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Abstract

Background: It is generally accepted that chronic treatment with antidepressants increases hippocampal neurogenesis, but the
molecular mechanisms underlying their effects are unknown. Recently, glycogen synthase kinase-3 beta (GSK-3f)/3-catenin
signaling was shown to be involved in the mechanism of how antidepressants might influence hippocampal neurogenesis.
Methods: The aim of this study was to determine whether GSK-33/p-catenin signaling is involved in the alteration of
neurogenesis as a result of treatment with fluoxetine, a selective serotonin reuptake inhibitor. The mechanisms involved in
fluoxetine’s regulation of GSK-3f/B-catenin signaling pathway were also examined.

Results: Our results demonstrated that fluoxetine increased the proliferation of embryonic neural precursor cells (NPCs)
by up-regulating the phosphorylation of Ser9 on GSK-3p and increasing the level of nuclear p-catenin. The overexpression
of a stabilized fB-catenin protein (AN89 f-catenin) significantly increased NPC proliferation, while inhibition of p-catenin
expression in NPCs led to a significant decrease in the proliferation and reduced the proliferative effects induced by
fluoxetine. The effects of fluoxetine-induced up-regulation of both phosphorylation of Ser9 on GSK-3f and nuclear f3-catenin
were significantly prevented by the 5-hydroxytryptamine-1A (5-HT,,) receptor antagonist WAY-100635.

Conclusions: The results demonstrate that fluoxetine may increase neurogenesis via the GSK-3f/f-catenin signaling pathway
that links postsynaptic 5-HT,, receptor activation.
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Introduction

Growing evidence supports the notion that new neurons are gen- that ultimately form functional synaptic connections with the
erated continuously throughout life from a pool of neural stem/ existing hippocampal circuitry (van Praag et al., 2002). Recently,
progenitor cells, primarily in the hippocampal dentate gyrus, studies have shown that hippocampal neurogenesis may play an
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important role in the effects of clinical antidepressant drugs. First,
chronic treatment with a variety of antidepressants, including
selective serotonin (5-HT) reuptake inhibitors (SSRIs), selective
norepinephrine (NE) reuptake inhibitors (SNRIs), dual 5-HT/NE
reuptake inhibitors, and monoamine oxidase inhibitors (MAOQISs),
increases basal adult hippocampal neurogenesis (Malberg et al.,
2000; Kodama et al., 2004; Malberg, 2004; Dranovsky and Hen,
2006). In addition, chronic treatment with SSRIs reverses the inhi-
bition of hippocampal neurogenesis induced by glucocorticoids
and improves depression-like behaviors (Sairanen et al., 2007).
Furthermore, blockade of neurogenesis by irradiation of the hip-
pocampus abolishes the behavioral and proliferative effects of
fluoxetine (Santarelli et al., 2003), which suggests that pathways
involved in hippocampal neurogenesis might be an essential tar-
get of antidepressants. Therefore, it would be of value to focus on
the mechanisms underlying hippocampal neurogenesis that are
associated with the use of antidepressant medication.

The glycogen synthase kinase-3 beta (GSK-3f)/B-catenin
pathway has been studied extensively in the context of the
canonical Wnt pathway, which is an important regulator of
mammalian neural development (Logan and Nusse, 2004; Ciani
and Salinas, 2005). GSK-3 is a ubiquitous cellular serine/threo-
nine protein kinase. A well-known mechanism that regulates
the activity of the two isoforms of GSK-3, GSK-3a, and GSK-3f
is the phosphorylation of regulatory serine residues (Ser21 in
GSK-3a and Ser9 in GSK-38), which inhibits GSK-3 activity
(Hughes et al., 1993; Wang et al., 1994). Depending on its phos-
phorylation state, f-catenin can be found in the membrane, in
the cytoplasm, or in the nucleus. In the absence of a Wnt signal,
B-catenin is phosphorylated by GSK-3f and is degraded by the
ubiquitin-proteasome system. In the presence of a Wnt signal,
GSK-3p activity is inhibited, and nonphosphorylated f-catenin
accumulates in the cytoplasm. It then translocates into the
nucleus, where it promotes the transactivation of a variety of
genes, including the cell cycle regulator genes myc and cyclinD1,
which are important for development.

Both in vitro and in vivo studies demonstrate that the GSK-
3p/B-catenin pathway plays an important role in the regulation
of hippocampal neurogenesis. Activation of the Wnt/$-catenin
pathway is sufficient to increase hippocampal neurogenesis
both in vitro and in vivo (Lie et al., 2005; Adachi et al., 2007).
Stabilized B-catenin also causes excessive proliferation of neu-
ral progenitor cells, which results in a grossly enlarged brain
(Chenn and Walsh, 2002). Mao et al. (2009) report that Disrupted
in Schizophrenia 1 regulates the proliferation of embryonic and
adult neural progenitor cells through the GSK-3f/f-catenin
pathway, which indicates a pivotal role of this pathway in the
control of hippocampal neurogenesis.

It has been reported that GSK-3f/p-catenin signaling is reg-
ulated by different classes of antidepressants. Lithium, which
is used for the treatment of bipolar disorder as well as depres-
sion, inhibits the activity of GSK-3p (Hedgepeth et al., 1997;
Wexler et al., 2008). In addition, fluoxetine and imipramine have
both been found to increase the level of phospho-Ser9-GSK-3f
in vivo in the mammalian brain (Li et al., 2004). More recently,
Okamoto’s study demonstrated that chronic administration of
antidepressants can alter hippocampal expression of multiple
components of the Wnt/B-catenin signaling cascade, including
the Wnt-related proteins Fz, $-catenin, and TCF (Okamoto et al.,
2010). Accordingly, these findings have led to the assumption
that antidepressants might regulate hippocampal neurogenesis
via GSK-33/f-catenin signaling.

