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ABSTRACT
Neural stem cells (NSC) are multipotential progenitor cells that have self-renewal
activities and believed as a source for treatment of degenerative brain disease such as
Parkinson's disease and Alzheimer's disease. In this study, we investigated the proliferation and migration of neural stem cells and effect of dietry restriction to neurogenesis
in the adult rat hippocampus. We observed the dividing cells in hippocampal alveus as
well as in dentate gyrus by incorporation of BrdU. BrdU-labelled cells were migrated
from hippocampal alveus near CA1 subfield toward CA3 in hippocampus and from
subgranular cell layer to granular cell layer, following the migration pathway which neural stem cells migrate during embryogenesis. In dietry restriction (DR) models, BrdUlabelled cells were increased significantly in dentate gyrus and CA1 subfield. The present
study suggestes that short-term DR improves proliferation of neural stem cells in the
adult rats.
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IN T R O D U C T IO N
Neural stem cells (NSC) are multipotential progenitor cells that have self-renewal activities. A
single NSC is capable of generating various kinds
of cells within the central nervous system, including
neurons, astrocytes, and oligodendrocytes. The vast
majority of cells in the nervous system are born
during the embryonic and early postnatal period,
but new neurons are continuously added in certain
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regions of the adult mammalian brain (Altman and
Das, 1965). These neurons are thought to derive
from a population of stem cells. It was shown by
Reynold and Weiss (1992) that neural stem cells
taken from the adult brain can be propagated in
vitro. These cells had the capacity of differentiation
into three cell types of the central nervous system
(Reynolds and Weiss, 1996). The newly generated
cells may have a function in cognition and brain
repair.
Dentate gyrus and the subventricular zone (SVZ)
of several species have been shown to generate
new neurons in the postnatal and adult period.
Granule neurons are generated throughout life from
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a population of continuously dividing progenitor
cells residing in the subventricular zone of the dentate gyrus in the rodent brain. In these two areas,
there appears to be a continuous turnover of interneurons and granule cells, implying that newborn
neurons replace the dying cells and, indeed, recent
evidence suggests that newly generated neurons
form functional synapses (Van Praag et al., 2002).
Dietary restriction (DR) can increase life span in
a wide variety of species, and can reduce neuronal
damage. It has been reported to improve behavioral
outcome in experimental animal models relevant to
the pathogenesis of several age-related neurological
disorders (AJ. Bruce-Keller et al., 1999; Duan and
Mattson, 1999; Yu and Mattson, 1999; Duan et al.,
2001). DR may promote neuronal survival by stimulating the expression of genes that encode cytoprotective proteins such as heat-shock proteins (Duan
and Mattson, 1999; Yu and Mattson, 1999) and
neurotrophic factors (Duan et al., 2001). Adult rats
maintained on DR condition exhibit increased resistance of hippocampal neurons to excitoxic injury
and increased resistance of striatal neurons to
metabolic insults (AJ. Bruce-Keller et al., 1999). More
recently, in vivo, DR in adult mice increased resistance of nitro-striatal dopaminergic neuron in a
Parkinson's disease model (Duan and Mattson 1999).
In Alzheimer's disease patients, DR also increases
resistance of neuron to the degenerative process,
and vulnerability of hippocampal neurons to excitotoxity in knockin mice that express the AD-linked
M146v PS1 mutation (Zhu et al., 1999; Dubey et
al., 1996). These suggest that DR may improve neuronal cell survival by increasing stem cell division.
In the present study, we investigated the development of neural stem cells in the adult rat hippocampus and effect of DR on proliferation of neural
stem cells by using bromodeoxyuridine (BrdU) incorporation into replicating DNA.

M A T E R IA L S A N D M E T H O D S
A nim als and B rdU adm inistratio n
Adult (300∼370 g) Spraue-Dawley rats were used
in all experiments. All the experiments were performed in compliance with relevant laws and institutional guidelines.
To investigate the proliferation and migration of

