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Effects of BD1047, a 0, receptor antagonist, on the expression of
mTOR, Camk2y and GSK-3f in fluvoxamine-treated N2a cells
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Abstract. Fluvoxamine, a common antidepressant agent, is
designed to exert its pharmacological effect by inhibiting
synaptic serotonin reuptake. However, increasing evidence
has demonstrated that o, receptors are likely to be involved
in the mechanism of action of fluvoxamine. The present
study aimed to observe the effects of fluvoxamine on the
expression levels of mammalian target of rapamycin (mTOR),
Ca?'/calmodulin-dependent protein kinase 2y (Camk2y) and
glycogen synthase kinase-3p (GSK-3p) in fluvoxamine-treated
N2a cells and attempted to elucidate whether o, receptors
mediate the pharmacological effects of fluvoxamine. The
N2a cells were randomly divided into three groups (each
n=6): DMEM group (D group), 0.5 gmol/l fluvoxamine group
(F group) and 0.2 gmol/l BD1047 (a o, receptor antagonist)
+ 0.5 ymol/l fluvoxamine group (BF group). Western blot-
ting was used to determine the expression levels of mTOR,
Camk2y and GSK-3p in the cultured N2a cells after two days
of incubation. The F group exhibited significant increases in
the expression levels of mTOR and Camk2y and a significant
reduction in the expression levels of GSK-3p compared with
those in the D group (P<0.01). By contrast, the BF group
demonstrated significant reductions in the expression levels of
mTOR and Camk2y and a significant increase in the expres-
sion levels of GSK-3p, compared with those in the F group
(P<0.01). These results suggest that o, receptors mediate
fluvoxamine-elicited changes in the expression levels of

Correspondence to: Dr Bin Zhu, Department of Critical Care
Medicine, The Third Affiliated Hospital of Soochow University,
185 Jugian Street, Changzhou, Jiangsu 213003, P.R. China

E-mail: anesthesia3143@163.com

Key words: o, receptor antagonist, fluvoxamine, mammalian
target of rapamycin, Ca**/calmodulin-dependent protein kinase 2y,
glycogen synthase kinase-3[3

mTOR, Camk2y and GSK-3p in N2a cells, which indicates
that o, receptors are likely to be involved in the pharmaco-
logical effects of fluvoxamine.

Introduction

Fluvoxamine, a common and widely used antidepressant
agent, is intended to exert its therapeutic effects in patients
with depression by inhibiting the reuptake of serotonin in
synaptic clefts (1). Certain studies have supported the theory
that fluvoxamine exerts therapeutic effects not only on depres-
sion but also on schizophrenia and bipolar depression (2,3).
Consequently, the conventional serotonin hypothesis is not
able to not fully elucidate the pharmacological mechanisms of
action of fluvoxamine.

o receptors are recognized as non-opioid, intracellular
receptors that modulate a variety of types of signal transduc-
tion in cells (4). A number of studies have demonstrated the
existence of at least two subtypes of the o receptor, o, and
0,, and o, receptors are expressed in numerous organs such
as the brain, liver, pancreas, spleen and adrenal glands (5-7).
The wide distribution of o, receptors in a variety of tissues
suggests a critical role in living systems (6). A previous study
by Niitsu et al (8) suggested that a o, receptor agonist caused a
significant therapeutic effect in the treatment of schizophrenia.
Additionally, SA4503, a o, receptor agonist, alleviated schizo-
phrenia symptoms in an animal model (9). A study using
fluvoxamine for the treatment of a patient with schizophrenia
suggested that o, receptors are probably associated with the
mechanism of action of fluvoxamine (10).

Mammalian target of rapamycin (mTOR), Ca**/calmod-
ulin-dependent protein kinase 2y (Camk2y) and glycogen
synthase kinase-3p (GSK-3p) are three fundamental
biomarkers implicated in the underlying mechanisms of
depression, schizophrenia, mania and certain neuropsychiatric
diseases (11-13). The present study aimed to investigate the
effects of fluvoxamine on the expression of these biomarkers
by studying fluvoxamine-treated N2a cells and attempted to
elucidate whether o, receptors mediate the pharmacological
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effects of fluvoxamine. Thus, BD1047, a 6, receptor antago-
nist, was applied to fluvoxamine-treated N2a cells in order
to observe its effects on the fluvoxamine-elicited pharmaco-
logical action.

