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Corticosterone inhibits the proliferation of hippocampal neural stem cells (NSCs). The removal of cortico-
sterone-induced inhibition of NSCs proliferation has been reported to contribute to neural regeneration.
Leptin has been shown to regulate brain development, improve angiogenesis, and promote neural regen-
eration; however, its effects on corticosterone-induced inhibition of NSCs proliferation remain unclear.

1<eyVyords: Here we reported that leptin significantly promoted the proliferation of hippocampal NSCs in a concen-
LeDt_m tration-dependent pattern. Also, leptin efficiently reversed the inhibition of NSCs proliferation induced by
Et;rct;costerone corticosterone. Interestingly, pre-treatment with non-specific NMDA antagonist MK-801, specific NR2B

antagonist Ro 25-6981, or small interfering RNA (siRNA) targeting NR2B, significantly blocked the effect
of leptin on corticosterone-induced inhibition of NSCs proliferation. Furthermore, corticosterone signifi-
cantly reduced the protein expression of NR2B, whereas pre-treatment with leptin greatly reversed the
attenuation of NR2B expression caused by corticosterone in cultured hippocampal NSCs. Our findings
demonstrate that leptin reverses the corticosterone-induced inhibition of NSCs proliferation. This process
is, at least partially mediated by increased expression of NR2B subunits of NMDA receptors.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Elevated gluococorticoids have been found in several patho-
physiological conditions, including acute or chronic stress and
depression, which may impair neural regeneration [1]. Corticoste-
rone is a glucocorticoid secreted by the adrenal cortex, and can
inhibit the proliferation and differentiation of NSCs through vari-
ous pathways [2]. As glucocorticoid receptors are enriched in the
hippocampus, increased corticosterone level suppresses neural
regeneration and differentiation in the hippocampal region [3,4].
Hippocampal NSCs are involved in neural regeneration following
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multiple disorders or injuries [5]. Hence, attenuating the effects
of NSCs exposure to corticosterone may promote neural regenera-
tion and treatments of related diseases [6].

Leptin is a 16-kDa protein mainly expressed in adipose tissues.
The leptin receptor (LepR) is widely expressed in the central ner-
vous system and peripheral tissues. It is highly expressed in the
hypothalamus as well as brain regions related to learning and
memory, including the hippocampus and cortex. Accumulating
evidence suggests that leptin acts as a crucial signal for brain
development during both pre- and post-natal life by regulating
neurogenesis, axonal growth, and synaptogenesis. Leptin was also
found to induce neurogenesis in the central nervous system
following stroke by activating the LepR. Nevertheless, it remains
unclear whether or not leptin may promote the proliferation of
NSCs derived from embryonic mouse hippocampus and relieave
the corticosterone-mediated inhibition of hippocampal NSCs
proliferation.

Leptin also indirectly activates the N-methyl-p-aspartate
(NMDA) receptors (NMDARs) [7,8], which are essential in
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modulating the proliferation of NSCs during the embryonic stage
[9]. Among all NR2 subunits of the NMDARs, NR2B is the dominant
subunit expressed in newborn nerve cells [10]. Recent studies have
revealed that NR2B-containing NMDARs promote the neural stem/
progenitor cell proliferation through the calcium/calmodulin-
dependent protein kinase IV (CaMKIV) and cAMP response element
binding protein (CREB) pathway [11]. Moreover, NR2B activation
can enhance NSCs proliferation in the subventricular zone of
neonatal rats following hypoxic-ischemic brain damage [12].
Therefore, we hypothesized that leptin may promote NSCs prolifer-
ation and mediate the inhibitory effects of corticosterone through
activation of the NR2B subunit.

In this present study, we investigated the effects of leptin on the
proliferation of the NSCs and its role in the inhibitory effects of cor-
ticosterone in vitro. Furthermore, we explored the potential mech-
anisms underlying this process.

2. Materials and methods
2.1. Reagents

Dulbecco’s Modified Eagle Medium (DMEM)/F12 media, B27
and N2 were obtained from Invitrogen™ (Los Angeles, California,
USA). Epidermal growth factor (EGF), basic fibroblast growth factor
(bFGF) and mouse recombinant leptin were bought from Peprotech
(Rocky Hill, NJ, USA). Poly-1-lysine (PLL), trypsin-EDTA, corticoste-
rone, MK-801, Ro 25-6981, pre-designed NR2B siRNA oligonucleo-
tides (#NM_008171), scrambled siRNA, MISSION® siRNA
transfection reagent and anti-GAPDH antibody were purchased
from Sigma (St. Louis, MO, USA). Rabbit anti-NMDAR2B primary
antibody was provided by Abcam (Cambridge, MA, USA). Horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary
antibody was purchased from Zhongshan Biotechnology Co. Ltd.,
Beijing, China.