neural stem cells, rats were divided into 2 groups
and BrdU was injected once a day for 2 d or 5 d.
In each group, rats were sacrificed one d after and
one week after injection of BrdU (50 mg/kg body
weight).
In the experiment of DR, ad libitum (AL) rats and
DR rats were divided into each 2 groups. AL groups
had continual access to food and water for 4 d or 7
d, and DR groups were maintained on an every
day fasting regimen with supply of water for 4 d or
7 d. Intraperitoneal injections of BrdU were carried
once a day for 3 d before sacrifice.
Im m uno histochem ical stainin g
Rats were perfused transcardinally with 4% paraformaldehyde and the brains were removed, postfixed at 4 oC for 4 h, and then incubated in 30% sucrose solution until they sink. The brains were
frozen with OCT compound then cryo-sectioned in
coronal direction at 35 μm on a cryostat (MICRON).
Free-floating sections were permeablized with 0.5%
Triton X-100 for 20 min and their DNA was denatured in 50% formaldehyde and 2X SSC for 2 h at
65 oC, then neutralized with 0.1M sodium borate (pH
8.5). The sections were incubated in 1% BSA in
PBS/10% donky serum for 15 min, then incubated
with primary anti-BrdU antibody (Becton Dickinson,
o
1 ：500) in PBS with 1% BSA overnight at 4 C.
Sections were further processed using CyIII or
FITC labeled secondary goat anti-mouse IgG
antibody (Jackson Lab) in 1%BSA (1 ：500). After
washing with PBS, sections were mounted with Dako
mounting solution and immunostained sections were
scanned with a confocal laser microscope (Carl Zeiss,
LSM510). To counterstain nuclei, sections were incubated with propidium iodide (PI, 6.68 μg/ml) for 30
o
min at 4 C in shaking incubator (Adamchik et al.,
2000).
B rd U -labeled cell co unting and co rrectio n of
statistical data
Confocal images were taken in dentate gyrus and
CA1 subfield of hippocampus in each slice and proliferating nuclei were counted. Only round shape
nuclei double-stained with BrdU and PI were considered as proliferating nuclei.
Counted data were tested with Mann-Whitney test
(SPSS). These numbers of data were than cor-
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rected for the systematic error generated by double
counting of sectioned cells using the formula: P=(A)
{M/(L+M)} where P is the corrected number of cells
per section, A is the uncorrected number of cells
per section, M is the section thickness, and L is the
average diameter of a cell in a section (Renfranz et
al., 1991).

RESULT
P roliferation and m ig ratio n of neu ral stem
cells in the hipp ocam p al alveus and dentate
g yrus.
We investigated first cell division in the rat hippocampus to study development of neural stem cells.
Adult rats were injected with nucleotide analogue,
BrdU incorporated into replicating DNA once a d for
2 d or 5 d, and then brain slices were immunostained with anti-BrdU antibody and visualized with
CyIII or FITC under Confocal Laser Microscope.
Many BrdU-labelled cells were observed to align
along subgranular zone of dentate gyrus one d
after BrdU injection for 2 d (Fig. 1, 1d DG). The
fewer BrdU-labelled cells were distributed in the
hippocampal alveus near CA1 subfield. After BrdU
injection for 5 d, there was no significant difference
but more BrdU-labelled cells were observed as
scattered and they formed a few cluster in dentate
gyrus and hippocampal alveus (data not shown).
One week after, BrdU-labelled cells were observed
as scattered in the subgranular zone and some
cells were found to migrate into the granular layer.
In the hippocampal alveus, cells were scattered
near CA1 subfied and the number of positive cells
were decreased but distributed in wide area. More
cells were found near CA3 field in one week after
injection, suggesting newly formed cells were
migrated toward CA3 along hippocampal alveus.
P roliferation of neural stem cells in D G and
C A 1 7 days after ad lib itu m and d ietary
restriction
To investigate the effect of DR on neurogenesis
in the adult brain, rats were maintained on either
short term dietary restriction (DR) or ad libitum (AL)
diets for 4 or 7 d, and BrdU-labelled cells were
counted. Since fasting, average value of dropping
weight was about 14.25 g for 4 d, and then, another
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10.67 g for 3 d, which is about 5% and then 3%
out of initial body weight.
BrdU labelled cells (green, observed from 4 d
AL/DR) were commonly distributed in subgranular
zone and granular cell layer in both AL and DR rat
dentate gyrus as merged with propidium iodide
(round shaped yellow signals). BrdU-labelled cell
numbers were 7.02±0.67 in AL and 8.55±1.23 in
DR respectively.
BrdU-labelled cells were also found in pyramidal
cell layer and hippocampal alveus near CA1 subfield of hippocampus. After 4 d of DR, certainly
more cells were immunostained in DR rats than in
AL rats but statistical analysis showed no distinct
difference in dentate gyrus and CA1 subfield. The
average number of labelled cells were 4.29±0.43
in AL, 6.27±0.82 in DR (DG: AL (n=33)/DR (n=23),
*p ＜0.5, CA1: AL(n=16)/DR(n=14), **p ＜0.15).
In dietary restricted rats for 7 d, BrdU-labelled
cells were also observed to be widely distributed in
subgranular zone and granular cell layer in AL and
DR rats. The confocal images of DR group showed
high rate of merged signal frequency compared to
AL group (Fig. 2). In dentate gyrus, BrdU-labelled cell
numbers in DR groups (12.31±0.97) were about
two fold than in AL groups (6.65±0.75, AL (n=16)/
DR (n=36), *p ＜0.01). BrdU-labelled cells were also
found in pyramidal cell layer and hippocampal alveus
near CA1 (Fig. 2c, d, g, h). The average number of
BrdU-labelled cells in these area were more than
two fold in DR (Fig. 3a, 4.27±0.67 in AL, 9.81±
1.12 in DR, CA1: AL (n=15)/DR (n=31), **p ＜0.01).
To correct the systemic error of cell numbers counted in brain slices, we measured diameter of cell
body and nucleus in dentate gyrus and pyramidal
layer (Fig. 3b) and used the formula (P=(A){M/(L+
M)} where P is the corrected number of cells per
section, A is the uncorrected number of cells per
section, M is the section thickness, and L is the
average diameter of a cell in a section (Renfranz et
al., 1991). Using the Z-stack in confocal microscope,
we measured 3 axes (x-y-z) and statistically calculated the diameter of cell and nucleus (All group,
n=30). The diameter of cell body was 15.17±0.80
μm and diameter of nucleus was 5.37±0.32 μm in
dentate gyrus. In the pyramidal layer of hippocampus, diameter of cell body was 18.22±1.22 μm and
diameter of nucleus was 6.92±0.60 μm (Fig. 3b. *,
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Fig. 1. The distribution of BrdU-labelled cells in dentate gyrus
and hippocampal alveus in one d and one week after BrdU
injection. BrdU-labelled cells were immunostained in hiipocampal alveus (HA) near CA1 subfield and subgranular zone
(SGZ) one day after BrdU injection. One week after BrdU injection, cells were found to be scattered widely and migrated
into CA3 subfield along hippocampal alveus in hippocampus
and into granular cell layer (GL) in dentate gyrus (DG).
All scale bars represent 20 μm.

