DCX-
immunoreactive neuroblasts with and without tertiary
dendrites was 38.2 and 56.3 per section, respectively, in
the dentate gyrus (Fig. 4g).
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Fig. 3 Immunohistochemistry
for Ki67 in the dentate gyrus of
the control (a), p-gal-vehicle
(b), and p-gal-Pyr-SB

(c) groups. Ki67-positive cells
(arrows) are observed in the
dentate gyrus. Ki67-positive
nuclei are markedly decreased
in the p-gal-vehicle group. In
the p-gal-Pyr-SB group, the
number of Ki67-positive nuclei
is similar to that in the control A

group. GCL granule cell layer,
D-gal-Pyr-SB

Control

e

ML molecular layer, PL
polymorphic layer. Scale

bar = 50 pum. d The mean
number of Ki67-positive cells
per section in all groups (n = 7 )
per group; *P < 0.05,

indicating a significant

difference compared to the

control group; “P < 0.05,

significantly different from the

D-gal-vehicle group). The bars -

indicate the SE of the mean

(SEM) C

DCX Protein Levels

DCX protein levels were markedly decreased in the p-gal-
vehicle group compared to that in the control group. In this
group, the relative percentage of the protein levels was
57.6% of the control group. However, in the p-gal-Pyr-SB
group, DCX protein levels were much higher than that in the
D-gal-vehicle group, and the relative percentage of the pro-
tein levels was 835.2% of the p-gal-vehicle group (Fig. 5).

pCREB Immunohistochemistry

In the control group, pCREB-positive nuclei were observed
in the subgranular zone of the dentate gyrus (Fig. 6a). In the
p-gal-vehicle group, pCREB-positive nuclei were signifi-
cantly decreased: only a few pCREB-positive nuclei were
observed in the subgranular zone (Fig. 6b). In this group, the
mean percentage of the pPCREB-positive nuclei was 43.6% of
the control group (Fig. 6d). In the p-gal-Pyr-SB group,
pCREB-positive nuclei were distinctively increased
(Fig. 6¢), and the mean percentage of the pCREB-positive
nuclei was 330.6% of the p-gal-vehicle group (Fig. 6d).

Discussion

The p-gal-induced acceleration of senescence has been
used for brain aging studies because the p-gal-induced

D-gal-vehicle
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behavioral and neurochemical changes in the brain can
mimic many characteristics of the aging process in
humans [15, 21, 31]. In the present study, the adminis-
tration of D-gal significantly impaired cognitive perfor-
mance and caused severe neuronal damage in the mouse
dentate gyrus. These deficits were restored by the treat-
ment of Pyr combined with SB. This result is supported
by previous studies that mice treated with p-gal showed
cognitive deficits [13, 17, 32]. In addition, it was reported
that p-gal significantly increased deoxynucleotidyl-
transferase-mediated UTP nick-end-labeled cells in the
dentate gyrus [17, 20]. In a mouse model of Alzheimer’s
disease, chronic injections of HDAC inhibitors, such as
sodium valproate, sodium butyrate, or vorinostat, com-
pletely restored contextual memory [33]. In a normative
aging study, higher concentrations of vitamin B-6 were
related to better performance in memory in aged humans
[34].

The administration of bp-gal for 10 weeks in the
present study significantly reduced cell proliferation and
neuroblast differentiation in the dentate gyrus. This
result is supported by a previous study that showed that
the number of proliferating progenitor cells in the mouse
dentate gyrus was significantly decreased the 7th week
after p-gal administration [17], and they reported that the
surviving number of newly born cells in the dentate
gyrus of p-gal-treated mice was significantly decreased
in comparison with controls [17]. In addition, the
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Fig. 4 Immunohistochemistry
for doublecortin (DCX) in the
dentate gyrus of the control (a,
b), p-gal-vehicle (¢, d), and p-
gal-Pyr-SB (e, f) groups. In the
control group, DCX-
immunoreactive neuroblasts
with (arrowheads) and without
(arrows) tertiary dendrites are
easily observed. In the p-gal-
vehicle group, DCX-
immunoreactive neuroblasts are
distinctively decreased
compared to the control group.
DCX-immunoreactive
neuroblasts in the p-gal-Pyr-SB
group are much more abundant
than in the control group. GCL
granule cell layer, ML
molecular layerm, PL
polymorphic layer. Scale

bar = 50 pum (a, ¢, and e) or
25 pm (b, d, and f). g The mean
number of DCX-
immunoreactive neuroblasts
with and without tertiary
dendrites per section in all the
groups (n = 7 per group;

