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Abstract. Desipramine (DP) is a tricyclic antidepressant used for treating depression and

numerous other psychiatric disorders. Recent studies have shown that DP can promote neuro-

genesis and improve the survival rate of hippocampal neurons. However, whether DP induces

neuroprotection or promotes the differentiation of neural stem cells (NSCs) needs to be

elucidated. In this study, we cultured NSCs derived from the hippocampal tissues of adult rats

as an in vitro model to evaluate the modulation effect of DP on NSCs. First, we demonstrated

that the expression of Bcl-2 mRNA and nestin in 2 µM DP-treated NSCs were up-regulated and

detected by real-time reverse transcriptase polymerase chain reaction (RT-PCR). The results of

Western blotting and immunofluorescent study confirmed that Bcl-2 protein expression was

significantly increased in Day 3 DP-treated NSCs. Using the Bcl-2 small interfering RNA

(siRNA) method, our results further showed that DP protects the lipopolysaccharide (LPS)-

induced apoptosis in NSCs, in part by activating the expression of Bcl-2. Furthermore, DP

treatment significantly inhibited the induction of proinflammatory factor interleukin (IL)-1β,

IL-6, and tumor necrosis factor-α in the culture medium of LPS-treated NSCs mediated by

Bcl-2 modulation. The results of high performance liquid chromatography coupled to electro-

chemical detection further confirmed that DP significantly increased the functional production of

serotonin (26 ± 3.5 µM, DP-treated 96 h) and noradrenaline (50 ± 8.9 µM, DP-treated 96 h) in

NSCs through activation of the MAPK /ERK pathway and partially mediated by Bcl-2. In

conclusion, the present results indicate that DP can increase neuroprotection ability by inhibiting

the LPS-induced inflammatory process in NSCs via the modulation of Bcl-2 expression, as

confirmed by the siRNA method.
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Introduction

Desipramine (DP) is a tricyclic antidepressant that has

been introduced as an effective drug to treat depressive

mood disorders (1). It has been proved to be safe and

effective for the treatment of depression as well as other

psychiatric and neurodegenerative diseases (2). The

previous study showed that DP exerts various in vitro

and in vivo effects. Chronic DP treatment increases the

membrane expression of AMPA receptors in rat hippo-

campus (3). Acute treatment with DP was shown to
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inhibit SK3 channels in human medulloblastoma cells

(4). DP also enhances glucocorticoid receptor function

by modulating the membrane steroid transporters (5),

and suppresses human cytochrome P450 enzymes and

rat protein kinase C (6, 7).

Recently, pre-clinical and clinical findings have

shown that hippocampal volume in patients with depres-

sion is reduced in comparison to the volume in healthy

people (8). Clinical survey and magnetic resonance

imaging (MRI) studies also showed that the hippo-

campal volume decreases in patients with depression

and post-traumatic stress disorder (8, 9). Further studies

have demonstrated that increased neurogenesis in the

hippocampus by the administration of antidepressant

drugs can result in altered behavior in stress-induced

models and patients (10, 11). More recently, Chen et al.

reported evidence that DP can promote neurogenesis in

the hippocampus and reverse the learned behavior in

learned helplessness rats (12). However, whether DP can

promote neuroprotection and differentiation ability in

the hippocampus in the central nervous system (CNS)

has not been determined.

Neural stem cells (NSCs), derived from the hippo-

campus and other germinal centers of the brain, have

been isolated and defined as cells with the capacity of

self-renewal and multi-lineage differentiation (13 – 15).

NSCs possess the utilizing potential to develop trans-

plantation strategies and to screen the candidate agents

for neurogenesis in neurodegenerative diseases (14). In

order to elucidate the role of DP in neural progenitor

proliferation, we cultured NSCs derived from the

hippocampal tissues of adult rats as a model for the in

vitro drug-effect test (16) and found that 2 µM DP can

up-regulate Bcl-2 expression in DP-treated NSCs. In

addition, previous studies have shown that major depres-

sion is accompanied by activation of the inflammatory-

response system (17 – 19). In an experimental study on

healthy young men, immune activation by administering

endotoxin produced alternations in emotional states and

an increase of reported depressive symptoms (20).

To further investigate whether DP inhibits the inflam-

matory process of NSCs or induces a neuroprotection

effect in NSCs, the proinflammatory cytokines and

apoptotic markers were monitored by ELISA and

TUNEL assays in DP-pretreated NSCs with or without

lipopolysaccharide (LPS) treatment. Furthermore, Bcl-

2, an anti-apoptotic gene, is a target for the actions of

mood stabilizers and mediates many of the beneficial

effects of endogenous neurotrophic factors (21, 22).

Hence, by using Bcl-2 gene silencing with small inter-

fering RNA (siRNA), we aim to investigate the bio-

logical effects, neural proliferation, neuroprotection,

and differentiation capability of DP on NSCs and to

explore the associated mechanisms.

