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ARTICLE INFO ABSTRACT

Keywords: Reserpine treatment in rodents has been shown to induce depression-like behaviors that mimic monoamine
Scopolamine dysfunction implicated in the development of depression. Herein, we aimed to demonstrate the antidepressant-
Depression like activities of scopolamine, the muscarinic receptor antagonist, in a reserpine-induced mouse model. Mice

Serotonin transporter (5-HTT)
Brain-derived neurotrophic factor (BDNF)
Tryptophan hydroxylase 1 (TPH1)

were injected with 1.5 mg/kg (i.p.) of reserpine for 10 days, and the depression-like state was confirmed via the
open field test (OFT) and forced swimming test (FST). Then, the mice were treated with scopolamine (25 pg/kg,
i.p.) or saline for 3 days. Ten days of reserpine treatment resulted in a significant decrease in locomotor activity
and an increase in immobility time in the OFT and FST, respectively, indicating that ten days of reserpine
administration significantly induced depression-like behaviors in mice. However, scopolamine rapidly amelio-
rated the increase in immobility time in the FST and had no effect on locomotor activity in the OFT. In addition,
the reserpine-induced decreases in serotonin transporter (5-HTT), brain-derived neurotrophic factor (BDNF) and
tryptophan hydroxylase 1 (TPH1) in mouse hippocampus and prefrontal cortex (PFC) were significantly reversed
by scopolamine. Our study provides evidence that scopolamine rapidly attenuates reserpine-induced depression

in mice partially by regulating 5-HTT, BDNF and TPH1 in the hippocampus and PFC of mice.

1. Introduction

Depression is a common psychiatric illness that has been established
to be associated with a decrease in serotonin and/or serotonin trans-
porters in the brain (Pérez-Olmos et al., 2016; Bregman et al., 2017; Li
et al., 2017). Notably, the pathophysiology of depression is strongly
linked to impairments in serotonin (5-HT) neurotransmission
(Khnychenko et al., 2017; Sivolap, 2017). The 5-HT released from
serotonergic terminals is selectively taken up from the synaptic cleft
into these terminals via the serotonin transporter (5-HTT)
(Hansson et al., 1998), indicating that 5-HTT may serve as a physiologic
mediator in depression. Additionally, growing evidence that 5-HTT has
a strong association with depression in clinical (Daniele et al., 2011;
Newberg et al., 2012; Dannlowski et al., 2014) and preclinical studies
(Tang et al., 2013, 2014). The association between 5-HTT and depres-
sion warrants further investigation to elucidate mechanisms and

identify potential therapeutic target.

It has been reported that reserpine irreversibly inhibit the vesicular
uptake of monoamines, and recent study (Ikram and Haleem, 2017)
suggest that repeated administration of reserpine could be serve as a
progressive model of depression and could be used as a convenient and
economic animal model for the face validity of antidepressant com-
pounds. Importantly, a previous study (Xiao et al., 1999) found that
chronic treatment with reserpine decreased 5-HTT mRNA levels in the
rodent brain, supporting the use of reserpine treatment in rodents as a
progressive animal model of depression. Recently, brain-derived neu-
rotrophic factor (BDNF) has been shown to promote the survival and
morphological differentiation of 5-HT neurons both in culture and in
vivo (Eaton and Whittemore, 1996; Rumajogee et al., 2002). Ad-
ditionally, substantial evidence suggests that BDNF also promotes the
expression of tryptophan hydroxylase (TPH1) (the rate-limiting enzyme
in 5-HT synthesis) (Siuciak et al., 1998; Goggi et al., 2002). In addition,
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data from experiments using cell culture demonstrated a dose-depen-
dent decrease in 5-HT uptake following exposure to BDNF
(Mossner et al., 2000), in spite of a marked increase in mRNA levels of
the 5-HTT (Rumajogee et al., 2002). Importantly, it was shown that
BDNF-deficient mice have a reduced ability to clear 5-HT (Daws et al.,
2007), indicating that the 5-HTT was regulated by BDNF.

Mechanistic studies should be conducted to demonstrate whether
the reserpine-induced depression-like behaviors and changes of 5-HTT
and TPH1 were alleviated by antidepressants produced BDNF up-reg-
ulation.

