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Abstract

Several studies have demonstrated that selective serotonin reuptake inhibitor antidepressants can
promote neuronal cell proliferation and enhance neuroplasticity both in vitro and in vivo. It is
hypothesized that citalopram, a selective serotonin reuptake inhibitor, can promote the neuronal
differentiation of adult bone marrow mesenchymal stem cells. Citalopram strongly enhanced
neuronal characteristics of the cells derived from bone marrow mesenchymal stem cells. The rate
of cell death was decreased in citalopram-treated bone marrow mesenchymal stem cells than in
control cells in neurobasal medium. In addition, the cumulative population doubling level of the
citalopram-treated cells was significantly increased compared to that of control cells. Also BrdU
incorporation was elevated in citalopram-treated cells. These findings suggest that citalopram
can improve the neuronal-like cell differentiation of bone marrow mesenchymal stem cells by
increasing cell proliferation and survival while maintaining their neuronal characteristics.
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Introduction

Regeneration of damaged cells is the primary goal of cell
therapy and one of the important reasons for the study of
stem cells. In most cases of damaged central nervous system
and neurodegenerative diseases, the neurons are lost (Rah-
mani et al., 2013a, 2013b; Croce et al., 2014; Sollberger et
al., 2014). In these cases, the cell replacement is necessary to
supply the function of lost cells. However, the ex vivo expan-
sion of stem cells and their in vivo delivery are restricted by
the limited availability of stem cell sources, the excessive cost
of commercialization, and the difficulties of clinical approval
(e.g., embryonic tissue grafts; Viswanathan et al., 2013). Ide-
ally, a cell replacement source should be readily obtainable
without technical and ethical problems (Huang et al., 2013;
Shoae-Hassani et al., 2013b, 2013¢; Qin et al., 2013). Adult
bone marrow mesenchymal stem cells have great promise as
a source for introducing new neurons (Scwaarz et al., 1999;
Sasaki et al., 2001; Noureddini et al., 2012) to the damaged
nervous system. They have the potential to substitute tissues
lost by injury and diseases if lineage differentiation could be
controlled exactly. On the other hand, a better understand-
ing of the pharmacological manipulation of different cell
types is important for the successful development of a new
therapeutic strategy. Atkinson et al.(2012) described the im-
portant role of a pharmacological approach in controlling
the differentiation of embryonic stem cells. However, the

role of ‘adjunctive’ pharmacology in the clinical applica-
tions of stem cell therapy is underestimated. Studies have
demonstrated the potential of stem cells through the imple-
mentation of efficient differentiation protocols, to alleviate
symptoms in mouse models of human diseases. Such diseas-
es include Parkinson’s disease (Chung et al., 2011; Kriks et
al., 2011; Kim et al., 2011b), spinal cord injury (Nori et al.,
2011), Alzheimer’s disease (Bissonnette et al., 2011) and ef-
ficient protocols for derivation of specific cell types to use of
such cells to treat human disease. Up to now, multiple drugs
that can modulate the differentiation of clinical-grade SCs
(Ilic et al., 2011) have been discovered and may be used in
the differentiation protocols to produce transplantable cells.

There are many reports showing that selective serotonin
reuptake inhibitor antidepressants can promote neuronal
cell proliferation and enhance neuroplasticity both in vitro
and in vivo (Nandam et al., 2007; Wang et al., 2008; Boldrini
et al., 2009; Rahmani et al., 2013a; Verdi et al., 2014). Citalo-
pram, a selective serotonin reuptake inhibitor antidepressant
is widely used for many disorders characterized by seroto-
nergic dysfunctions such as depression, anxiety and panic
disorders (Hashimoto et al., 2009). Considering this body of
evidence, we hypothesized that a clinically effective antide-
pressant, citalopram can increase adult stem cell survival and
differentiation in a neurobasal medium.
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Materials and Methods