2.2. Primary culture of NSCs

Primary NSCs were dissociated from embryonic CD-1 mice pro-
vided by Vital River Laboratories, Beijing, China. The animal exper-
iments were approved by the Animal Ethical Committee of the
General Hospital of the People’s Liberation Army. All procedures
were performed according to the Guidance Suggestions for the
Care and Use of Laboratory Animals established by the Ministry
of Science and Technology of the People’s Republic of China. A total
of six female pregnant CD-1 mice were used in this study. Primary
NSCs were isolated from each mouse. In brief, the hippocampi of
14-day-old embryonic mouse brains were dissected and cut into
pieces. Single cell suspension solutions were prepared. Live cells
were assessed by Typan blue dye exclusion assay using Count star
cytometer (RuiYu Biotechnology Co., Ltd. Shanghai, China). Cells
were seeded into PLL-precoated culture flasks at a density of
2 x 10° cells/mL and were maintained in DMEM/F12 media con-
taining 2% B27, 1% N2, 20 ng/mL EGF and 20 ng/mL bFGF. Cells
were incubated in a 5% CO,-humidified incubator (Heraeus, Ger-
many) at 37 °C, and the NSCs at this stage represented passage 1
(P1). Half of the culture medium was changed every 3 days. Six
or seven days following initial seeding, neural spheres were di-
gested by 0.1% Trypsin-EDTA solution for 10 min at 37 °C. The sin-
gle cell suspension solutions were reseeded into new culture flask
at a density of 2 x 10° cells/mL, and represented P2 cells. P2 or P3
cells were used for the experiments.

2.3. Determination of cell proliferation

NSCs proliferation was determined using the CCK-8 assay
according to the manufacture’s instructions (Sigma, St. Louis, MO,

USA). In brief, cells were seeded into PLL-precoated 96-well plate
at a density of 5 x 10 cells/mL (n = 6). After different concentra-
tions of drug treatment, 10 puL of CCK-8 solution was added into
each well and cells were incubated at 37 °C for 1 h. The optical den-
sity (OD) at 450 nm was examined using EnVision multilabel read-
er (PerkinElmer, Inc. Turku, Finland) to assess cell proliferation
capability.

2.4. Transfection of NR2B siRNA

The siRNA oligonucleotides were diluted and transfected with
MISSION® siRNA transfection reagent according to the manufac-
turer’s instructions. Briefly, NSCs were seeded into Poly-L-Lysine-
precoated 24-well plate at a density of 5 x 10%cells/mL and
incubated in a 5% CO, incubator at 37 °C. Twenty four hours after
initial seeding, cells were treated with a mixture of transfection
reagent and 10, 20 or 40 nM siRNAs or non-specific siRNAs. After
6 h incubation, the mixture was replaced with culture medium,
and cells were cultured for additional 48 h before harvesting for
experiments.

2.5. Cellular ELISA

The expression of membrane NR2B was measured by cellular
ELISA as described previously with minor modifications. Cells were
fixed with 4% paraformaldehyde (PFA) for 60 min at room temper-
ature. After being washed with phosphate buffered saline (PBS),
cells were incubated with 100 mM glycine for 10 min. Next, cells
were blocked with 5% calf serum for 1 h at 37 °C followed by incu-
bation with rabbit anti-mouse NR2B primary antibody (1:200 dilu-
tion) at 4 °C overnight. After being washed with PBS, cells were
probed with HRP-conjugated goat anti-rabbit IgG antibody
(1:200 dilution) at 37 °C for 30 min. Cells were then treated with
Streptavidin-Biotin Complex at room temperature for another
30 min. Plates were visualized by the addition of 20 pL/well of
4 mg/mL o-phenylenediamine (OPD) at room temperature for
20 min. The reaction was stopped by adding 150 pL/well HCl
(3 mM). The absorbance of the orange-brown end product was
measured at 490 nm (A490), and was used to quantitate NR2B
expression at the cellular membrane.