In the present study, we first determined the impact of fluox-
etine, a widely prescribed antidepressant, on the proliferation,

differentiation, and apoptosis of embryonic neural precursor
cells (NPCs). Secondly, we explored the effects of fluoxetine on
the expression of different molecules that are involved in the
GSK-3p/p-catenin signaling pathway. In addition, we investi-
gated the proliferation of embryonic NPCs under two opposing
systems, where f3-catenin was overexpressed after transfection
with a stabilized B-catenin or suppressed by f-catenin-specific
siRNAs; we then evaluated whether f3-catenin is required for
the proliferative effects of fluoxetine. Finally, we explored the
mechanisms involved in fluoxetine’s regulation of the GSK-3f/f3-
catenin signaling pathway.

Experimental Procedures

NPC Culture

Hippocampal NPCs were prepared as previously described (Xi
et al, 2011, 2013). Hippocampal tissues were isolated from
embryonic day 12.5 fetal Sprague-Dawley rats and placed in
ice-cold phosphate-buffered saline (PBS). After the tissues
were mechanically dissected, the dissociated cells were passed
through a 70 pm nylon cell strainer (Falcon 2350, BD Bioscience)
and centrifuged at 1300rpm for 3min. The pellets were re-
suspended in Dulbecco’s Modified Eagle’s Medium (DMEM)
with F12 (Sigma) and supplemented with 1% N-2 and 2%
B-27 supplements (Invitrogen), 2 mmol/L of glutamine, 20ng/
ml of epidermal growth factor (EGF), 20ng/ml of basic fibro-
blast growth factor (bFGF), 100U/ml of penicillin, and 100 pg/
ml of streptomycin. Cells were cultured in Petri dishes at 37°C
in 5% CO,, and neurospheres appeared within 2-3 days. After
5-6 days, the spheres were gently dissociated and collected
after centrifugation for 3min at 1300rpm. The cells were re-
suspended into an appropriate volume of medium containing
fluoxetine, CHIR99021 (CHIR), XAV939 (XAV), or WAY-100635 (all
from Sigma), as indicated. All experiments were conducted in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and the experiments were
approved by the Jiang Su Animal Care and Use Committee.

Immunocytochemistry

After fixation in 4% paraformaldehyde for 20 min, NPCs on poly-
L-lysine-coated coverslips were permeabilized with 0.5% Triton
X-100 in PBS for 20min and blocked with 5% bovine serum albu-
min for 1h. The cells were then incubated overnight at 4°C with
mouse anti-nestin (1:400, Chemicon) or mouse anti-sox2 (1:100;
Santa Cruz Biotechnology) to identify NPCs. After washing with
PBS, the cells were incubated for 1h with an Alexa Fluor 488-con-
jugated goat anti-mouse IgG antibody. Cell nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI, Sigma).
A coverslip that was incubated with the same concentration of
normal immunoglobulin G instead of the primary antibody was
also included as a negative control.

Cell Proliferation Assay

NPCs were plated in six-well plates at a density of 1x10° cells
per well and cultured in the presence of different concentrations
of fluoxetine, CHIR99021, XAV939 (XAV), or WAY-100635 as indi-
cated in the figures. After 2 d, 5’-bromo-2-deoxy-uridine (BrdU;
10 pM, Sigma) was added, and after a further incubation for 24h,
the cells were dissociated and plated onto poly-L-lysine-coated
glass coverslips (Sigma). After attachment, NPCs were fixed for
20min in 4% paraformaldehyde and treated with 2M HCI for



30min at room temperature. Cells were washed with PBS and
incubated overnight with rat anti-BrdU (1:200, Abcam) at 4°C.
After washing in PBS, the cells were incubated with rhodamine-
conjugated rabbit anti-rat 1gG (1:100, Jackson ImmunoResearch)
for 1h at room temperature. Labeled cells were further incu-
bated with DAPI (Sigma) at 0.1 pg/mL for 30min at room temper-
ature prior to mounting with Gel Mount. The numbers of total
cells and BrdU-positive cells were counted using fluorescence
microscopy in four non-overlapping fields per coverslip. Cells
incubated without the primary antibody served as a negative
control.

Cell Differentiation

NPCs were plated onto poly-L-lysine-coated 24-well culture
dishes (150 000 cells per well) and cultured in medium supple-
mented with 10% fetal bovine serum (FBS). After 7 days in cul-
ture, immunocytochemical staining was performed as described
in the Methods section. The following primary antibodies were
used during an overnight incubation at 4°C: mouse anti-fIII
tubulin (1:500; Sigma) and rabbit anti-glial fibrillary acidic pro-
tein (1:500; Santa Cruz Biotechnology). An Alexa Fluor 488-con-
jugated goat anti-mouse IgG antibody and an Alexa Fluor
546-conjugated goat anti-rabbit IgG antibody (Invitrogen) were
each used at a dilution of 1:3 000. The number of immunoreac-
tive cells in each well was counted using fluorescent microscopy
in four independent fields.

In Situ Detection of Cell Death

To assess apoptosis, the cells were fixed in 4% paraformalde-
hyde in PBS for 1h at 25°C. After washing in PBS, the cells were
permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate
for 2min on ice and incubated with 50 pL terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
reaction mixture (Promega) for 1h at 37°C. Cells were then coun-
terstained with DAPI. The number of TUNEL-positive cells was
counted using fluorescence microscopy and was normalized to
the number of DAPI-positive cells.