Materials and Methods

Isolation and culture of NSCs

All animals used were treated in accordance with the

Animal Care and Use Committee guidelines at Taipei

Veterans General Hospital. The protocol of the present

study was also approved by the Committee. Adult

Sprague-Dawley (SD) rats (8-week-old, 250 g) were

anesthetized with intraperitoneal phenobarbital (Sigma

Chemical Co., St. Louis, MO, USA) and the location of

their brains was mapped. Then, the brain was surgically

separated from the hippocampus region with the pro-

cedure described by Liu et al. (16). In brief, tissues from

the hippocampus of adult rats were dissociated and

incubated in Hank’s balanced salt solution (HBSS)

containing collagenase (78 units /mL) and hyaluronidase

(38 units /mL) for 10 min at 37°C. The tissues were then

mechanically dissected and placed in a trypsin solution

(1.33 mg /mL) at 37°C for another 10 min. Dissociated

cells were then centrifuged at 150 GG for 5 min. Then

the enzyme solution was removed and replaced with

serum-free culture media composed of Dulbecco’s

modified Eagle medium (DMEM) and F-12 nutrient

mixture (1:1) including insulin (25 µg /mL), transferrin

(100 µg /mL), progesterone (20 nM), putrescine (60 µM),

sodium selenite (30 nM), human recombinant epidermal

growth factor (EGF) (20 ng /mL), and fibroblast growth

factor-basic (bFGF) (20 ng /mL) (R&D Systems,

Minneapolis, MN, USA). Viable cells were counted by

trypan blue exclusion and plated as 5000 cells /200 µL

per well in 96-well plates (Corning, Inc., Acton, MA,

USA) with no substrate pretreatment. The DP was

purchased from Sigma Chem. Co. The vehicle control

used in all procedures and studies was 0.1% dimethyl

sulfoxide (DMSO) (Sigma Chem. Co.) Regarding the

differentiation protocol, the neurosphere-like NSCs

were plated on poly-L-ornithine–coated (15 µg /mL)

glass coverslips in individual wells of 24-well plates

(1.0 mL /well) in the DMEM /F-12 medium containing

2% fetal calf serum (FCS) (Gibco-BRL, Gaitherburg,

MD, USA) and withdrawing EGF and bFGF. At the time

of NSC seeding, the vehicle control or DP was con-

currently added.

Cell viability assay and enzyme-linked immunosorbent

assay (ELISA)

NSCs were seeded on 24-well plates at a density of

2 × 104 cells /well in medium, followed by the methyl

thiazol tetrazolium assay (MTT assay) (Sigma-Aldrich

Co., St. Louis, MO, USA) for determination of cell

viability. NSCs were incubated with 0.25 mg /mL MTT
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for 4 h at 37°C and the reaction was terminated by the

addition of 100% isopropanol. The amount of MTT

formazan product was determined by using a microplate

reader and the absorbance was measured at 560 nm

(SpectraMax 250; Molecular Devices, Sunnyvale, CA,

USA). NSCs were exposed to DP at 0, 0.1, 1, 2, 5, 10,

20, 30, 40, 50, 100, and 200 µM for 3, 5, and 7 days. The

activities of caspase 8 and caspase 3 (Medical & Bio-

logical Laboratories Co., Ltd., Nagoya) and the concen-

trations of interleukin (IL)-6, IL-1, and tumor necrosis

factor (TNF)-α (Pharmingen, San Diego, CA, USA)

were determined by ELISA kits and quantified by read-

ing at 490 nm (MRX; Dynatech Laboratories, Chantilly,

VA, USA). Each individual sample was analyzed in

triplicate.

Real-time reverse transcription-polymerase chain reac-

tion (RT-PCR)

For real-time RT-PCR, the total RNA was extracted

using the RNAeasy kit (Qiagen, Valencia, CA, USA) as

previously described (23). Briefly, total RNA (1 µg) of

each sample was reversely transcribed in 20 µL using

0.5 µg of oligo dT and 200 U Superscript II RT (Invitro-

gen, Carlsbad, CA, USA). The amplification was carried

out in a total volume of 20 µL containing 0.5 µM of each

primer, 4 mM MgCl2, 2 µL LightCycler
TM FastStart

DNA Master SYBR green I (Roche Molecular Systems,

Alameda, CA, USA), and 2 µL of 1:10 diluted cDNA.