Bone marrow mesenchymal stem cell culture and
differentiation

Human bone marrow mesenchymal stem cells (Lonza,
Berkshire, UK) were cultured on collagen pre-coated plates
with neurobasal media (Invitrogen Life Technologies,
Glasgow, UK) supplemented with 5% fetal bovine serum
in a humidified incubator with 5% CO, at 37°C for 7 days.
Stem cells that have grown to 70% confluence were pre-
treated with 1 pmol/L dimethyl-sulfoxide (DMSO; Sigma,
St. Louis, MO, USA) and then were treated with citalopram
(1, 5, and 10 pmol/L; Sigma) (Rahmani et al., 2013a) and/
or 1 pmol/L retinoic acid (RA; Sigma). After treatment for
14 days, cells were subjected to reverse transcription PCR
(RT-PCR) and immunocytochemistry assays to determine
neuronal cell markers.

Immunofluorescence and quantification of
immunoreactive neural cells

Immunocytochemistry experiment was performed as de-
scribed previously (Noureddini et al., 2012). Briefly, the cells
were fixed with 4% paraformaldehyde and permeabilized
with 0.05% Triton X-100. After blocking with 3% goat serum
albumin, cells were incubated with primary antibodies for gli-
al, neuronal and pre-neuronal markers at 37°C for 12 hours.
The following primary antibodies and dilutions were used:
mouse anti-B-tubulin-Tujl (1:500; Chemicon, Billerica, MA,
USA); rabbit anti-glial fibrillary acidic protein (GFAP; 1:500;
Sigma); rabbit anti-nestin (1:1,000; Sigma); mouse anti-mi-
crotubule-associated protein 2 (MAP-2; 1:500; Sigma). Then
the cells were washed with PBS and reacted with the fluores-
cent isothiocyanate (FITC) conjugated secondary antibodies
against rabbit and mouse Fc region (Sigma; 1:500) at room
temperature for 2 hours. Finally, the cells were washed with
PBS three times, and 4',6-diamidino-2-phenylindole (DAPI)
was used for DNA staining. The cells were visualized with
Ceti immunofluorescence microscopy (Belgium).

RT-PCR

RT-PCR experiment was performed as described previously
(Shoae-Hassani et al., 2013a). As a brief total RNA was ex-
tracted from differentiated cells before and after 2 weeks with
and without citalopram, using the Qiagen RNA Isolation Kit

Table 1 Primer sequences specific for neurons and glial cells

Gene Sequence

and following the manufacturer’s instructions (Qiagen, Valen-
cia, CA, USA). After DNAse I digestion, cDNA was prepared
from 1 pg total RNA, using the SuperScript III RT-PCR Kit
(Invitrogen) as instructed by the manufacturer. Primer pair
sequences are shown in Table 1. The amplification procedure
consisted of 30 cycles (denaturation at 94°C for 30 seconds,
annealing at 58°C for 40 seconds, and extension at 72°C for
45 seconds). Amplification reactions were conducted in a final
volume of 25 pL containing 1.0 pL ¢DNA, 100 pmol each of
forward and reverse primer and of PCR Master Mix (Prome-
ga). RT-PCR products were separated by electrophoresis on
1% agarose gels (Merck, Darmstadt, Germany) and stained
with ethidium bromide (EB; Bio-Rad, Hercules, CA, USA).

MTT assay

Differentiated mesenchymal stem cells were tested for their
survival time in the presence or absence of citalopram as de-
scribed previously (Shoae-Hassani et al., 2013a). MTT assays
were performed at 0, 1, 3, 7, 14 and 21 days and at 1 and 2
weeks after citalopram treatment. Cells growing without cit-
alopram treatment were used as controls. Briefly, 5 x 10’ mes-
enchymal stem cells were seeded on 96-well plates and grown
in the presence of citalopram (10 pmol/L). MTT (3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (400
pg/mL) was added to each well for a 4 hour incubation period.
At the end of the incubation period, the medium was removed
and 100 puL dimethyl sulfoxide (DMSO) (Sigma) was added
into each well. To dissolve the formazan crystals, the superna-
tant was pipetted several times. Absorbance was measured on
an ELISA plate reader (Perkin Elmer, Waltham, MA, USA) at a
wavelength of 540 nm.