Western Blotting

Western blotting was performed according to a standard
protocol. Nuclear and cytoplasmic proteins were extracted
using a NE-PER Nuclear Protein Extraction Kit (Thermo). In
brief, 200 pL of cytoplasmic extraction reagent I was added to
each 20 pL of collected cell precipitation and then violently
vortexed for 15 s. The mixture was incubated in an ice bath
for 10min. Then, 11 pL cytoplasmic extraction reagent II was
added to the mixture, which was violently vortexed for 5 s and
incubated in an ice bath for another 1min. The solution was
then centrifuged at 16 000 g for 10min at 4°C. After removal
of supernatant, 100 pL nuclear protein extraction reagent was
added to the nuclear precipitate and vortexed on the highest
setting for 15 s every 10 min for a total of 40 min. The mixture
was centrifuged at 16 000 g for 15min at 4°C, the supernatant
was saved, and protein concentrations were detected by the
Bradford method. Equal quantities of protein were loaded onto
a 10% polyacrylamide gel containing 0.2% sodium dodecyl sul-
fate for separation. The separated proteins were transferred
onto a polyvinylidene fluoride membrane (Millipore) and incu-
bated overnight at 4°C with the following primary antibodies:
GSK-3a(1:1000, Cell Signaling); phospho-Ser21-GSK-3a (1:1 000,
Abcam); GSK-3f (1:1 000, Cell Signaling); phospho-Ser9-GSK-3f3
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(1:1 000, Cell Signaling); phospho-Tyr216-GSK-3f (1:1 000,
Abcam); p-catenin (1:2 000, BD Bioscience); a-tubulin (1:2 000,
Invitrogen); c-myc (1:500, Santa Cruz Biotechnology); and
cyclinD1 (1:500, Santa Cruz Biotechnology). After washing,
the membranes were incubated with a secondary antibody
solution (goat anti-mouse or goat anti-rabbit IgG-HRP, 1:5 000,
Santa Cruz) at room temperature for 2h, followed by detection
using the enhanced chemiluminescence method.

TOPflash and FOPflash Reporter Assays

Transient transfection studies using a luciferase expression assay
in NPCs were performed essentially as previously described (Kim
et al., 2013). The neurospheres were dissociated and seeded into
six-well plates at a density of 5x10* cells/ml. Generally, cells in
each well were transfected with 4 pg T-cell factor reporter plas-
mid (TOPflash) or mutant T cell factor binding sites (FOPflash)
vector (Millipore) using Lipofectamine 2 000 (Invitrogen) accord-
ing to the manufacturer’s instructions. Forty-eight hours after
transfection, the luciferase expression was measured in a
luminometer using the Dual Luciferase Reporter Assay System
(Promega), according to the manufacturer’s instructions.

Vector Construction

The pcDNA3 beta-catenin and pcDNA3 deltaN89 beta-catenin
were purchased from Addgene. We subcloned beta-catenin and
deltaN89 beta-catenin complementary DNAs into the pSin-EF2-
Pur retrovirus vector. The plasmids were excised using Notl,
blunted with Klenow DNA polymerase (New England BioLabs)
and digested with BamHI. The vector backbone was generated
from pSin-EF2-Nanog-Pur (Addgene) by digesting with Nsil,
blunting with Klenow DNA polymerase (New England BioLabs),
and digesting again with BamHI. After ligation by T4 DNA ligase
(New England BioLabs), the pSin-EF2-beta-catenin-Pur and
pSin-EF2-deltaN89 beta-catenin-Pur were further confirmed
after a digest with the BamHI and Sall enzymes.

Lentiviral Production

For lentiviral production, 293-T cells were cultured in DMEM with
10% FBS and plated at a density of 8x10° cells in T-75 flasks. The
following day, the cells were transfected using Lipofectamine 2
000 (Invitrogen) with 5 pg psPAX2, 3 pg pHCMV-VSV-G and 8ug
of either the pSin-EF2-beta-catenin-Pur or the pSin-EF2-deltaN89
beta-catenin-Pur plasmid. After 48h, the supernatant containing
the viruses was collected, centrifuged for 3min at 3 000g, and fil-
tered through a 0.45 pm sterile syringe filter. Clarified superna-
tant was concentrated by ultracentrifugation at 30 000rpm for 2h
at 4°C and resuspended in Optimem (Invitrogen) supplemented
with 8 pg/ml polybrene (Sigma). Final viral titres >1x 10%/ml were
consistently obtained. NPCs were infected on day 0, and after
3 days of incubation cells were either pulsed with BrdU or lysed
for protein analysis. For transduction efficiency, NPCs were cul-
tured in poly-L-lysine and laminin-coated dishes with monolayer
and transduced with lentiviral vectors carrying an enhanced
green fluorescent protein (pSin-EF2-EGFP-Pur). After 3 days, the
cells expressing green fluorescent protein (GFP) were counted.

Small interfering RNA Transfection

The B-catenin Small interfering RNA (siRNA) (a mixture of three
different sequences against rat f-catenin) and a fluorescein-
conjugated control siRNA were purchased from Santa Cruz
Biotechnology. The day before the transfection, cells were plated
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in six-well dishes at a confluence of 60% to 80%. Transfection
of each siRNA (final concentration, 50nM) was performed using
Lipofectamine 2 000 (Invitrogen) according to the manufactur-
er’s instructions. Forty-eight hours after transfection, the cells
were collected for the cell proliferation assay.

5-HT Enzyme-Linked Immunosorbent Assay (ELISA)

The NPCs were plated in 24-well plates in growth medium in
either the absence or presence of fluoxetine (1 pM) for 48h. The
levels of 5-HT in the culture media were then measured using a
serotonin enzyme-linked immunosorbent kit (DRG Instruments)
according to the manufacturer’s instructions. The optical den-
sity was read at 450nm using a microplate reader (Bio-Rad).