*P < 0.05, indicating a
significant difference compared
to the control group; *P < 0.05,
significantly different from the
D-gal-vehicle group). The bars
indicate the SEM

Number of DCX* cells

impairment in hippocampal neurogenesis was similar to
that in normally aging mice [7, 35].

The administration of Pyr combined with SB signifi-
cantly ameliorated the p-gal-induced reduction of cell
proliferation and neuroblast differentiation in the dentate
gyrus. The oral administration of Pyr is easily absorbed
in the intestine and converted into its active forms, such
as pyridoxamine and pyridoxal phosphate, which act as
coenzymes in the biosynthesis of GABA, dopamine, and
serotonin [36]. In our previous study, we observed that
the administration of Pyr significantly increased cell
proliferation and neuroblast differentiation in the dentate
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gyrus by upregulating GABA levels without any neuro-
nal damage [26]. In addition, deficits of vitamin B¢ in
utero significantly reduced the number of total neurons
and normal neurons in the neocortex with an increase in
the number of shrunken neurons (700-1,500% of con-
trols) [37].

In contrast, an artificial inhibition of HDACS
increased the acetylation and transcription of some genes
and enhanced hippocampal-dependent memory formation
[38—40]. In the present study, we used SB to inhibit
HDAC activity in the dentate gyrus. We previously
found that treatment of Pyr combined with SB in p-gal-
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administered adult mice significantly increased cell pro-
liferation and neuroblast differentiation in the dentate
gyrus [27].
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Fig. 5 Western blot analysis of DCX in the dentate gyrus from the
control, p-gal-vehicle, and p-gal-Pyr-SB groups. The relative optical
density (ROD) of immunoblot bands is represented as % values
(n =15 per group; *P < 0.05, indicating a significant difference
compared to the control group; *P < 0.05, significantly different from
the p-gal-vehicle group). The bars indicate the SE

Fig. 6 Immunohistochemistry for pCREB in the dentate gyrus of the
control (a), p-gal-vehicle (b), and p-gal-Pyr-SB (c) groups. pCREB-
positive nuclei (arrows) are mainly detected in the subgranular zone
of the dentate gyrus. pCREB-positive nuclei are significantly
decreased in the p-gal-vehicle group, and they are increased in the
D-gal-Pyr-SB group compared to those in the p-gal-vehicle group.

In the present study, we also observed a transcription
factor CREB in the hippocampus because CREB is
critical for consolidation of long-term memory [41, 42]
and long-lasting long-term potentiation [43—46]. pCREB
immunoreactivity was significantly decreased in the
D-gal-vehicle group compared to that in the control
group. This result is supported by previous studies that a
specific and temporally controlled inhibition of CREB
function disrupted performance in various forms of the
hippocampus [47-50]. However, in the present study, we
found that the administration of Pyr in combination
with SB significantly increased the water maze perfor-
mance and pCREB immunoreactivity in the hippo-
campus.

In conclusion, our findings indicate that treatment
with Pyr in combination with SB distinctively restored
age-related reductions in memory function, cell

proliferation, neuroblast differentiation, pCREB immu-
noreactivity in the dentate gyrus of a mouse model of
aging induced by D-gal, and we suggest that these drugs
may be helpful in ameliorating age-related memory
deficits.

L
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D-gal-vehicle D-gal-Pyr-SB
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Number of pCREB" cells U
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Control

GCL, granule cell layer; ML molecular layer, PL polymorphic layer.
Scale bar = 50 pm. d The mean number of pCREB-positive nuclei
per section in the dentate gyrus of all groups (n =7 per group;
*P < 0.05, indicating a significant difference compared to the control
group; *P < 0.05, significantly different from the p-gal-vehicle
group). The bars indicate the SEM
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