The quantification in the unknown samples was

performed by the LightCycler Relative Quantification

Software version 3.3 (Roche Molecular Systems). In

each experiment, the glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) housekeeping gene was

amplified as a reference standard. GAPDH primers

were GAPDH(f): GGGCCAAAAGGGTCATCATC

(nt 414 – 434, GenBank accession no. BC059110.1);

GAPDH(r): ATGACCTTGCCCACAGCCTT (nt 713 –

733). Other target gene primers were Bcl-2(f): GGGAT

GACTTCTCTCGTCGCTAC (nt 527 – 550, GenBank

accession no. NM_016993.1); Bcl-2(r): GTTGTCCAC

CAGGGGTGACAT (nt 721 – 742); Bax(f): GTGGT

TGCCCTCTTCTACTTTGC (nt 328 – 351, GenBank

accession no. NM_017059.1); Bax(r): GAGGACTC

CAGCCACAAAGATG (nt 522 – 544); Nestin(f): TGG

AGCGGGAGTTAGAGGCT (nt 525 – 545, GenBank

accession no. NM_012987.1); Nestin(r): ACCTCTAAG

CGACACTCCCGA (nt 784 – 805). Reactions were

prepared in duplicate and heated to 95°C for 10 min,

followed by 40 cycles of denaturation at 95°C for 10 s,

annealing at 55°C for 5 s, and extension at 72°C for 20 s.

All PCR reactions were performed in duplicate.

Standard curves (cycle threshold values versus template

concentration) were prepared for each target gene and

for the endogenous reference (GAPDH) in each sample.

To confirm the specificity of the PCR reaction, PCR

products were electrophoresed on a 1.2% agarose gel.

Immunoblot analysis

After the treatment with DP, the cell lysates of the

NSCs were collected and the concentration of protein

was determined by using the Bio-Rad Protein Assay kit

(Bio-Rad, Hercules, CA, USA). Cell extracts with

sample buffer were boiled for 5 min and then separated

by a 10% SDS-PAGE gel. After electrophoresis, the gel

was transferred onto a PVDF membrane for immuno-

blotting. The membrane was first blocked by incubation

in non-fat milk at room temperature for 2 h, incubated

with anti-Bcl-2 antibody (Upstate Biotechnology, Inc.,

Waltham, MA, USA) and anti-β actin (Chemicon

International Inc., Temecula, CA, USA) for 2 h at room

temperature, washed five times with Tris-buffered saline

Tween-20 (TBST), and then incubated further at room

temperature with horseradish peroxidase-conjugated

secondary antibody for 2 h. Then the membrane was

washed six times with TBST and specific bands were

made visible by chemiluminescence (Santa Cruz Bio-

technology, Santa Cruz, CA, USA).

Bcl-2 RNA interference

Bcl-2 double-stranded siRNA was chemically synthe-

sized by Ambion, Inc., Austin, TX, USA. The sense and

antisense sequences were designed as follows: Sense:

GCGCUGGAUAUAACUUCUUtt; Antisense: AAG

AAGUUAUAUCCAGCGCtt, starting from nucleotide

137 of Bcl-2 sequence (accession number L14680). In

this study, the siRNA control used was siRNA-Cy3

(Qiagen), sense sequence: UUCUCCGAACGUGUCA

CGUdTdT 3'-Cy3 and the complement 5’-ACGUGA

CACGUUCGGAGAAdTdT 3'-Cy3) as an irrelevant

control. The transfection of siRNA was performed using

Lipofectamine 2000 (Invitrogen) according to the manu-

facturer’s instructions. In brief, cells were harvested

with 0.25% trypsin, 1 mM ethylenediaminetetraacetic

acid (EDTA) in phosphate-buffered saline (PBS)

without Ca2+ and Mg2+, and they were plated in six-well

plates at 105 per cm2. Then 3.5 µl siRNA (100 µM

solution) was mixed with 125 µL serum-free culture

medium for 5 min at room temperature. During this

incubation period, 5 µL of Lipofectamine 2000 was

diluted in 125 µL serum-free culture medium. These two

mixtures were combined, mixed gently, and incubated

for 20 min at room temperature for complex formation.

This 250 µL of siRNA-Lipofectamine mixture was then

added to 2.25 mL of cells. The transfected cells were

cultured and fed daily with fresh medium until they were

assayed.
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ELISA and terminal dUTP nick-end labeling (TUNEL)

assay

The activities of caspase 8 and caspase 3 were deter-

mined by an ELISA kit (Medical & Biological Labo-

ratories Co., Ltd.) and quantified by reading at 490 nm

(MRX, Dynatech Laboratories). Each individual sample

was analyzed in triplicate. Furthermore, apoptotic

cells were identified by the TUNEL method (In Situ

Cell Death Detection Kit, POD; Roche Boehringer

Mannheim Corp., Indianapolis, IN, USA) as described

by Chiou et al. (24). Briefly, the cells with coverslips

were washed with 1X PBS, fixed with 4% paraformalde-

hyde for 10 min, permeabilized with 0.1% triton X-100

for 5 min, and incubated with the provided TUNEL

reagent for 1 h. Chromogenic development was then

applied with 3-amino-9-ethyl-carbazole and the slides

were counterstained with H & E stain. The percentage of

TUNEL-positive cells was measured by calculating the

average of six different areas and comparing it to the

total number of cells in the same section of the slide.