Statistical Analysis

All data are expressed as the mean + standard deviation.
Paired student’s t-tests were used to compare two experimen-
tal groups; in all other cases, one-way or two-way analyses of
variance (ANOVA) were used. Post hoc analyses were performed
by the Bonferroni’s test for selected or multiple comparisons,
when p < 0.05. Data normality was assessed by the Kolmogorov-
Smirnov test. The results showed that all Sig > 0.05.
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Results

Fluoxetine Promotes the Proliferation of NPCs

NPC cultures revealed aggregations and formation of typical
neurospheres (Figure 1A), which was demonstrated by the
immunocytochemical detection of nestin and sox2, two mark-
ers of undifferentiated NPCs (Figure 1B and 1E). We assessed the
effects of increasing concentrations (0.001-20 pM) of fluoxetine
on proliferation by BrdU labelling (Figure 1G). ANOVA revealed
a main effect of treatment [F (5, 24) = 9.67, p < 0.0005]. These
dose-response experiments, summarized in Figure 1H, show
that after exposure to fluoxetine for 48h, cell proliferation was
significantly increased at a concentration of 1 uM (p < 0.01,
n = 5), whereas the highest concentration used (20 pM) actu-
ally decreased cell proliferation (p < 0.005, n = 5). Quantification
of the data revealed that the percentage of BrdU-positive
cells increased from 56.4+3.21% in untreated control cells to
70.40+4.39% in 1 pM fluoxetine-treated cells, but decreased to
46.80+3.42% in 20 pM fluoxetine-treated cells (Figure 1H).
When the NPCs were incubated with medium containing
FBS, the cells were able to spontaneously differentiate into
neurons and gliocytes, as revealed by immunocytochemi-
cal analysis (Figure 2A). After 7 days in pro-differentiation

C

10uM 20 uM

Figure 1. Fluoxetine increased the proliferation of NPCs. (A) Typical neurosphere morphology of rat embryonic neural precursor cells maintained in growth medium.
(B—-C) Immunostaining of Nestin (green) and DAPI (blue) in NPCs. Scale bars = 20 pm. (D-F) Immunostaining of sox2 (green) and DAPI (blue) in NPCs. (G) For cell
proliferation, NPCs were incubated for 2 d in the presence of increasing concentrations (0-20 pM) of fluoxetin. Values represent means + standard deviation (n = 5).
BrdU-positive cells and nuclei (DAPI) were labeled with red and blue. Scale bars = 20 pm. (H) Quantification of data. ANOVA revealed a main effect of treatment [F (5,
24) =9.67, p < 0.0005]. *p < 0.01 versus control (0 pM); #p < 0.005 versus control. BrdU, 2 d, 5’-bromo-2-deoxy-uridine; DAPI, 4,6-diamidino-2-phenylindole; NPCs, neural
precursor cells.
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Figure 2. Fluoxetine treatment of 1 pM had no effect on cell differentiation or apoptosis of NPCs. (A) After 7 days cultured in differentiation condition, cells were
collected for immunostaining detection. plll-tubulin- and GFAP-positive cells were shown green and red, respectively. Blue DAPI staining showed the nuclei. Scale
bars = 20 pm. (B) Quantitative analyses of pllI-tubulin- and GFAP-positive cells. The percentages of positive cells were shown. Values represent means + SD (n = 6). (C)
After 48h incubation, NPCs were used for TUNEL/DAPI staining. TUNEL-positive cells were green. Scale bars = 20 pm. (D) Quantitative analyses of TUNEL-positive cells.
Values represent means + SD (n = 6). DAPI, 4,6-diamidino-2-phenylindole; GFAP, anti-glial fibrillary acidic protein; NPCs, neural precursor cells; SD, standard deviation;

TUNEL, transferase-mediated dUTP nick end labeling.

conditions, the percentages of NPCs that differentiated into
neurons and gliocytes in the control group were 23.17+3.76%
and 61.83+4.83%. Similarly, the percentages of NPCs that
differentiated into neurons and glia in fluoxetine treatment
group were 24.00+3.22% and 61.33+5.72%. After a t-test was
performed, no significant difference (p > 0.05, n = 6) was found
between the two groups in terms of the percentage of neu-
ronal and glial cells in each culture (Figure 2B).

A TUNEL assay was performed to determine if fluoxetine
treatment caused NPCs to undergo apoptosis. The proportion
of TUNEL-positive cells was 14.98+3.00% under normal culture
conditions in our experiments. There was no significant differ-
ence (p > 0.05, n = 6) in the proportion of TUNEL-positive cells
(13.12+2.02%) after the treatment of 1 uM fluoxetine for 48h
(Figure 2C and D).

Effects of Fluoxetine on the GSK-3p/pB-Catenin
Signaling Pathway

Fluoxetine treatment had no significant effect on the total con-
tent of either the GSK-3a or the GSK-3f proteins (both p > 0.05,
n =5, Figure 3A and B). We further examined the phosphoryla-
tion state of GSK-3 (Figure 3A) and showed phosphorylation
only on the Ser9 residue of GSK-3p had a significantly increased
expression after treatment with 1 pM fluoxetine compared to
the control group (1.85+0.12-fold vs 1.02+0.03-fold, p < 0.05,
n = 5), while phosphorylation on the Tyr216 of GSK-3f or on the
Ser21 of GSK-3a did not show significant changes (both p > 0.05,
n=>5).

Active GSK-3B protein promotes the degradation of
[-catenin, whereas a reduction of GSK-3f activity increases the

cytosolic level of 3-catenin and allows for its translocation from
the cytoplasm to the nucleus. Therefore, the effects of fluox-
etine on the total cellular level of B-catenin and the nuclear
level of B-catenin were determined. Figure 3C shows that treat-
ment with fluoxetine and CHIR, a selective inhibitor of GSK-3,
significantly increased the levels of nuclear f-catenin up to
2.15+0.22-fold (p < 0.01, n = 5) and 4.16+0.28-fold (p < 0.005,
n = 5), respectively.