Cumulative population doubling level

Citalopram-treated stem cells were continuously passaged in
neurobasal media with and without retinoic acid (RA) for 30
days, and there was a 5-day interval between each passage. The
cumulative population doubling level was calculated to deter-
mine their proliferation potential. Non-treated cells, cultured
in the same condition but without citalopram, were used as
controls. The cumulative population doubling level at each
passage was calculated from the cell count using the equation
In(Nf/Ni)/In2, where Ni and Nf are the initial and final cell

Table 2 BrdU-positive cells (percentage) derived from bone marrow
mesenchymal stem cells after citalopram treatment versus control
medium

Forward: 5'-CTC TGA CCT GTC AGA AGA AT-3'
Reverse: 5'-GAC GCT GAC ACT TAC AGA AT-3'

Neurofilament L Forward: 5'-TCC TAC TAC ACC AGC CAT GT-3'
Reverse: 5'-TCC CCA GCA CCT TCA ACT TT-3'

Forward: 5'-GCA GAG ATG ATG GAG CTC AAT
GAC C-3'

Reverse: 5-GTT TCA TCC TGG AGC TTC TGC
CTCA-3'

Forward: 5-CTT CCT GCA GAA CAA GTA CC-3'

Reverse: 5'-CTT AAA CAC GAA CCA CAG GT-3'

Forward: 5'-CAT GAC CAC AGT CCA TGC CAT
CACT-3'

Reverse: 5-TGA GGT CCA CCA CCC TGT TGC
TGT A-3'

Nestin

Glial fibriliar
acidic protein

Synaptophysin

GAPDH

846

Treatment time

BrdU-positive cells Day0 Day7  Dayl14

Untreated cells 39.8+£0.7 34.2+1.1 27.6+1.4
Retinoic acid (1 umol/L) 41.6+£0.9 52.5+1.6 58.7£1.9
Retinoic acid + citalopram (10 umol/L) 43.7+1.0 56.2+1.8 62.3+2.2

The experiment was performed in triplicate, and data were expressed
as mean = SEM. The percentage of BrdU-positive cells at days 7 and
14 was significantly increased in the retinoic acid + citalopram-treated
cells compared with only retinoic acid-treated cells (P < 0.05). One-way
analysis of variance (ANOVA) and two-tailed Student’s ¢-test were used
to analyze data. BrdU: 5-Bromo-2-deoxyuridine.
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Figure 1 Morphological characteristics of bone marrow mesenchymal stem cells (BMSCs) and in vitro differentiation into neuronal-like cells.
Human BMSCs in dulbecco’s modified eagle’s medium (DMEM)/F12 with dimethyl sulfoxide showed spindle-shaped morphology before treat-
ment (A), typical stem cell morphology after 7 days in neurobasal medium treated with 10 pmol/L citalopram (B), neurite growth after treatment
with retinoic acid (C), and typical stem cell morphology after treatment with 1 pmol/L retinoic acid + 10 pmol/L citalopram (D) (Ceti immuno-
fluorescence microscopy; x 400). Scale bars: 10 pm.

GFAP/DAPI Nestin/DAPI

Figure 2 Expression of neuronal cell markers on the differentiated cells by BMSCs.

Immunostaining of Tujl, MAP-2, nestin and GFAP in BMSCs treated with retinoic acid and citalopram. Numerous positive cells for Tujl, MAP-2 and
nestin were seen in the immunostaining. There was no expression of GFAP in citalopram treated cells (Ceti immunofluorescence microscopy; x 400;
scale bars: 10 pm). The green color indicates fluorescein isothiocyanate (FITC) staining and the blue one indicates 4',6-diamidino-2-phenylindole
(DAPI) staining. BMSCs: Bone marrow mesenchymal stem cells; MAP-2: microtubule-associated protein 2; GFAP: glial fibrillary acidic protein.
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Figure 4 Characteristics of differentiated neuronal-like cells by BMSCs after 2 weeks of citalopram treatment.