Immunofluorescence staining

An avidin-biotin complex method was used for the

immunohistochemical staining in the differentiated

NSCs (24). Following washes with 3% hydrogen per-

oxide, sodium azide and antigenicities were retrieved

using a microwave. Each slide was then treated with

antibody GFAP (Chemicon, Temecula, CA, USA) and

MAP-2 (Chemicon). Immunoreactive signals were

detected with a mixture of biotinylated rabbit anti-mouse

IgG and Fluoesave (Calbiochem, La Jolla, CA, USA)

under confocal microscopy (FluoView FV300; Olym-

pus, Tokyo).

Microdialysis and HPLC-ECD

A microdialysis sampling technique system con-

nected to the Petri dish was constructed in our own

laboratory according to the design originally described

by Cheng et al. (25). The dialysis probe was made of a

dialysis membrane, 30 mm in length, with an outer

diameter of 150 µm and a nominal molecular weight cut-

off of 13000. Ringer solution (8.6 g /L NaCl, 0.3 g /L

KCl, and 0.33 g /L CaCl2) was perfused through the

probe at a flow-rate of 2 µL /min. Microdialysate

samples were collected every 10 min. An HPLC-ECD

system (HTEC-500; Eicom, Kyoto) consisting of a

three-electrode cell (an Ag /AgCl reference electrode, a

counter electrode, and a graphite working electrode) was

used to measure dopamine (DA) and determine the

levels of serotonin (5-HT) and noradrenaline (NE).

The graphite working electrode had a 25-µm gasket and

the applied potential was set at +450 mV vs Ag /AgCl.

The column used for separation at room temperature

(25°C) was a PP-ODS (4.6 × 30 mm) (Eicom). The

mobile phase, containing 0.1 M sodium phosphate

buffer (0.1 M NaH2PO4:0.1 M Na2HPO4 = 1000:160,

v /v), 1% methanol, 500 mg /L sodium sulfonate, and

50 mg /L EDTA, was adjusted to pH 6.0 with 5 M of

NaOH and had a flow rate of 0.5 mL /min. A volume of

10 µL of each microdialysate was injected manually into

the chromatographic system and assayed on the same

sampling day. A sample collected from DP-treated NSC

medium yielded the following peaks: 3,4-dihydroxy-

phenylacetic acid (DOPAC) (5.23 min), DA (6.87 min),

5-hydroxyindoleacetic acid (5-HIAA) (7.78 min), 4-

hydroxy-3-methoxyphenylacetic acid (HVA) (10.90

min), and 5-HT (15.67 min). The analysis was com-

pleted within 20 min.

Statistical analyses

The results were reported as the mean ± S.E.M.

Statistical analysis was performed by using the one-way

or two-way ANOVA test followed by Tukey’s test or

Student’s t-test, as appropriate. A P value <0.05 was

considered to be statistically significant.

Results

DP modulates the cell viability of NSCs

Tissues from the hippocampus region of adult SD rats

were dissociated and cultured in the DMEM /F-12

serum-free medium with EGF and bFGF (16). After

being cultured for 1 week, NSCs aggregated and formed

spheroid-like bodies called neurospheres (Fig. 1A). To

investigate the neuron-lineage differentiation, the neuro-

spheres were further cultured in the induction medium

with 2% fetal bovine serum (FBS) for 14 days and then

gradually differentiated into neural-like cells (Fig. 1: B,

C, and D). By using the immunofluorescent assay, the

percentages of GFAP-positive cell were 38.7 ± 6.1%

(GFAP: astroglia marker; red color; Fig. 1C) and the

percentages of MAP-2-positive neurons were 33.4 ±

5.3% (MAP-2: mature neuron marker; green color;

Fig. 1D) and were detected in the differentiated NSCs.

Furthermore, the cell viability and proliferation of NSCs

were analyzed by using the MTT assay. NSCs were

exposed to 0, 0.1, 1, 2, 5, 10, 20, 30, 40, 50, 100, and

200 µM of DP for 3, 5, and 7 days (Fig. 2A). Our data

showed that the cell proliferation was significantly

increased in 2 µM DP-treated NSCs at Day 3, Day 5 and

Day 7 cultures (Fig. 2: A and B; P<0.05). Since DP at

2 µM was shown to effectively increase cell survival

(Fig. 2), the concentration of 2 µM DP was chosen for

all further experiments.
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Detection of Bcl-2 expression in DP-treated NSCs by