**p ＜0.05). Cell diameter of granule cells in dentate
gyrus seems shorter than that of pyramidal cells in
CA1 field, probably because granular cells make
tight dense layers.
These data indicates that proliferation of neural
stem cells increased in dietary restricted rat hippocampus.

D IS C U S S IO N
In the present study, we observed that neural
stem cells were present in the adult rat brain and
migrated as the time goes by in hippocampus as
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Fig. 2. Confocal images documenting newly generated cells
(BrdU-labeled cells) in ad libitum (AL) and dietary restricted
(DR) rat hippocampus. Newly generated cells (merged signal)
are found in subgranular zone (SGZ), granular cell layer (GL)
in dentate gyrus (DG) and hippocampal alveus (HA) and
pyramidal cell layer (PL) in hippocampus of AL (a-d) and DR
(e-h) rat brain. Sections were double-labeled with antibodies
against BrdU (FITC, green) and propidium iodide (red). The
migration of newly generated cells are shown in DG
(arrowhead in a). All scale bars represent 20 μm. Proliferation
of neural stem cells were increased by DR.
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Fig. 3. The number of BrdU-labelled cells in ad libitum (AL)
for 7 d and short-term dietary restriction (DR) in dentate
gyrus (DG) and CA1 subfield in hippocampus. (a) The average number of BrdU-labelled cells in these area were more
than two fold in DR (6.65±0.75 in AL (DG, n=16), 12.31±
0.97 in DR (DG, n=36), 4.27±0.67 in AL (CA1, n=15), 9.81
±1.12 in DR (CA1, n=31), *,** p ＜0.01). (b) The diameter
of cell body and nucleus in DG and CA1. The diameter of
cell body was 15.17±0.80 μm and diameter of nucleus was
5.37±0.32 μm in DG. In CA1, diameter of cell body was
18.22±1.22 μm and diameter of nucleus was 6.92±0.60 μ
m. The comparison of data that tested by ANOVA was
different in DG and CA1 (*,** p ＜0.05).

well as in dentate gyrus. We observed more BrdUlabelled cells in dentate gyrus but also present in
hippocampal alveus, which means neural stem cells
are dividing in both dentate gyrus and hippocampal
alveus. There are many earlier studies reported that
new neurons are generated in the dentate gyrus of
the adult animals from birds to humans. We figured
out that neural stem cells are generated in two areas
in adult rat brain; dentate gyrus and hippocampal
alveus.
One week after their proliferation, BrdU-labelled
cell numbers decreased (in both 2-d injection group
and 5-d injection group), suggesting some new cells
die during their differentiation as they do during
embryogenesis. Many BrdU-labelled cells were scat-
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tered widely. Some cells were found in the fissure
and pyramidal cell layer, suggesting neural stem
cells born in hippocampal alveus migrated following
by hippocampal alveus into CA3 and into the fissure.
Our previous study showed that neural stem cells
transplanted to adult rat brain migrated following
the hippocampal alveus which is the pathway as
endogenous neuronal stem cells migrate during
embryogenesis. Our results support these observations even though we can not figure out total
movement of neural stem cells.
We observed that short-term dietary restriction
(DR) increased the number of BrdU-labeled cells in
adult rat hippocampus. In the previous studies, DR
increased the survival of NPC progeny and reduces
spontaneous death of newly generated cells in the
hippocampus (Young et al., 1999; Lee et al., 2002).
We found that short term DR increase proliferation
of neural stem cells significantly in hippocampal alveus
as well as in dentate gyrus. The major difference
between our study and previous studies are period
of DR. We made complete DR for 7 days contrary
to other studies which made every-other-day DR for
3 mon. Complete DR may increase neural cell
death, which may induce neural stem cell proliferation by producing neurotrophic factors. Further
studies remain to elucidate how DR induces proliferation of neural stem cells.
In conclusion, we found that neural stem cells exist
in the hippocampus of adult rat brain as well as in
dentate gyrus, and they still divide and migrate
follow the endogenous pathway. In addition, proliferation of neural stem cells were improved by the
complete short-term DR.
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