Immunostaining showed that rates of nestin, MAP-2, B-tubulin and neurofilament L positive staining significantly increased compared to that in
control (*P < 0.05) (A).rentiated by BMSCs in the presence of RA and citalopram compared to the only dimethyl sulfoxide pre-treatment (%P < 0.05)
(B). Cell proliferation assays for neuronal-like cells with and without citalopram. Cumulative population doubling level of cells in cultures with and
without citalopram. Cumulative population doubling level of citalopram-treated cells were significantly increased from day 15 until day 21 compared
with RA-treated cells (*P < 0.05) (C). (A—C) Data are expressed as mean + SEM. One-way analysis of variance (ANOVA) and two-tailed Student’s #-test
were used to analyze data. Each experiment was performed in triplicate. BMSCs: Bone marrow mesenchymal stem cells; MAP-2: microtubule-associ-
ated protein 2; GFAP: glial fibrillary acidic protein; RA: retinoic acid.
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Figure 3 Expression of genes specific for neurons in differentiated
cells by bone marrow mesenchymal stem cells.
Expression of nestin, neurofilament L, synaptophysin and glial fibrillary
acidic protein (GFAP) was analyzed in negative control, retinoic acid
(RA), and RA + citalopram treated cultures after 7 days. In the experi-
ments, GAPDH was used as an internal control.

numbers, respectively, and In is the natural log (Lin et al.,
2005).

5-Bromo-2-deoxyuridine (BrdU) incorporation assay

The BrdU assay was performed as described previously
(Rahmani et al., 2013a). Citalopram and/or RA-treated cells
and control cells were cultured overnight with 30 ug/mL of
BrdU prior to immunostaining. Cells were fixed with 4%
paraformaldehyde and then incubated with blocking buffer
(PBS containing 0.05% Triton X-100, 0.5% bovine serum
albumin) for 1 hour at room temperature. Following incu-
bation in 2.0 mol/L HCI for 15 minutes at room tempera-
ture, cells were washed with 0.1 mol/L sodium borate buffer.
Immunostaining was done using primary mouse anti-BrdU
antibody (1:100; Roche, Welwyn Garden, Hertfordshire,
UK), and the secondary antibody was FITC anti-mouse anti-
body (Molecular Probes, USA; 1:500). The nuclei were coun-
terstained with ethidium bromide for 10 minutes at room
temperature. The number and the percentage of BrdU-im-
munoreactive cells were calculated in relation to the total
number of ethidium bromide cells.

Statistical analysis

One-way analysis of variance (ANOVA) and two-tailed Stu-
dent’s t-test were used to analyze data using XLSTAT statis-
tical software. Each experiment was conducted at least three
times (n > 3) and P-value of less than 0.05 was considered
significant.

Results

Cell culture and differentiation

The in vitro study was conducted to determine whether the
neurogenesis could be influenced by citalopram, a selective
serotonin reuptake inhibitor antidepressant in cell culture
system. After 7 days of culture, fibroblast-like cells with spin-
dle-shaped morphology appeared on culture dishes (Figure
1A). After 7 days in vitro, stem cells growing in neuronal dif-
ferentiation medium treated with citalopram displayed typical
stem cell morphology (Figure 1B). Over the same time, stem
cells treated with retinoic acid displayed neurite outgrowth
(Figure 1C) and those treated with retinoic acid combined
with citalopram increased neurite density (Figure 1D).
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Immunofluorescence results

Citalopram and retinoic acid-treated human mesenchymal
stem cells were visualized by fluorescence microscopy for
detection of neuronal cell markers. Numerous cells im-
munoreactive for Tujl, MAP-2 and nestin were seen in the
immunostaining. There was no expression of glial fibrillary
acidic protein (GFAP) in citalopram treated cells (Figure 2).
The observed cellular characteristics and differentiation pat-
terns demonstrate that citalopram enhanced the neuronal
rather than the glial properties. The markers increased by
citalopram were early neuronal cell markers, such as nestin.