Materials and methods

Reagents. Fluvoxamine and BD1047 were purchased from
Tocris Bioscience (Minneapolis, MN, USA). Primary anti-
bodies against mTOR, Camk2y and GSK-3fB were purchased
from Cell Signalling Technology, Inc. (Danvers, MA, USA).
The mouse N2a neuroblastoma cells were obtained from the
Medical College, Soochow University (Suzhou, China).

Cell culture. N2a cell culture was performed as described
previously (14,15). The N2a cells were cultured in DMEM
(Gibco, Grand Island, NY, USA) solution supplemented with
10% fetal bovine serum (FBS; Gibco), 0.3 mM L-glutamine
and 50 U/ml penicillin/streptomycin. The N2a cells were
randomly divided into three groups (six duplicates per group):
DMEM group (D group), 0.5 pmol/l fluvoxamine group
(F group) and 0.2 ymol/l BD1047 (o, receptor antagonist) +
0.5 umol/l fluvoxamine group (BF group). Each culture well
contained 2x10° N2a cells. The N2a cells were prepared for
analysis 48 h after the initiation of incubation,.

Western blotting. The N2a cells were washed with phosphate-
buffered saline (PBS). Protein levels were determined using
the bicinchoninic acid method, according to the manufac-
turer's instructions (Nanjing Kaiji Biochemistry Company,
Nanjing, China). Briefly, bovine serum albumin (BSA)
was applied as a standard protein. Prior to electrophoresis,
a mixture of bromophenol blue and dithiothreitol (DTT;
final concentration, 10 mM) was added to the samples. For
western blotting, 50 ug of the total protein from each sample
was separated by SDS-PAGE under reducing conditions. The
proteins were then transferred onto polyvinylidene fluoride
membranes (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The membranes were blocked for 2 h at
room temperature using non-fat dried milk blotting-grade
blocker and incubated overnight with primary antibodies.
The primary antibodies used were goat anti-mTOR (1:1,000),
rabbit anti-Camk2y (1:1,000) and rabbit anti-GSK-3p (1:1,000).
The primary antibodies were diluted in Tris-buffered
saline (Thermo Fisher Scientific Inc., Rockford, IL, USA)
containing 0.1% Tween-20 (TBS-T) and 2% BSA. Following
extensive washing (three times for 15 min each in TBS-T), the
mTOR, Camk2y and GSK-3p protein levels were measured
with horseradish peroxidase-conjugated rabbit anti-goat IgG
(1:100,000 dilution) using enhanced chemiluminescence
reagents (Beyotime, Nantong, China). Equal protein loading
and transfer were assessed by subjecting each sample to
western blotting for GAPDH with rabbit anti-GAPDH IgG
(1:2,000 dilution).

Statistical analysis. Data are expressed as the mean + standard
deviation and were analyzed using one-way analysis of vari-
ance, and post hoc analyses were performed using the least
significant difference test. Statistical analysis was conducted
using SPSS Software, version 17.0 (IBM, Chicago, IL, USA).
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Figure 1. Expression of mTOR following fluvoxamine and/or BD1047 treat-
ment in N2a cells. "P<0.01 compared with D group; “P<0.01 compared with
F group. mTOR, mammalian target of rapamycin; D group, DMEM group;
F group, fluvoxamine group; BF group, BD1047 + fluvoxamine group.
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Figure 2. Expression of Camk2y following fluvoxamine and/or BD1047 treat-
ment in N2a cells. "P<0.01 compared with D group; “P<0.01 compared with
F group. Camk2y, Ca®*/calmodulin-dependent protein kinase 2vy; D group,
DMEM group; F group, fluvoxamine group; BF group, BD1047 + fluvox-
amine group.

P<0.05 was considered to indicate a statistically significant
difference for all the data analyzed.

Results

Effects of fluvoxamine on the expression of mTOR, Camk2y
and GSK-3p in cultured N2a cells. The administration of
fluvoxamine significantly increased the levels of mTOR and
Camk2y expression compared with those of the D group in
the cultured N2a cells (P<0.01; Figs. 1 and 2). Fluvoxamine
significantly decreased the levels of GSK-3p expression
compared with those of the D group in the cultured N2a cells
(P<0.01; Fig. 3).