real-time RT-PCR and Western blotting

To further investigate whether the anti-apoptosis

(Bcl-2), apoptosis (Bax and Bad), and neuron-lineage

differentiation (MAP2 and nestin) play critical roles in

the molecular mechanisms of the differentiation process

in DP-treated NSCs, mRNA expressions of Bcl-2, Bax,

Bad, MAP-2 (mature neuron marker), and nestin (neural

progenitor marker) were detected in Day 3, 5, and 7

samples. By using the real time RT-PCR method, the

results showed that mRNA levels of Bcl-2 and nestin in

Day 5 and 7 DP (2 µM)-treated NSCs were significantly

increased when compared to non-DP-treated NSCs

(P<0.05, Fig. 3A). However, the expressions of Bax and

Bad were not activated in Day 3, 5, and 7 DP-treated

NSCs (Fig. 3A). Furthermore, when compared to Day 7

non-DP-treated NSCs, the levels of Bcl-2 mRNA

were significantly increased in the 0.1, 1, 2, and 5 µM

DP-treated, Day 7 NSC groups in a dose-dependent

manner (Fig. 3B). By using the Western blot method,

the Bcl-2 protein expression in Day 3 DP-treated NSCs

was higher than that in Day 3 non-DP-treated NSCs

(as a control, P<0.05; Fig. 4: A and B). The Bcl-2

expression level in Day 7 DP-treated NSCs was signifi-

cantly inhibited by the transfection of Bcl-2 siRNA

(Fig. 4: A and B). Moreover, the protein expression level

of Bcl-2 was significantly increased in DP- and LPS-

treated NSCs (Fig. 4C), and it was also effectively

inhibited by the treatment of Bcl-2 siRNA (Fig. 4C).

Fig. 1. Isolation and cultivation of neural stem cells (NSCs) from

the hippocampal region of adult Sprague-Dawley rats. A: NSCs

aggregated and formed neurospheres in serum-free medium culture.

B, C, and D: After addition of 2% fetal bovine serum, the neuro-

spheres then attached to the culture plate and gradually differentiated

into neural-like cells. The GFAP-positive cells (red fluorescent) (C)

and the MAP-2 positive (green fluorescent) neurons (D) were

detected in the differentiated NSCs. A – D were performed in three

separate experiments, Bar: 30 µm.

Fig. 2. Evaluation of neural stem cell (NSC) proliferation and viability in different desipramine (DP)-treated concentrations by

methyl thiazol tetrazolium assay. A: NSCs were cultured in the presesnce of 0, 0.1, 1, 2, 5, 10, 20, 30, 40, 50, 100, and 200 µM DP

for 3, 5, and 7. B: Cell numbers of DP-treated NSCs after 24, 48, and 72 h were counted by a hemocytometer: 104 NSCs were

plated on 6-cm culture dishes with or without DP. After treating with DP for 72 h, cell numbers were significantly increased in

2 µM DP-treated NSCs but significantly decreased in 100 µM DP-treated NSCs. Data (mean ± S.E.M. of six separate experi-

ments) are expressed as percentages of the control value (non-DP-treated). *P<0.05, compared to the control; #P<0.05, compared

to the control. The vehicle control used was 0.1% dimethyl sulfoxide.
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Fig. 3. Detection of mRNA expressions in desipramine (DP)-treated neural stem cells (NSCs) by the real time reverse

transcriptase polymerase chain reaction (RT-PCR). A: By using the real-time RT-PCR method, the mRNA expression levels of

Bcl-2, Bad, Bax, MAP-2, and nestin genes were measured in DP-treated and non-D-treated NSCs on the different culture days

(Day 3, 5, and 7). Data shown here are each the mean ± S.E.M. of three experiments. *P<0.05, **P<0.01, DP-treated NSCs as

compared to non-DP-treated NSCs on the same days. B: The mRNA expression levels of Bcl-2 in NSCs treated with different

concentrations of DP in Day 7 culture. Data shown here are each the mean ± S.E.M. of three experiments; *P<0.05, **P<0.01,

compared to Day 7 non-DP-treated NSCs.

Fig. 4. Detection of Bcl-2 expression by Western blotting in desipramine (DP)-treated neural stem cells (NSCs). A: Detection

of Bcl-2 protein expression in Day 3, 5, and 7 DP-treated NSCs; Control: Day 3 non-DP-treated NSCs. The Bcl-2 level in Day 7

DP-treated NSCs was significantly inhibited by the transfection of Bcl-2 siRNA (D7 + DP). B: Bcl-2 protein expression level in

Day 3 DP-treated NSCs was higher than that in Day 3 non-DP-treated NSCs. Data shown here are each the mean ± S.E.M. of

three experiments. *P<0.05, vs Control; #P<0.05, vs Day 7 DP-treated NSCs. C: Detection of Bcl-2 protein expression in NSCs

treated with LPS only, DP + LPS, and DP + LPS + Bcl-2 siRNA after 3 days culture; Control: Day 3 NSCs without any treatment.
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DP treatment protects against LPS-induced apoptosis

and inhibits LPS-induced proinflammatory effects in

NSCs

LPS is a highly proinflammatory component of the

outer member of gram-negative bacteria and has been

tested as a stress model for inducing caspase-dependent

apoptosis (26, 27). We further investigated whether the

up-regulation of Bcl-2 induced by 2 µM DP could inhibit

the LPS-induced apoptosis in DP-treated NSCs. Under

LPS (100 ng /mL) exposure, we found that the apoptotic

activities of caspase 8 and caspase 3 in Day 3, 5, and 7

DP-treated NSCs groups were significantly decreased

when compared to those in the non-DP-treated NSCs

group (P<0.05, Fig. 5: A and B). Consistent with the

caspase 8 and caspase 3 data, the results of TUNEL

assay further confirmed that DP treatment could protect

against LPS-induced apoptosis in the DP-treated NSCs

(Fig. 5C) but not in the non-DP-treated NSCs group

(Fig. 5: A, B, and C). Our result also revealed that 40 µM

of the pan-caspase inhibitor Z-VAD-fmk prevented

Fig. 5. Evaluation of lipopolysaccharide (LPS)-induced apoptotic activity of caspase 8 and caspase 3 in desipramine (DP)-