Interestingly, clinical trial (Park et al., 2018) and animal experi-
ments (Ghosal et al., 2018) have been revealed that subclinical dose of
scopolamine produces a rapid antidepressant-like effects. Importantly,
the antidepressant-like actions of scopolamine in rodent models may
depend on the level of BDNF in the brain (Rigal et al., 2016; Dong et al.,
2017; Yu et al., 2017; Ghosal et al., 2018). However, whether the de-
crease of 5-HTT induced by reserpine could be reversed by scopolamine
remains unknown. Our aim in the current study was to demonstrate
whether scopolamine could rescue the reserpine-induced depression-
like behaviors in mice by changing the levels of BDNF and then reg-
ulating TPH1 and 5-HTT levels in the mouse hippocampus and pre-
frontal cortex (PFC).

2. Methods
2.1. Animals

Adult male ICR mice (20-22 g) were born and reared in the animal
facility of Ningbo University Medical School, China. All animals were
maintained at 23 = 2°Cand 60% = 5% relative humidity under a 12-
hour light/12-hour dark cycle (lights on at 07:00 AM) with ad libitum
access to food and water. All procedures involving animals were con-
ducted following the National Institute of Health (NIH) Guidelines for
the Care and Use of Laboratory Animals (NIH Publications No. 80-23,
revised 1996) as well as the European Community Council Directive for
the Care and Use of Laboratory Animals of September 22, 2010 (2010/
63/EU). All of the experiments were approved by the Institutional
Animal Care and Use Committee of the Medical School of Ningbo
University.

2.2. Drugs

Scopolamine (25 pg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA)
and reserpine (1.5 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA) were
dissolved in saline. Fig. 1A shows a schematic representation of the
treatment regime, behavioral and biochemical evaluation in our ex-
periments. The doses of scopolamine (25 pg/kg, i.p.) referenced the
previous studies (Wohleb et al., 2016; Yu et al., 2017, 2018) and the
dose of reserpine based on our preliminary experiments.

2.3. Experimental design

The mice were first divided into two groups (n = 24 per group), and
then treated daily with reserpine (1.5 mg/kg, i.p.) or saline for 10 days.
24 h and 48 h after the last injection, the open field test (OFT) and
forced swim test (FST) were performed, on days 11 and 12, respec-
tively. Twenty-four hours after the FST, the saline and reserpine groups
were each further divided into two groups, as follows: (1) saline plus
saline; (2) saline plus scopolamine; (3) reserpine plus saline; (4) re-
serpine plus scopolamine. The saline or scopolamine (25 pg/kg, i.p.)
was injected daily for 3 days. Twenty-four and 48 h after the last drug
treatment, mice were submitted to the OFT and FST on days 16 and 17,
respectively.
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2.4. Open field test (OFT)

Briefly, the mice were placed in a Plexiglas box (50 x 50 X 39 cm)
to observe their reaction to an open field. A digital camera that could
cover the entire field was placed above the box. The box was cleaned
thoroughly with 1% ethanol before each animal was tested. At the
beginning of the test, the animal was placed in the center of the arena
and allowed to freely explore for 5 min, and its movement was recorded
using the digital camera. During the 5 min of exploration, the numbers
of line crossings and rearings were recorded for use in estimating the
possible effects of drug treatment on locomotor activity.

2.5. Forced swim test (FST)

In this test, the mice were plunged individually into a clear Plexiglas
cylinder (60cm height, 20 cm diameter) containing approximately
30 cm of water (21 ~ 25 °C) and were allowed to swim for 6 min. Total
immobility times (i.e., making only minimal movements to keep the
head above water or floating) during the last 4 min of the 6-min test
period were recorded.