2.6. Western blot assay

The protein expression of NR2B in the cultured cells was also
determined by Western blot assay. Total protein was extracted
from cells using lysis buffer containing 1% Trition X-100, 1% deoxy-
cholate and 0.1% SDS. Protein concentration was measured using a
BCA protein assay (Pierce, Holmdel, NJ, USA). Equal amounts of
protein extracts (40 pg) were then separated by 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
probed with anti-NMDAR2B primary antibody (1:500 dilution, Ab-
cam) or anti-GAPDH (1:2000 dilution, Sigma) primary antibody.
The expression bands of target proteins were analyzed by Gel-
pro3.2 software (YuanAo International Trade Co. Ltd., HongKong).
The densitometric values were used to conduct statistical analysis.
The housekeeping protein GAPDH was used as an internal control.

2.7. Statistical analysis

Data were analyzed by GraphPadPrism (version 5.03, GraphPad
Software Inc, CA, USA) software. All data were presented as
mean + standard error of the mean (SEM) of three independent
experiments. Statistical significance was determined by one-way
ANOVA followed by Dunnett’s multiple comparison post-hoc test.
P <0.05 was recognized as significantly different.
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3. Results
3.1. Leptin promoted the proliferation of NSCs

In order to determine the effects of leptin on the proliferation of
NSCs, we treated P2 or P3 cells with different concentrations
(10-160 ng/mL) of leptin. After six days incubation, the cell
proliferation capability was evaluated using a CCK-8 assay.
NSC viability was evaluated using OD values. We found that
10-160 ng/mL leptin significantly promoted the proliferation of
NSCs in a concentration-dependent pattern (P < 0.01 compared
with control; Fig. 1). However, no significant difference in OD value
was found among 40, 80 or 160 ng/mL leptin treatment groups
(P>0.05). Thus, 40 ng/mL leptin was used in the following
experiments.

1.0+
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Viability of NSCs (OD)
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control 10 20 40 80 160

leptin (ng/ml)

Fig. 1. Leptin promoted the proliferation of NSCs. Cells were incubated with
different concentrations of leptin for six days. The proliferation capability was
determined by a CCK-8 assay. Data are expressed as mean +SEM from three
independent experiments (n = 6). Statistical significance was determined by one-
way ANOVA followed by post hoc Dunnett’s multiple comparison test. **P < 0.01,
**P<0.001, vs. control group.
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3.2. Effects of corticosterone, noncompetitive NMIDAR antagonist MK-
801, specific NR2B subunit antagonist Ro 25-6981 or NR2B siRNA on
the proliferation of the NSCs

According to previous reports, corticosterone [13], MK-801
[9,11], or Ro 25-6981 [11] could inhibit the proliferation of NSCs,
respectively. Moreover, we examined the inhibitory effect of
NR2B siRNA on the proliferation of NSCs. Here NSCs were exposed
to 1, 3 or 10 uM corticosterone; 1, 5 or 25 puM MK-801; 1, 3 or
10 UM Ro 25-6981; 10, 20 or 40 nM NR2B siRNA for 72 h, respec-
tively. Using the CCK-8 assay, we observed that corticosterone,
MK-801 or Ro 25-6981 concentration-dependently suppressed
NSCs proliferation (Fig. 2A-C).

Meanwhile, 10, 20 and 40 nM of NR2B siRNA suppressed NSCs
proliferation and non-specific NR2B siRNA didn’t suppressed it
(Fig. 2D). It was noted that 10 uM corticosterone, 25 puM MK-801,
10 uM Ro 25-6981 or 40 nM NR2B siRNA significantly inhibited
cell proliferation, respectively (P<0.001 compared with DMSO
vehicle control). Therefore, the above concentrations of reagents
were used for the following experiments.