pretreated and non-DP-pretreated neural stem cells (NSCs) by ELISA test and TUNEL assay. To investigate the neuroprotection

ability of DP treatment in LPS-treated NSCs, the apoptotic activities of caspase 8 (A) and caspase 3 (B) induced by LPS in DP- or

non-DP-pretreated NSCs were evaluated by ELISA assay; the ratio of non-DP treated NSCs was defined as 0.1, and the relative

activities of caspase 8 and 3 in the differently treated groups were compared to non-DP treated NSCs. C: The severity of DNA

fragmentation induced by LPS in DP- and non-DP-pretreated NSCs was analyzed by TUNEL assay; the ratio of non-DP-treated

NSCs was defined as 0.1 and the relative apoptotic activity in the differently treated groups was compared to non-DP treated

NSCs. Control: medium only, NSC + LPS: NSCs treated with LPS at 100 ng /mL, Z-VAD-FMK (a pan-caspase inhibitor,

40 µM). Data shown here are each the mean ± S.E.M. of three experiments. *P<0.05, control group vs NSC + LPS; #P<0.05,

NSC + DP + LPS vs NSC + DP + LPS + Bcl-2 siRNA; §P<0.05, NSC + DP + LPS + Bcl-2 siRNA vs NSC + DP + LPS + siRNA

(control).
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LPS-induced apoptosis in NSCs through the inhibition

of the activities of caspase 8, caspase 3, and DNA

fragmentation (Fig. 5: A, B, and C). Moreover, by using

siRNA inhibition of Bcl-2, the activities of LPS-induced

apoptosis were significantly elevated when combined

with LPS- and DP-treated NSCs (Fig. 5: A, B, and C).

This result confirmed that DP prevents LPS-inducing

caspase-dependent apoptosis in NSCs through the

activation of Bcl-2.

Furthermore, to investigate the anti-inflammatory

effects of DP in NSCs, the LPS-induced model was

used and the levels of IL-1β, IL-6, and TNF-α were

examined by the ELISA test. The results showed that the

levels of IL-1β, IL-6, and TNF-α in the LPS-treated

NSCs were significantly increased when compared to

those in the control group (NSCs only; P<0.05; Fig. 6:

A, B, and C). Our results confirmed that DP treatment

can effectively reduce IL-1β, IL-6, and TNF-α produc-

tion (Fig. 6: A, B, and C). Furthermore, by using siRNA

inhibition of Bcl-2 in NSCs, the levels of IL-1β, IL-6,

and TNF-α were significantly elevated when combined

with LPS- and DP-treated NSCs (Fig. 6: A, B, and C).

Detection of concentrations of NE, DA, and 5-HT

released from DP-treated NSCs by HPLC

To further identify the functional production of NE,

DA, and 5-HT in these NSC-derived neurons, the

method of microdialysis coupled with HPLC-ECD was

used to measure the concentration of NE, DA, and 5-HT

in the medium of the DP-treated NSCs (Fig. 7). Our

results showed that DP can significantly stimulate the

functional releases of NE and 5-HT in the DP-treated

NSCs, but not the DA production (Fig. 7: A, B, C). To

investigate the possible mechanism associated with the

mitogen activated protein kinase /extracellular-regulated

kinase (MAPK /ERK) pathway, the MAPK inhibitor

U0126 was added to the DP-treated NSCs. The results

showed that the functional productions of NE, 5-HT, and

even DA were significantly diminished in DP-treated

NSCs after addition of U0126 treatment (Fig. 7).

Bcl-2, an anti-apoptotic protein, is the down-stream

protein of ERK and can be up-regulated through activa-

tion of the MAPK /ERK pathway. To further evaluate

the role of Bcl-2 in the modulation of neurotransmitter

release in NSCs, the Bcl-2 siRNA was transfected into

NSCs with or without DP treatment. The results showed

that the production of NE and 5-HT in the DP-treated

NSCs can be partially inhibited by the treatment of Bcl-

Fig. 6. Detection of IL-1β, IL-6, and TNF-α levels in lipopolysac-

charide (LPS)-treated neural stem cells (NSCs) by ELISA tests. To in-

vestigate the LPS-induced pro-inflammatory reaction and anti-inflam-

matory effects of DP treatment in LPS-treated NSCs for 3 days, the

concentration of pro-inflammatory cytokines was detected by the

ELISA method. The concentrations of IL-1β (A), IL-6 (B), and TNF-α

(C) induced by LPS in the different concentrations of DP-treated

groups with or without Bcl-2 siRNA treatment (or siRNA control).