2.6. Western blotting analysis

After all behavioral tests, the mice were sacrificed by cervical dis-
location, and the hippocampus and PFC were rapidly removed from the
brain. Then, the whole hippocampus and PFC tissues were lysed in SDS
buffer containing protease inhibitors, followed by centrifugation at
13,200 rpm for 30 min. The supernatant was collected, and the protein
concentration was determined with a bicinchoninic acid (BCA) assay
kit. Equal amounts of protein were separated by 12% SDS-PAGE and
transferred to PVDF membranes. After blocking with 5% BSA for 1h,
the membranes were incubated with primary antibodies overnight at
4°C. Primary antibodies against the following proteins were used: 5-
HTT, BDNF, TPH1 and GAPDH. After washing twice in TBST (10 min
each), the membrane was treated with HRP-conjugated secondary an-
tibody diluted in TBST for 1h at room temperature. After washing in
TBST 4 times (10 min each), bands were detected and quantified using a
fluorescence scanner (Odyssey Infrared Imaging System, LI-COR
Biotechnology, Lincoln, NE).

2.7. Statistical analysis

Data are presented as the mean + standard error of the mean
(SEM). Statistical analysis was conducted with two-tailed Student's t-
tests (for two-group comparisons) and two-way ANOVA (or four-group
comparisons) using GraphPad Prism software (Version 5.0, Prism soft-
ware for PC, GraphPad, USA), and differences were considered sig-
nificant at p < 0.05 or less, where specified.

3. Results

3.1. Scopolamine significantly reversed the depression-like behaviors
induced by reserpine in mice

As demonstrated in Fig. 1B, C and D, 10 days of administration of
reserpine (1.5mg/kg, i.p.) significantly decreased the line crossings
[t = 3.727, df = 46, p = 0.0005, Fig. 1B] and rearings [t = 4.571,
df = 46, p < 0.0001, Fig. 1C] in the OFT and increased the immopbility
time [t = 3.701, df = 46, p < 0.0006, Fig. 1D] in the FST, showing a
depression-like state in mice. In addition, Fig. 1E and F showed that the
administration of reserpine significantly affected the line crossings [F
(1, 44) = 28.23; p < 0.0001, Fig. 1E] and rearings [F (1, 44) = 44.04;
p < 0.0001, Fig. 1F] in mice. However, scopolamine id not modify the
changes of the line crossing of OFT [F (1, 44) = 3.812; p = 0.0573] and
rearings [F (1, 44) = 1.412; p = 0.2410] of mice in the OFT, indicating
that the antidepressant-like effects of scopolamine were not associated
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Fig. 1. Scopolamine treatment showed antidepressant-like effects in mice with reserpine-induced depression. (A) Timeline of the experiments. (B-C) Chronic
reserpine administration induced a significant decrease in mouse locomotor activity in the OFT. (D) Chronic reserpine administration induced a significant increase in
mouse immobility time in the FST. (E-F) Sub-chronic treatment of mice with scopolamine did not reverse the reserpine-induced decrease in line crossings and
rearings in the OFT. (G) Scopolamine significantly reversed the reserpine-induced decrease in immobility time in mice. The data shown are the means *+ standard

error of the mean (SEM). (B-D) n = 24 per group, two-tailed Student's t-tests, *

sk

p < 0.001 vs. saline group. (E-G) n = 12 per group. Two-way ANOVA, *p < 0.05

indicates the comparison between the saline + reserpine group and the saline + saline group; ##p < 0.01 indicates the comparison between the reserpine + saline
group and the reserpine + scopolamine group; ©p < 0.05 indicates the comparison between the saline + scopolamine group and the saline + saline group.

with locomotor activity. Furthermore, to investigate the antidepressant-
like effects of scopolamine, the two-way ANOVA revealed significant
differences for scopolamine treatment [F (1,44) = 21.96; p < 0.0001,
Fig. 1G], reserpine treatment [F (1, 44) = 12.69; p = 0.0009, Fig. 1G].
However, there was no significant difference for scopolamine treat-
ment X reserpine interaction [F (1,44) = 0.1622; p = 0.6891, Fig. 1G].
Post-hoc analysis showed that the increase of the immobility time by
reserpine (p < 0.05) was significantly decreased by scopolamine
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treatment (p < 0.01).