3.3. MK-801, Ro 25-6981 and NR2B siRNA blocked the effects of leptin
on corticosterone-inhibited cell proliferation

To investigate the potential mechanisms of leptin-mediated
NSCs proliferation in the presence of corticosterone, cells were
pre-treated with or without the MK-801 or Ro 25-6981 for 1 h, fol-
lowed by the treatment with or without 40 ng/mL leptin for an-
other 1h. After that, cells were further incubated with 0.1%
DMSO (vehicle control) with or without 10 uM corticosterone for
72 h. Meanwhile, non-specific siRNA and NR2B siRNA pre-treated
cells were incubated with or without leptin for 1 h, then incubated
with or without corticosterone for 72 h. We found that leptin
reversed the corticosterone-inhibited NSCs proliferation, but this
effect was blocked by MK-801, Ro 25-6981, or NR2B siRNA
(Fig. 3A-C). Meanwhile, this effect wasn’t be blocked by non-specific
siRNA (data not shown). This indicates that leptin may suppress the
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Fig. 2. Effects of corticosterone, MK-801, Ro 25-6981 or NR2B siRNA on inhibiting the proliferation of NSCs. Cells were incubated with 0.1% DMSO (vehicle control), 1, 3 or
10 puM corticosterone for 72 h (A); 1, 5 or 25 uM MK-801 for 72 h (B); 1, 5 or 25 uM Ro 25-6981 for 72 h (C); or transfected with non-specific siRNA or 10, 20 or 40 nM NR2B
siRNA for 72 h (D). Data are expressed as mean + SEM from three independent experiments (n = 6). Statistical significance was determined by one-way ANOVA followed by
post hoc Dunnett’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, vs. vehicle group.
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Fig. 3. Leptin suppressed the inhibitory role of corticosterone, whereas MK-801, Ro 25-6981 or NR2B siRNA blocked the effects of leptin on corticosterone-inhibited cell
proliferation. Cells were pre-treated with or without 25 uM MK-801 (A) or 10 pM Ro 25-6981 (B) for 1 h followed by the treatment with or without 40 ng/mL leptin for
another 1 h. After that, cells were further incubated with 0.1% DMSO (vehicle control), with or without 10 uM corticosterone for 72 h. (C) NR2B siRNA- or non-specific siRNA-
transfected cells were treated with or without leptin for 1 h. After that, cells were further incubated with 0.1% DMSO (vehicle control) or with or without corticosterone for
72 h. The proliferation capability was determined by CCK-8 assay. Data were calculated from three independent experiments (n = 6). Statistical significance was determined
by one-way ANOVA followed by post hoc Dunnett’s multiple comparison test. ***P < 0.001, vs. vehicle group; ~*"P < 0.001, vs. cort group, AP < 0.001, vs. MK-801 group,
###p < 0,001, vs. cort + leptin group (A); ~""P < 0.001, vs. cort group, 24P < 0.001, vs. Ro 25-6981 group, **P < 0.001, vs. cort + leptin group (B); **"P < 0.001, vs. cort group,

AAAD < 0,001, vs. siRNA group, ###P < 0.001, vs. cort + leptin group (C).

inhibitory role of corticosterone on NSCs proliferation through acti-
vating the NMDAR and especially the NR2B pathway.

3.4. Leptin upregulated the expression of NR2B in corticosterone-
treated NSCs

We next examined the expression of NR2B in NSCs following
different treatments. As shown by cellular ELISA analysis results,
10 UM corticosterone and 40 nM NR2B siRNA significantly down-
regulated the expression of NR2B on the membrane of NSCs
(Fig. 4A, P<0.001 compared with DMSO vehicle control). Further-
more, 40 ng/mL leptin alone increased the expression of NR2B in
NSCs (P < 0.001 compared with DMSO vehicle control). Pre-treat-
ment of leptin significantly elevated NR2B expression of corticoste-
rone-exposed NSCs as compared to corticosterone exposure alone
(P<0.001). Pre-treatment of NR2B siRNA significantly decreased
the expression of NR2B in cells pre-treated with leptin followed
by corticosterone exposure, compared to pre-treated with leptin
followed by corticosterone exposure (P<0.001). Similar results
were obtained when evaluating the expression of NR2B, as deter-
mined by Western blot assay (Fig. 4B).

4. Discussion

The physiological concentration of serum leptin is approxi-
mately 9.79 £ 1.73 ng/mL in human body, while its level increases
to 50-100 ng/mL in obese patients [ 14]. The concentration of leptin

commonly used for in vitro studies ranges from 10 to 100 ng/mL,
however, there are no data available for the leptin level in the cen-
tral nervous system of mammals or human [15,16]. In this present
study, we demonstrated that leptin (10-160 ng/mL) promoted the
proliferation of NSCs derived from embryonic mouse hippocampus
in a concentration-dependent pattern. A leptin concentration of
40 ng/mL showed a significant stimulation of proliferation,
whereas no statistical difference was found among 40, 80 and
160 ng/mL leptin treatment groups (P > 0.05). These results were
in accordance with the previous report in which Desai et al.
showed that 10, 20 or 40 ng/mL leptin promoted the proliferation
of fetal hypothalamic NSCs derived from embryonic day 20 fetal
rats [17]. In addition, accumulating evidence shows that leptin
can increase the proliferation of human nucleus pulposus cells,
chondrocytes, and human prostate cells. Although different cell
types and different concentrations of leptin were used, similar re-
sults were obtained as those seen in the current study.