LPS: NSCs treated with LPS at 100 ng /mL. Data shown here are each

the mean ± S.E.M. of three experiments.
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2 siRNA (Fig. 7: A and C). Moreover, our results

showed that 5-HT levels in Day 3, Day 5, 7, and 14 DP-

treated NSCs culture mediums were significantly higher

than in those of non-DP-treated NSCs (P<0.05, Fig. 7D).

We also found that the production of 5-HT in Day 3, 5,

7, and Day 14 DP-treated NSCs were significantly

inhibited by the transfection of Bcl-2 siRNA (P<0.05,

Fig. 7: C and D). In contrast to the inhibition effects of

siRNA on Bcl-2, the concentrations of 5-HT in the

siRNA control group were higher than those in the

Bcl-2 siRNA-treated and non-DP-treated groups

(P<0.05, Fig. 7: C and D).

Fig. 7. Detection of norepinephrine (NE), dopamine (DA), and serotonin (5-HT) levels in the culture medium of desipramine

(DP)-treated neural stem cells (NSCs) by microdialysis with HPLC-ECD. A: By using microdialysis with HPLC-ECD, the NE

levels were continuously monitored in the culture medium of 24, 48, 72, and 96 h non-DP-treated NSCs (control), DP-treated

NSCs, DP + Bcl-2 siRNA-treated NSCs, DP + siRNA control-treated NSCs, and DP+U0126-treated NSCs. B: Continuous

monitoring of DA levels in the medium of 24, 48, 72, and 96 h NSCs with different treatments. C: Continuous monitoring of

5-HT in the medium of 24, 48, 72, and 96 h NSCs with different treatments. D: The levels of 5-HT in Day 3, 5, 7, and 14 culture

medium of non-DP-treated NSCs (control), DP-treated NSCs, DP + Bcl-2 siRNA-treated NSCs, DP + siRNA control-treated

NSCs, and DP + U0126-treated NSCs. Data shown here are each the mean ± S.E.M. of six experiments. *P<0.05: NSC + DP vs

non-DP-treated (control) group; #P<0.05: NSC + DP + Bcl-2 siRNA vs NSC + DP; §P<0.05: NSC + DP + siRNA (control) vs

NSC + DP + Bcl-2 siRNA. †P<0.05: NSC + DP + U0126 vs NSC + DP.
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Discussion

The hippocampus has long been associated with

learning, memory, and the modulation of emotional

responses (8). Several studies have demonstrated that

stress-induced atrophy and loss of hippocampal CA3

pyramidal neurons may contribute to the pathogenesis of

depression (28). Recently, a novel theory for depression

treatment has been proposed; that is, the regulation of

neurogenesis in the adult brain is a target for the action

of antidepressant drugs (29, 30). By using the in vitro

culture of NSCs from the hippocampus of adult rats

(Fig. 1), our study demonstrated that the 2 µM DP is

the optimal concentration for increasing viability and

proliferation in the different concentrations (0.1, 1, 5, 10,

20, 30, 40, 50, 100, and 200 µM) of DP-treated NSCs

(Fig. 2). We found that the cell viabilities of NSCs

were slightly decreased in 50 µM DP and significantly

declined when the concentration of DP was beyond

100 µM (Fig. 2). The result of real-time RT-PCR further

supported the view that Bcl-2 mRNA levels increased

the most in 2 µM DP-treated NSCs compared to the

other groups (Fig. 3B). Furthermore, using the TUNEL

assay and the siRNA method, our data confirmed that

2 µM DP-treated NSCs can effectively prevent LPS-

induced apoptosis and the production of proinflam-

matory cytokines in the NSCs through the up-regulation

of Bcl-2 expression (Figs. 5 and 6). More importantly,

by using Bcl-2 siRNA and continuous evaluation

microdialysis coupled with HPLC-ECD, we confirmed

that DP facilitates the release of 5-HT and norepineph-

rine from NSCs via the activation of Bcl-2 (Fig. 7).

Bcl-2, an anti-apoptotic protein, has recently been

identified as a neuronal cell death repressor and plays an

important role in the protection of neural cell death

caused by chemical damage and hypoxia (31). Our data

demonstrated that NSCs possess the multi-lineage

ability of astroglia (38.7 ± 6.1%) and mature neurons

(33.4 ± 5.3%, Fig. 1). The previous study showed that

the subcellular distribution of Bcl-2 was similar between

in vivo (brain) and in vitro (culture) conditions and

between cultured neurons and astrocytes, while the

content was higher in astrocytes than in neurons (32).