RT-PCR analysis

RT-PCR detected the expression of neurofilament L, syn-
aptophysin and nestin genes (Figure 3). There was no
expression of glial cell marker GFAP as like as immunocy-
tochemical staining. Expression of neuron-specific genes
was up-regulated and remained elevated after 7 days in the
citalopram-treated group.

MTT assay

The effect of citalopram on the survival period of the dif-
ferentiated stem cells was observed directly and investigated
by MTT assay. As shown in Figure 4B, cell survival rate was
significantly higher (P < 0.05) in the citalopram + retinoic
acid group than in the retinoic acid group. Retinoic acid
increased the cell survival rate of differentiated neurons in
this assay, and citalopram exhibited a preservative effect on
differentiated stem cells. The continuance of citalopram
treatment increased the time and percentage of cell viability
(Figure 4B).

Cumulative population doubling level

Cumulative population doubling level was measured in the
presence and absence of citalopram to determine the prolif-
erative potential of citalopram-treated NPs. After 30 days of
continuous passages, 7.41 and 5.63 cumulative population
doubling level units were found in retinoic acid + citalo-
pram-treated and only retinoic acid cells, respectively (Figure
4C). When the cells were passaged at regular intervals (every
4-5 days), compared with only retinoic acid-treated cells,
the cumulative population doubling level of retinoic acid +
citalopram-treated cells was significantly increased at day
15 (P < 0.05; Figure 4C). To examine the citalopram effects
on DNA synthesis, the numbers of BrdU-positive cells were
counted at days 0, 7, and 14 after citalopram and RA treat-
ment. The percentage of BrdU-positive cells at days 7 (56%)
and 14 (62%) was significantly increased in the retinoic acid
+ citalopram-treated cells compared with only retinoic ac-
id-treated cells (P < 0.05; Table 2).

Discussion

Considering the obtained evidence, we showed that citalo-
pram, a clinically effective antidepressant, increases stem cell
survival and differentiation into a neuronal-like cell. Degen-
erative diseases are increasingly epidemic. Regenerative phar-
macology is a form of therapy aimed at repairing the pro-
gressive cell destruction in degenerative diseases. Stem cell-
based regenerative pharmacology supports the use of stem
cells for derivation of novel therapeutics. Adult stem cells can
provide a useful model to test the therapeutic compounds
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and also can be used as models in regenerative pharmacology
to test whether a specific drug promotes a lineage specific
differentiation program (Shoae-Hassani et al., 2011a,c¢).
Pharmacological agents could have inhibitory (Shoae-Hassani
et al., 2011b) or stimulatory effect (Verdi et al., 2014) on the
differentiation process of stem cells. There are many reports
for selective serotonin reuptake inhibitor neurogenesis in
vivo (Nandam et al., 2007; Newton and Duman 2007) but
there was no study to survey the selective serotonin reuptake
inhibitor effect on adult mesenchymal stem cell fate. The in
vitro study was conducted to determine whether the neuro-
genesis could be influenced by citalopram, a selective sero-
tonin reuptake inhibitor antidepressant in cell culture system.

Citalopram and retinoic acid-treated human mesenchymal
stem cells were determined by fluorescence microscopy for
detection of neuronal cell markers. Numerous cells immuno-
reactive for Tuj1, MAP-2 and nestin were seen in the immu-
nostaining. There was no expression of GFAP in citalopram
treated cells. The observed cellular characteristics and dif-
ferentiation patterns demonstrate that citalopram enhanced
the neuronal rather than the glial properties. The markers
increased by citalopram were early neuronal cell markers,
such as nestin. In 2011, Li et al. described rapid induction and
long-term self-renewal of primitive neural precursors from
human embryonic stem cells by small molecule inhibitors. It
is obvious that these molecules have direct or indirect effects
on some cellular pathways. The works by Menendez et al.
(2011) confirmed that Wnt signaling and a Smad pathway
blockade direct the differentiation of human pluripotent stem
cells to multipotent neural crest cells. Previous studies by
Rahmani et al. (2013a) showed that 10 pmol/L of fluoxetine
upregulated phosphorylation of Aktl protein in induced
stem cells significantly.