Effects of BD1047 on the fluvoxamine-elicited changes in
the expression levels of mTOR, Camk2y and GSK-3p in
cultured N2a cells. The administration of BD1047 signifi-
cantly decreased the levels of mTOR and Camk2y expression
compared with those of the F group in the cultured N2a cells
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Figure 3. Expression of GSK-3f following fluvoxamine and/or BD1047
treatment in N2a cells. "P<0.01 compared with D group; “P<0.01 compared
with F group. GSK-3f3 glycogen synthase kinase-3f3; D group, DMEM group;
F group, fluvoxamine group; BF group, BD1047 + fluvoxamine group.

(P<0.01; Figs. 1 and 2). Moreover, BD1047 significantly
increased the levels of GSK-3p expression compared with
those of the F group in the cultured N2a cells (P<0.01; Fig. 3).

Discussion

Fluvoxamine is a widely used clinical antidepressant agent.
Its primary pharmacological action is inhibition of the reup-
take of serotonin, which ultimately increases the levels of
serotonin in synaptic clefts and exerts therapeutic effects in
patients with depression (1). N2a cells are a semi-adherent,
fast growing, mouse neuroblastoma cell line. In the present
study, N2a cells were used to investigate the pharmacological
properties of fluvoxamine, and the results demonstrated that
fluvoxamine significantly increased the mTOR and Camk2y
expression levels and decreased the GSK-3f3 expression levels.

It is generally acknowledged that fluvoxamine acts as an
antidepressant agent with therapeutic effects that alleviate the
symptoms of schizophrenia, obsession, bipolar depression
and certain neuropsychiatric diseases (16-18). Increasing
evidence has suggested that ¢, receptors may be pivotal in
the mechanism of action of fluvoxamine in the treatment of
schizophrenia and other psychiatric diseases (2). Notably, the
results of the present study also demonstrated that BD1047,
a o, receptor agonist, abolished the fluvoxamine-elicited
pharmacological effects. This result was consistent with the
expectations of the study.

mTOR is a type of protein that promotes the activity
of neurons (11). The results of present study indicate that
fluvoxamine increased the expression levels of mTOR in
cultured N2a cells. mTOR stimulates the growth of neurons
via increasing the expression levels of neurotropic factors and
supplying nutrients (17). It has been demonstrated that upreg-
ulated mTOR expression levels in the prefrontal cortex are
likely to be associated with the mechanisms of antidepressant
effects, which facilitate the return of the depression-induced
atrophic neurons to normal morphology and function (18).
Additionally, a postmortem study has demonstrated down-
regulated mTOR expression levels in the brain tissues of
depressed patients (19). Therefore, in the present study it was
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suggested that increased mTOR expression levels are prob-
ably involved in the mechanisms by which fluvoxamine exerts
antidepressant effects. Furthermore, it was observed that
BD1047 attenuated the Camk2y-elicited increased in mTOR
expression levels, which indicates that o, receptors are likely
to be involved in the mechanism of action of fluvoxamine.

Camk2y is a Ca**-dependent protein kinase (13). However,
there is little literature reporting whether its expression is
associated with the mechanisms of psychiatric diseases. In
the present study, it was observed that Camk2y expression
levels were significantly increased following treatment with
fluvoxamine in cultured N2a cells. It is widely accepted that
this antidepressant agent has neuroprotective effects. The
results of the present study indicate that increased Camk2y
expression levels are probably associated with the neuropro-
tective and antidepressant effect of fluvoxamine. In addition,
the results suggest that o, receptors are probably involved in
the pharmacological effect of fluvoxamine on the expression
of Camk2y.

GSK-3p is serine/threonine kinase, which has been
acknowledged as a pivotal target for the treatment of depres-
sion and mania (12). In the present study, it was observed that
that fluvoxamine has the potential to inhibit GSK-3f and that
o, receptors probably mediate this process, which suggests
that fluvoxamine exerts its pharmacological effects via the
serotonin pathway and also by stimulating o, receptors.

In conclusion, the results of this study demonstrate that
fluvoxamine has an effect on the expression levels of mTOR,
Camk2y and GSK-38, and that this process is likely to be asso-
ciated with the activation of o, receptors. However, an in vivo
study was not conducted to investigate whether o, receptor
antagonists are able to attenuate the therapeutic effects of
fluvoxamine. Future large-scale studies are required to eluci-
date the pharmacological properties of fluvoxamine.
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