Ozdener et al. further found that inducible functional

expressions of Bcl-2 in human astrocytes play important

roles in both neuroprotection and neurodegeneration

(33). As for the detailed mechanisms involved in the

effect of DP on differentiating NSCs, elevated Bcl-2

mRNA and protein levels were found in this study

(Figs. 3 and 4). We used the method of Bcl-2 siRNA to

induce sequence-specific degradation of Bcl-2 mRNA or

inhibit translation of Bcl-2 complementary mRNA in the

transfected NSCs. As shown in Fig. 5, the apoptotic

activities (caspase 8, caspase 3, and TUNEL) were

significantly increased in the DP /LPS /Bcl-2 siRNA-

treated NSCs compared to the DP /LPS-treated NSCs.

Our results indicated that DP increased the anti-

apoptotic activity in NSCs through the modulation of

Bcl-2 expression. Thus, the neuroprotective effect of

DP-treated NSCs could be attributed to the activation of

Bcl-2 and thereby protect against LPS-induced apoptosis

in NSCs.

Recent studies have suggested that major depression

is accompanied by the activation of the inflammatory-

response system. It has been hypothesized that increased

production of proinflammatory cytokines may play a

role in the pathophysiology of depressive disorders (17 –

19). Some studies have observed a strongly positive

correlation between IL-6, TNF-α, and IL-1β cytokine

levels and depressive symptoms (17 – 19, 34). Further-

more, Hellstrom et al. confirmed that LPS exposure

dramatically increased IL-1β- and the IL-1β-dependent

IL-6 level in hippocampal slices and the culture medium

of hippocampal neurons (35). In this study, we found

that the levels of IL-6, TNF-α, and IL-1β induced by

LPS were significantly inhibited by DP (Fig. 6: A, B,

and C). Consistent with our findings, Kubera et al.

demonstrated that antidepressant drugs can inhibit the

release of IL-1, IL-6, and TNF-α induced by LPS (36).

Moreover, by using siRNA inhibition of Bcl-2, our data

confirmed that DP effectively diminishes the production

of proinflammatory cytokines in DP-treated NSCs

through the activation of Bcl-2 expression (Fig. 6: A, B,

and C). To summarize, our data indicated that DP not

only protects against NSC apoptosis but also plays a key

role in the anti-inflammatory effect in depression

through the activation of Bcl-2.

The MAPK /ERK signaling pathways have been

noted for transcriptional activation and protein synthesis

of neuronal survival and neuroplasticity in depression

(37 – 39). Importantly, Duman et al. recently demon-

strate that acute blockade of MAPK signaling produces

a depressive-like phenotype and blocks behavioral

actions of antidepressants (40). Moreover, the activation

of the MAPK /ERK pathway can inhibit apoptosis by

inducing the phosphorylation of Bad (a pro-apoptotic

protein) and increasing the expression of Bcl-2 (39, 41).

Bcl-2 is also a target for the actions of mood stabilizers,

mediates many of the beneficial effects of endogenous

neurotrophic factors, and enhances cellular resilience in

the treatment of mood disorders (21, 22, 42). Jiao et al.

further demonstrated that Bcl-2 enhanced endoplasmic

reticulum calcium signaling through ERK phosphoryla-

tion to support the intrinsic regenerative capacity of

CNS axons (43). By using the real-time and continuous

evaluation of microdialysis coupled with HPLC-ECD,
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our results showed that DP can significantly stimulate

the functional releases of NE and 5-HT in DP-treated

NSCs but not DA production (Fig. 7). Furthermore, the

production of NE and 5-HT in DP-treated NSCs can

be partially inhibited by the treatment of Bcl-2 siRNA

(Fig. 7). To further explore the role of the MAPK /ERK

pathway (up-stream cellular signaling of Bcl-2 associated

with DP treatment), the MAPK inhibitor U0126 was

used. The results showed that the functional productions

of NE, 5-HT, and even DA were significantly diminished

in DP-treated NSCs after addition of U0126 (Fig. 7).

Indeed, our findings supported the view that the

MAPK /ERK pathway plays a critical role in the regula-

tion of functional release of neurotransmitters in anti-

depressant treatment.

Neurotransmitters, like 5-HT and NE, play an impor-

tant role in neurogenic effects, immune modulation, and

synaptic plasticity in the adult CNS (44). Ou et al.

reported that monoamine oxidase A can degrade 5-HT,

NE, and DA and is involved in apoptotic signaling

pathway mediated by caspase 3 (45). Antidepressant

drugs may further increase the production of 5-HT and

promote the abilities of neuroprotection in neural

progenitor cells through Bcl-2 and Bcl-xL activation

(45, 46). In agreement with these findings, we firstly

demonstrated that DP treatment cannot only work

against the LPS-induced apoptosis but also effectively

block the LPS-induced pro-inflammatory reaction in

DP-treated NSCs mediated by Bcl-2 activation. Thus, in

addition to the current understanding concerning the

mechanism of DP, in vitro culture of NSCs indeed

provides an effective system to elucidate the underlying

mechanisms of neurogenesis and neuroprotection.

Moreover, this in vitro model of NSCs could be

considered a valuable tool for discovering new mecha-

nisms of antidepressant drugs and in screening the

candidate agents for the treatment of neurodegenerative

diseases.
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