To measure f-catenin activity directly, we used the TOPflash
assay. ANOVA revealed a significant effect of treatment [F (4,
25) = 98.12, p < 0.0001]. Post hoc tests showed that the reporter
activity was significantly increased by CHIR (10.00+2.08-fold) and
fluoxetine (4.11+0.45-fold) compared to the control group (both
p < 0.001, n = 6, Figure 4A). Although a strong decrease in reporter
activity was measured (0.43+0.06-fold) with the treatment of XAV,
which facilitated the degradation of B-catenin protein by stabi-
lizing the APC/Axin/GSK-3p complex and selectively inhibited
f3-catenin-mediated transcription, this effect was not significant (p
>0.05,n =6, Figure 4A). However, 5 pM XAV had a substantial effect
inreducing the fluoxetine-induced enhancement of reporter activ-
ity (1.98+0.30-fold vs 4.11+0.45-fold, p < 0.005, n = 6). In addition,
ANOVA revealed main effects for fluoxetine and XAV treatment
on NPC proliferation [F (1, 13) = 34.75, p < 0.0001 for fluoxetine;
F (1, 13) = 13.11, p = 0.004 for XAV]. Post hoc tests demonstrated
that inhibition of GSK-3p activity by fluoxetine (that is, the up-reg-
ulation of the nuclear level of B-catenin) significantly enhanced
NPC proliferation compared to the control group (70.40+4.39% vs
56.4+3.21%, p < 0.01,n = 5), while treatment with XAV, which facili-
tated the degradation of B-catenin protein, significantly reversed
the fluoxetine-induced proliferation (61.8+3.56% vs 70.40+4.39%,
p <0.05,n =5, Figure 4B).
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Figure 3. Effects of fluoxetine on GSK-3f/f-catenin expression in NPCs. NPCs were cultured for 48h in the presence of 1 pM fluoxetine or 3pM CHIR99021. (A) Repre-
sentative Western blotting of total GSK-3a, phospho-Ser21-GSK-3a, total GSK-3f, phospho-Ser9-GSK-3f, phospho-Tyr216-GSK-3p, and a-tubulin proteins. (B) Quanti-
fication of Western blotting signals of GSK3 and a-tubulin proteins. Data were ratios compared with a-tubulin protein. Values represent means + SD. n = 5 for each
group. *p < 0.05 compared with the control group. (C) Representative Western blotting of total f-catenin, nuclear p-catenin, and a-tubulin proteins. (D) Quantification
of Western blotting signals of -catenin and a-tubulin proteins. Data were ratios compared with a-tubulin protein. Values represent means + SD. n = 5 for each group.
*p < 0.01, **p < 0.005 compared with the control group. GSK3, glycogen synthase kinase-3; NPCs, neural precursor cells; SD, standard deviation.
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Figure 4. Inhibition of B-catenin signaling reduced the effects of fluoxetine on
cell proliferation in NPCs. (A) TOPFlash assay in NPCs treated with the indi-
cated treatments for 48h. ANOVA revealed a significant effect of treatment [F
(4, 25) = 98.12, p < 0.0001]. Values represent means + SD (n = 6). *p < 0.001 versus
control group; #p < 0.005 versus fluoxetine group. (B) XAV reversed fluoxetine-
mediated proliferation of NPC. NPCs were incubated for 2 d with 1 uM fluoxetine
in the absence or presence of 5 pM XAV. ANOVA revealed main effects for fluox-
etine and XAV treatment on NPC proliferation [F (1, 13) = 34.75, p < 0.0001 for
fluoxetine; F (1, 13) = 13.11, p = 0.004 for XAV]. Values represent means + SD (n =5).
*p < 0.01 versus control (NPCs); #p < 0.05 versus fluoxetine group. ANOVA, analysis
of variance; NPCs, neural precursor cells; SD, standard deviation; XAV, XAV939.

The Proliferative Effects of Fluoxetine are
Attributable to B-Catenin Activation

To test the hypothesis that GSK-3p-induced accumulation of
B-catenin was responsible for enhancing the proliferation of
NPCs, we experimentally elevated the level of cytosolic 3-catenin
by using a lentivirus to transduce NPCs with B-catenin. The
transduction efficiency averaged 68.0+4.2% (n = 40 fields in four
plates) by counting the green fluorescent (GFP-positive) cells
after 3 days. Western blots (Figure 5B) indicated that there was
no significant change in the level of cytosolic $-catenin, com-
pared to vehicle-only treatment (p > 0.05, n = 5, Figure 5C), after
transduction with a -catenin-containing lentivirus. However,
there was a robust increase (1.01+0.11-fold vs 3.93+0.53-fold,
p < 0.005, n = 5, Figure 5C) in the expression of stabilized active
f-catenin after transduction with a form of p-catenin that lacks
the NH2-terminal 89 amino acids (AN89 $-catenin), retains cad-
herin/catenin binding, and is insensitive to ubiquitination. NPCs
that overexpress AN89 B-catenin expanded faster and formed
more aggregations compared with cells treated with vehicle
(Figure 5A). The effects of a constitutively-expressed f-catenin
in NPCs further demonstrated a significant enhancement in cell
proliferation, increasing the percentage of BrdU positive cells
from 56.40+3.21% in controls to 77.00+6.12% in AN89 (3-catenin
(p <0.01, n =5, Figure 5C).

Finally, we performed a knockdown of f-catenin in NPCs
using B-catenin siRNA. The efficiency of the transfection aver-
aged 41.00+0.70% (n = 40 fields in four plates) when we counted
the green fluorescent (GFP-positive) cells after 4 days. Protein
expression was detected by Western blot (Figure 6A), which
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indicated a decreased expression from 0.98+0.05-fold to
0.59+0.06-fold (p < 0.01, n = 5, Figure 6B). ANOVA revealed main
effects for B-catenin siRNA and fluoxetine treatment on NPC
proliferation [F (1, 18) = 75.13, p < 0.0001 for B-catenin siRNA;
F (1, 18) = 20.74, p < 0.0001 for fluoxetine]. Post hoc tests indi-
cated that down-regulating B-catenin in NPCs significantly
decreased (p < 0.01, n = 5) the proportion of BrdU-positive cells
to 33.40+4.51% compared with the control siRNA (49.00+4.53%)
and reversed the effects of fluoxetine on NPC proliferation
(40.60+4.93% vs 60.40+4.28%, p < 0.001, n = 5, Figure 6C).