RT-PCR assay was used to detect the expression of neu-
rofilament L, synaptophysin and nestin genes. There was no
expression of glial cell marker GFAP, as confirmed by im-
munocytochemical staining. Expression of neuron-specific
genes was up-regulated and remained elevated after 7 days in
the retinoic acid + citalopram-treated group. Cells immuno-
reactive for neuronal cell markers showed neuronal-like cell
appearance, i.e., large spherical cell body and extension. The
percentage of differentiated neuronal cells reached to more
than 70% in 14 days in the retinoic acid + citalopram-treat-
ed group compared to 50% of stem cells reaching a neuronal
phenotype by 7 days in vitro induced just with retinoic acid
(Figure 4A).

The effect of citalopram on the survival period of the dif-
ferentiated stem cells was observed directly and investigated
by MTT assay. We found that cell survival rate significantly
higher following citalopram treatment than RA treated
groups. While the retinoic acid increased differentiated neu-
ronal cell survival in this assay, the effect of citalopram on
differentiated stem cells was preservation. The continuance
of citalopram treatment extended the time and percentage
of cell viability. The obtained results are similar to those of
Chen et al. (2007) who observed cell proliferation under in
vitro conditions after 7 days, though they used different cell
types and culture conditions. In 2001, Duman et al. reported
that the new cell birth occurs in the brain and the rate of

neurogenesis and survival of new neurons are regulated by a
number of environmental and pharmacological treatments.
The possibility that the cAMP signal transduction cascade
and expression of brain derived neurotrophic factor (BDNF)
contribute to the regulation of neurogenesis by antidepres-
sants is supported by Thome et al. (2000). Up-regulation of
brain derived neurotrophic factor could contribute to neu-
rotrophic effects of antidepressants, including regulation of
adult neurogenesis.

The cumulative population doubling level was measured
with and without citalopram to determine the proliferative
potential of citalopram-treated neural progenitors. After 30
days of continuous passages, 7.41 and 5.63 cumulative popu-
lation doubling level units were found in retinoic acid + cit-
alopram-treated and retinoic acid-treated cells, respectively.
When the cells were passaged at regular intervals (every 4-5
days), the cumulative population doubling level of retinoic
acid + citalopram-treated cells was significantly increased
at day 15. For this analysis, the cells were passaged and they
survived for up to 30 days. The proliferation rate of retinoic
acid-treated cells exhibited a plateau from day 15 onward,
while the plateau phase was on day 25 for retinoic acid + cit-
alopram-treated cells. This finding suggests that the prolif-
eration rate was higher in retinoic acid + citalopram-treated
cells than in only retinoic acid-treated cells.

To examine the effects of citalopram on DNA synthesis,
the numbers of BrdU-positive cells were counted at days 0,
7,and 14 after retinoic acid + citalopram treatment and only
retinoic acid treatment. The percentage of BrdU-positive
cells at days 7 (56%) and 14 (62%) was significantly in-
creased in the retinoic acid + citalopram-treated cells com-
pared to only retinoic acid-treated cells.

Studies of antidepressants have focused on cellular path-
ways, which are known to be activated by a number of extra-
cellular signals, such as growth factors and neurotransmit-
ters (Malberg 2004; Malberg and Blendy 2005). These signals
regulate cellular processes associated with neuroplasticity
and neurogenesis and seem necessary to mediate the thera-
peutic effects of citalopram.

To summary, our study elucidates the effect of citalopram
on the neurogenesis of adult stem cells and confirms that it
can increase the survival rate of the differentiated cells by
adult stem cells as a therapeutic and regenerative drug.
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