Corticosterone has been found to inhibit the proliferation and
differentiation of NSCs [18,19]. In this study, we also observed that
10 UM corticosterone significantly reduced the proliferation of cul-
tured NSCs after 72 h incubation. Importantly, we first found that
40 ng/mL leptin greatly reversed corticosterone-mediated inhibi-
tion of NSCs proliferation.

We next determined the underlying mechanism(s) of leptin-in-
duced NSCs proliferation following treatment with corticosterone.
NMDARs are involved in the neurogenesis, differentiation,
migration and synaptic plasticity [20]. During embryonic brain
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Fig. 4. Leptin upregulated the expression of NR2B in corticosterone-treated NSCs. NR2B siRNA- or non-specific siRNA-transfected cells were treated with or without 40 ng/mL
leptin for 1 h followed by the incubation of 0.1% DMSO or with or without 10 uM corticosterone for another 72 h. The expression of NR2B in NSCs was examined by ELISA (A)
or Western blot assay (B). Data were calculated from three independent experiments. Statistical significance was determined by one-way ANOVA followed by post hoc
Dunnett’s multiple comparison test. ***P < 0.001 vs. vehicle control; #22P < 0.001 vs. the group treated with corticosterone alone; #**#P < 0.001 vs.cort + leptin group.

development, both the pharmacological inhibition and over-acti-
vation of NMDARs contribute to neural loss and cell apoptosis. Na-
tive NMDARs are assembled from NMDA receptor 1 (NR1) and NR2
subunits. Among them, NR2A and NR2B are the main subunits that
regulate the activation of NMDARs and calcium ion influx [21]. It
should be noted that NR2B are enriched in the neonatal neural cells
[22]. Increased NR2B expression has been detected in proliferating
NSCs induced by NMDAR activation [9,11]. Moreover, blockage of
NR2B by the specific antagonist Ro 25-6981 remarkably inhibited
NSCs proliferation and differentiation [11]. Son et al. [23]. and
Huang et al. [24]| demonstrated that in chronic immobilization
stress-treated pregnant mice, serum corticosterone level was in-
creased in pregnant mice, and the NR2B expression in synapses
of the fetus hippocampus or in the hippocampus of offspring was
decreased, leading to significantly impaired spatial learning and
memory function of the offspring.

A variety of studies demonstrate that leptin may quickly acti-
vate NMDARs through various signal pathways, including janus ki-
nase-signal transducer and activator of transcription (Jak-Stat) [8],
phosphatidyl-inositol-3-kinase (PI3K) [25] and mitogen-activated
protein kinase (MAPK) [26], and subsequently initiate prolifera-
tion-related gene transcription. It has been suggested that NR2B
participates in hippocampus neuroregeneration, and that the
downregulation of NR2B suppresses neuroregeneration [27]. Here
we reported that leptin suppressed corticosterone-mediated inhi-
bition of proliferation, and this effect could be blocked by the
MK-801, Ro 25-6981 or NR2B siRNA. Cellular ELISA and western
blot assay demonstrated that corticosterone significantly down-
regulated the expression of NR2B on the membrane of NSCs. Pre-
treatment of leptin significantly elevated NR2B expression in the
cells exposed to corticosterone. Pre-treatment of NR2B siRNA sig-
nificantly decreased the expression of NR2B in the cells treated
by leptin followed by corticosterone exposure. However, pre-treat-
ment of non-specific NR2B siRNA didn’t decrease it. These results
indicated that NR2B was involved in the mechanism of the lep-
tin-reversed  inhibition of corticosterone-induced  NSCs

proliferation. Future studies will be conducted to clarify the poten-
tial up- and down-stream signals of NR2B subunits following leptin
treatment. In addition, the activation of NMDARs has been re-
ported to inhibit cell apoptosis, which further contributes to
growth [28]. Thus, we can not exclude the possibility that the cyto-
protective effect of leptin against corticosterone is due to inhibi-
tion of apoptosis.

In summary, our findings reveal that leptin promotes the
proliferation of NSCs derived from embryonic day 14 CD-1 mouse
hippocampus. Additionally, leptin efficiently suppresses the
corticosterone-mediated inhibition of NSCs proliferation, at least
partially through activating the NR2B subunits of NMDARs. Our
data provide valuable insights into understanding the pharmaco-
logical effects of leptin on the proliferation of NSCs in the presence
or absence of high concentrations of corticosterone.
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