Effects of Fluoxetine on the GSK-3p/pB-Catenin
Signaling Pathway Depends on 5-HT,, Receptors

Since the 5-hydroxytryptamine-1A (5-HT,,) receptor is essential
for the fluoxetine-induced increase in hippocampal neurogen-
esis (Santarelli et al., 2003; Huang and Herbert, 2005; Zusso et al.,
2008; Benninghoff et al., 2010), we next examined whether 5-HT,,
receptors are involved in the phosphorylation of Ser9 on GSK-3f

induced by fluoxetine. Because we have previously demonstrated
that the expression of 5-HT, 5-HT,, receptors, the serotonin trans-
porter, and tryptophan hydroxylase in NPCs by reverse transcrip-
tion-polymerase chain reaction and immunostaining (Wang
et al.,, 2014), we further examined the levels of serotonin in the
culture medium. Compare to the control group, 1 pM fluoxetine
caused a significant increase (22.57+2.73 pg/ml vs 31.72+5.24 pg/
ml, p <0.01, n = 5) in 5-HT concentration in the culture medium
during the proliferation phases of NPCs (Figure 7A).

WAY-100635, a selective antagonist of 5HT,, receptors, sig-
nificantly decreased the phosphorylation of Ser9 on GSK-3f3
compared to the control group (0.63+0.12-fold vs 1.02+0.06-fold,
p < 0.05, n = 5), but had no significantly effect on the levels of
nuclear p-catenin (p > 0.05, n = 5, Figure 7 B and C). However,
the stimulatory effects of fluoxetine on phosphorylation of both
Ser9 on GSK-3f and nuclear -catenin were significantly blocked
by WAY-100635 (1.87 +0.10-fold vs 0.87 £0.09-fold and 2.17 +0.30-
fold vs 1.02+0.13-fold, both p < 0.05, n = 5, Figure 7 B and C). In
addition, we investigated whether 5-HT,, receptors are involved
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Figure 6. Inhibition of B-catenin expression decreased NPC proliferation and reduced the proliferative effects induced by fluoxetine. NPCs were transfected with
f-catenin siRNA or a fluorescein-conjugated control siRNA. (A) 3-catenin protein expression was detected by Western blotting and indicated a decrease expression (B).
Values represent means + SD (n = 5). *p < 0.01 versus control siRNA group. (C) 48h after transfection, some of the cells (as noted) were treated with 1 pM fluoxetine for an
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on NPC proliferation [F (1, 18) = 75.13, p < 0.0001 for -catenin siRNA,; F (1, 18) = 20.74, p < 0.0001 for fluoxetine]. Values represent means + SD (n = 5). *p < 0.01 versus con-
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in the fluoxetine-induced alteration of hippocampal NPC neuro-
genesis. Cultured NPCs were treated with fluoxetine and WAY-
100635 for 48h. ANOVA revealed significant effects of fluoxetine
and WAY-100635 on NPC proliferation [F (1, 18) = 72.20, p < 0.0001
for fluoxetine; F (1, 18) = 81.61, p < 0.0001 for WAY-100635]. Post
hoc analyses revealed that WAY-100635 substantially decreased
the proportion of BrdU-positive cells compared with the control
group (31.20+4.15% vs 56.40+3.21%, p < 0.05, n = 5) and signifi-
cantly reversed the effects of fluoxetine on NPC proliferation
(55.20+7.29% vs 70.40+4.39%, p < 0.05, n = 5, Figure 7D).

Discussion

The results of the present study demonstrated that fluoxetine
increased the proliferation of embryonic NPCs by up-regulating
the phosphorylation of Ser9 of GSK-3f as well as the level of
B-catenin in the nucleus. Overexpression of the stabilized form
of B-catenin (AN89 f-catenin) significantly increased prolifera-
tion of NPCs, while inhibition of B-catenin expression in NPCs
led to a significant decrease in proliferation and abolished the
proliferative effects induced by fluoxetine. Furthermore, fluox-
etine-induced up-regulation of phosphorylation of both Ser9
on GSK-3p and nuclear B-catenin were significantly prevented
by WAY-100635. Our studies implied that the GSK-3p/p-catenin
signaling pathway might underlie fluoxetine’s neurogenic
effects.

Numerous studies have reported that fluoxetine treatment
can increase the proliferation of hippocampal neural stem/pro-
genitor cells both in vivo and in vitro (Malberg et al., 2000; Kodama
et al,, 2004; Xi et al., 2011). Consistent with previous findings, we
showed that 1 pM fluoxetine significantly enhanced the prolif-
eration of NPCs. However, at the highest concentration tested

(20 pM) in the present study, fluoxetine significantly decreased
cell proliferation. This is likely a consequence of the cytotoxic-
ity of fluoxetine at such a high concentration, which may relate
to its interaction with the CYP1A function (Thibaut and Porte,
2008). In addition, the effects of fluoxetine on cell proliferation
at different concentrations are in agreement with previous find-
ings in primary rat cerebellar granule cells and hippocampal
neural stem cells (Chiou et al., 2006; Zusso et al., 2008). Moreover,
the 1 pM fluoxetine used in our present study is relevant to the
therapeutic plasma concentration of this drug (Karson et al.,
1993; Komoroski et al., 1994; Strauss et al., 2002).

Apart from cell proliferation, the present study demon-
strated that there was no significant change in the relative
proportion of neurons and glia generated from NPCs, indicat-
ing no influence of fluoxetine on differentiation of NPCs. This is
consistent with the finding that chronic antidepressant treat-
ments in vivo showed similar ratios of labeled neurons and glia
in BrdU-positive cells compared to the control group (Malberg
et al., 2000; Santarelli et al., 2003). Although a published paper
showed that fluoxetine treatment for up to 5 days induced a
significant increase in neuronal phenotypes of cerebellar neural
progenitors (Zusso et al., 2008), differences in the cell types used
and differentiation conditions may account for the discrepan-
cies. Interestingly, the proportion of new cells that differentiate
into neurons in vitro is starkly different those that differentiate
in vivo. The mechanism is unknown and might be attributed to
the extracellular microenvironment. The in vivo clonal analysis
reveals that, after neurogenic cell division, the adult hippocam-
pal radial glia-like precursors returned to quiescence, whereas
the intermediate progenitor cells entered cell cycles, prolifer-
ated, and differentiated into neurons (Bonaguidi et al., 2011).
In contrast, after gliogenic cell division, both the radial glia-like
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Figure 7. Fluoxetine-induced enhancement of phosphorylation of Ser9 on
GSK-3f and nuclear p-catenin depends on 5-HT,, receptors. (A) The ELISA
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in NPC proliferation phases (n = 5 each). *p < 0.01 versus the control group.
(B) Fluoxetine enhanced the phosphorylation of Ser9 on GSK-3f and nuclear
f-catenin protein expression via 5-HT,, receptors. (C) Quantification of West-
ern blotting signals of phospho-Ser9-GSK-3p, nuclear f-catenin, and a-tubulin
proteins. Data were ratios compared with a-tubulin protein. Values represent
means + SD. n = 5 for each group. *p < 0.05 compared with the control group,
#p < 0.05 versus the fluoxetine group. (D) WAY-100635 reversed fluoxetine-medi-
ated proliferation of NPC. Analyses of variance revealed significant effects of
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and astroglia cells became quiescent. So, the difference of cell
proliferative property between neurogenic and gliogenic cell
division may contribute to the high proportion of neural dif-
ferentiation and low proportion of glial differentiation during in
vivo neurogenesis. However, hippocampal NPCs cultured in vitro
seem to regain some glial characteristics and predominately dif-
ferentiate into glia (Reynolds and Weiss, 1992; Dromard et al.,
2007). In addition, our results found no significant change of
TUNEL-positive cells after fluoxetine treatment, while an in vivo
study showed fluoxetine simultaneously increased both sur-
vival and apoptosis of hippocampal neural stem cells (Sairanen
et al., 2005). These findings raise the possibility that the self-
renewal and fate specification of in vivo hippocampal neurogen-
esis might be regulated by the specific niche architecture in the
subgranular zone (SGZ), including their cellular niche compo-
nents and extracellular niche signals, whereas the extracellular
microenvironment is not available for NPCs cultured in vitro.

In the present study, we found that exposure to fluoxetine
for 48h increased NPC proliferation in vitro, while prolonged
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treatment enhanced neurogenesis in vivo (Malberg et al., 2000;
Santarelli et al., 2003). The apparent differences of fluoxetine
treatment on neurogenesis in vivo and in vitro could be attributed
to the alterations in the extracellular microenvironment. Adult
NPCs within the lateral ventricle divide slowly and have an aver-
age cell cycle time of 15 days (Morshead et al., 1998). We cultured
NPCs in serum-free medium containing bFGF and EGF, which
have been demonstrated to significantly enhance the division of
NPCs in vitro (Gensburger et al., 1987; Cattaneo and McKay, 1990;
Murphy et al., 1990). Thus, the differences in the baseline levels
of cell proliferation in vivo and in vitro may be responsible for
the slower and faster effects of fluoxetine on neurogenesis that
were observed in vivo and in vitro, respectively. In addition, other
drugs that increase neurogenesis in vivo after a prolonged treat-
ment can also enhance neurogenesis at a much faster rate in
vitro, which is consistent with our hypothesis (Peng et al., 2008;
Xi et al., 2011; Ohira et al., 2013).

Several recent publications have implicated the GSK-3(/f3-
catenin pathway as the mechanism of action of some antide-
pressants (Chen et al., 2012; Garza et al., 2012; Polter et al., 2012;
Basar et al., 2013; Duman and Aghajanian, 2014). For example,
the antidepressants fluoxetine and imipramine have been found
to inhibit GSK-3p activity by increasing phosphorylation of its
N-terminus in the prefrontal cortex of mouse brains (Li et al.,
2004). Okamoto et al. (2010) reported that GSK-3p/fB-catenin
signaling in the hippocampus is regulated by different classes
of antidepressant therapies, including SSRIs, SNRIs, dual 5-HT/
NE reuptake inhibitors, and chronic electroconvulsive shock.
Furthermore, GSK-3f inhibitors, which allow for the stabiliza-
tion of B-catenin, have been reported to exert antidepressant-
like behavioral effects in animal models (Gould et al., 2004, 2007;
Kaidanovich-Beilin et al., 2004; Beaulieu et al., 2008). We found
that stimulation of cultured NPCs with fluoxetine promoted the
phosphorylation of Ser9 of GSK-33 and up-regulated the level of
B-catenin in the nucleus, which is in agreement with previous
studies.

On the other hand, abnormal GSK-3p/f-catenin signaling
has been implicated in the pathophysiology of mood disorders.
Increases in GSK-3f activity have been found in the prefrontal
cortices of post-mortem depressed suicide victims (Karege et al.,
2012). Furthermore, the GSK-3f gene may play a role in deter-
mining the regional gray matter volume differences of the right
hippocampus and bilateral superior temporal gyri in patients
with recurrent major depressive disorder (Inkster et al., 2009).
In addition, decreased levels of phosphorylated GSK-33 and
[-catenin in hippocampi have been demonstrated in rats sub-
jected to forced swim stress for 14 consecutive days and exhib-
iting depression-like behaviors (Liu et al., 2012). These findings
suggested that dysregulated GSK-3f/p-catenin pathways con-
tribute to the pathophysiology of mood disorders, and the path-
way might be a common therapeutic target of antidepressants.

Growing evidence indicates that the enhancement of hip-
pocampal neurogenesis is crucial in the mechanisms of anti-
depressant efficacy (Malberg et al., 2000; Duman et al., 2001).
However, the molecular pathways underlying such effects
have not been fully understood. It has been suggested that up-
regulation of the brain-derived neurotrophic factor could be
involved (Taliaz et al., 2010). Previous study showed that sertra-
line increased human hippocampal neurogenesis by activating
the glucocorticoid receptor (Anacker et al., 2011). In addition,
Warner-Schmidt and Duman (2007) reported that vascular
endothelial growth factor signaling is required for fluoxetine-
induced cell proliferation in the SGZ. Recently, numerous stud-
ies have reported that the GSK-3p/f-catenin signaling pathway



10 | International Journal of Neuropsychopharmacology, 2015

plays a potential role in mood disorders and regulates various
neurobiological functions, including axon and dendrite remod-
elling and development, synaptogenesis, neuroplasticity, and
neurogenesis (Hirabayashi et al., 2004; Lie et al., 2005; Clevers,
2006; Tang et al., 2010; Maguschak and Ressler, 2011, 2012).
Inhibition of GSK-3 with a small molecule, NP03112, induced
neurogenesis in the dentate gyri of the hippocampi of adult rats
(Morales-Garcia et al., 2012). GSK-3 promotes apoptotic signal-
ing in cultured neural precursor cells derived from embryonic
mouse brains subjected to apoptotic conditions, while pharma-
cological inhibition of GSK-3 activity significantly reduced cell
apoptosis (Eom et al., 2007). Importantly, in vivo expression of
GSK-3 cannot be inhibited by serine-phosphorylation-impaired
neurogenesis in mice and blocked the enhancement of neuro-
genesis induced by co-administration of lithium and fluoxetine
(Eom and Jope, 2009). Moreover, in adult transgenic mice that
express the stabilized form of 3-catenin, which lacks the GSK-3f
phosphorylation site, the SVZ is enlarged (Chenn and Walsh,
2002). Retroviral-mediated expression of a stabilized f3-catenin
protein or administration of a specific inhibitor of GSK-3f pro-
moted the proliferation of progenitor cells in the adult mouse
brain (Adachi et al.,, 2007). In the present study, our results
showed that overexpression of a stabilized B-catenin protein
significantly increased NPC proliferation, while inhibition of
[B-catenin expression decreased cell proliferation and reduced
the proliferative effects induced by fluoxetine. This is consistent
with the essential role of GSK-3p/f-catenin in neurogenesis and
indicated that f-catenin might be an important target for the
therapeutic effects of fluoxetine.

The role of f-catenin in changing gene expression is likely
mediated by its interaction with lymphoid enhancer factor/T-
cell factor DNA-binding proteins in the nucleus (Novak and
Dedhar, 1999). The target genes would most likely include cell
cycle regulator genes, such as myc and cyclinD1. In agreement
with this notion, fluoxetine was shown to up-regulate the level
of nuclear B-catenin, which leads to increased NPC proliferation.
Unfortunately, we found no significant changes in the protein
or mRNA levels of myc and cyclinD1 after fluoxetine treatment
in this study (data not shown). Interestingly, the Wnt/f-catenin
signaling has been shown to regulate the synthesis of brain-
derived neurotrophic factor and vascular endothelial growth
factor (Zhang et al., 2001; Seitz et al., 2010), which are two impor-
tant regulators of adult hippocampal neurogenesis and behav-
ioral effects of antidepressants. Further work is required to
determine the mechanisms by which B-catenin increases NPC
proliferation after treatment with antidepressants.

The mechanism of the phosphorylation of GSK-3f induced
by fluoxetine is unknown. The primary action of a chronic SSRI
is based on the inhibition of serotonin reuptake to elevate syn-
aptic 5-HT concentrations, thereby activating postsynaptic 5-HT
receptors and triggering downstream intracellular signaling
cascades. Our previous study demonstrated the existence of a
complete circuit for antidepressants that regulates the neuro-
biological effect of 5-HT in an in vitro NPC system (Wang et al.,
2014). Moreover, our results further show that fluoxetine signifi-
cantly increases 5-HT concentrations in culture solution, indi-
cating that fluoxetine is able to inhibit serotonin reuptake and
consequently increase 5-HT receptor stimulation in hippocam-
pal NPCs. Because activation of the 5HT,, receptor is required
for the neurogenic effects of fluoxetine (Santarelli et al., 2003;
Huang and Herbert, 2005; Zusso et al., 2008; Benninghoff et al.,
2010), we speculate the mechanisms underlying the increased
phosphorylation of GSK-3f induced by fluoxetine may involve
5-HT,, and the phosphoinositide 3-kinase (PI3K)/Akt pathway.

The present study has found that the effects of fluoxetine-
induced up-regulation of phosphorylation of Ser9 on GSK-3f3
can be blocked by the 5-HT,, receptor antagonist WAY-100635.
In addition, administration of the 5-HT,, agonist 8-hydroxy-
N,N-dipropyl-2-aminotetralin enhanced the active phospho-
rylation of Akt, leading to increased phosphorylation of Ser9 on
GSK-3f, which was blocked by LY294002, an inhibitor of PI3Ks
(Mercado-Gomez et al., 2008). There are reports that Akt phos-
phorylates GSK-3f on Ser9, and thereby inhibits GSK-3f activ-
ity (Fukumoto et al.,, 2001; Mercado-Gomez et al., 2008). We
suggest that phosphorylation of Ser9 on GSK-3f is induced by
fluoxetine through the activation of the 5-HT,, receptor and the
PI3-kinase/Akt pathway, which is consistent with these previ-
ous findings. While the present study provides evidence of the
ability of fluoxetine to regulate phosphorylation of GSK-3f via
5-HT,, receptors, further studies are needed to fully define the
mechanisms involved.

We acknowledge that the current studies on rat embryonic
hippocampal NPCs do not necessarily extrapolate either to hip-
pocampal NPCs in adult animals or humans, and of the antide-
pressant drugs only fluoxetine has been studied here. Further
studies in adult animals will be needed to confirm the relevance
of our findings to understanding mechanisms underlying the
treatment of depression.

In summary, our results suggest that fluoxetine increases
neurogenesis via the GSK-3p/p-catenin signaling pathway that
links postsynaptic 5-HT,, receptor activation. These results
have important implications for enhancing our understanding
of the molecular mechanisms of neurogenesis induced by SSRI
antidepressants.
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