3.2. Scopolamine significantly reversed the reserpine-induced down-
regulation of 5-HTT, TPH1 and BDNF in the mouse hippocampus and PFC

As shown in Fig. 2, the two-way ANOVA revealed significant dif-
scopolamine treatment [hippocampus: 5-HTT: F
p < 0.0001, Fig. 1B; BDNF: F (1,16) = 61.23;

ferences for
(1,16) = 80.51;
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Fig. 2. Scopolamine reversed the down-regulation of 5-HTT, BDNF and TPH1 in the mouse hippocampus and PFC. (A) Representative western blots of 5-HTT,
BDNF and TPH1 from the mouse hippocampus and PFC. The remaining panels show the quantification of the immunoblotting bands of 5-HTT (B and E), BDNF (C and

F) and TPH1 (D and G) in the hippocampus and PFC respectively. The data are shown as the means

+ SEM. n = 5 per group. Two-way ANOVA, *p < 0.05,

***p < 0.001 indicates the comparison between the saline + reserpine group and the saline + saline group; ##p < 0.01, ###p < 0.001 indicates the comparison

between the reserpine + saline group and the reserpine + scopolamine group;
the saline + saline group.

p < 0.0001, Fig. 1C; TPH1: F (1,16) = 40.14; p < 0.0001, Fig. 1D; PFC:
5-HTT: F (1,16) = 13.65; p = 0.0020, Fig. 1E; BDNF: F (1,16) = 59.49;
p < 0.0001, Fig. 1F; TPHI: F (1,16) = 12.61; p = 0.0027, Fig. 1G] on
the expression of 5-HTT, BDNF and TPH1 in the hippocampus and PFC
respectively. Post-hoc analysis showed that the decreases of 5-HTT
[hippocampus: p < 0.01; PFC: p < 0.001], BDNF [hippocampus:
p < 0.01; PFC: p < 0.01] and TPH1 [hippocampus: p < 0.001; PFC:
p < 0.001] by reserpine were significantly reversed by scopolamine in
the hippocampus and PFC of mice. Notably, single treatment with
scopolamine significantly increased the BDNF levels in the mouse hip-
pocampus (p < 0.001) and PFC (p < 0.001) compared with the saline
plus saline group.

4. Discussion

We demonstrated for the first time that scopolamine ameliorates the
depression-like behaviors induced by reserpine in mice. The scopola-
mine-induced restoration of BDNF, 5-HTT and TPH1 in the hippo-
campus and PFC may contribute to the inhibition of reserpine-induced
depression-like behaviors.

5-HT is a key neurotransmitter that modulates many neuronal
functions, and a large body of experimental and clinical data has de-
monstrated that the depression, as a disease of the central nervous
system, may be regulated by the 5-HT system (Lépez-Figueroa et al.,
al.,2004; Thakare et al., 2017). Reserpine can irreversibly inhibit the
vesicular uptake of monoamines, including 5-HT, and injection of re-
serpine or its metabolites is widely used to induce depressive-like be-
haviors in rodents (Iritani et al., 2006; Arora et al., 2011; Yu et al.,
2015; Li et al., 2016). However, the mechanism of reserpine-induced 5-

@ee@
p

< 0.001 indicates the comparison between the saline + scopolamine group and

HT transmission and depression-like behavior dysfunction is unclear.
Herein, the behavioral state of the reserpine-treated mice was evaluated
based on the OFT and FST. Our results are consistent with previous
studies that have shown that chronic treatment with reserpine sig-
nificantly decreased locomotor activity and increased immobility time
in mice, indicating a typical depression-like phenotype. Several studies
have reported decreases in 5-HTT density (Leake et al., 1991; Arango
et al., 1995) and 5-HTT binding (Joensuu et al., 2007) in various brain
regions in depressed patients. In our present study, 5-HTT protein ex-
pression, in both the hippocampus and the PFC, was significantly de-
creased in the reserpine-induced depressive state in mice. In agreement
with our findings, decreased hippocampal 5-HTT protein expression in
rodents has been induced by unpredictable chronic mild stress (UCMS)
(Li et al., 2017), chronic social stress (McKittrick et al., 2000) and
corticosterone (CORT) (Tang et al., 2014). Based on a previous study
that found that 5-HTT knockout mice show several behavioral changes,
including increased anxiety-like behavior, increased sensitivity to
stress, and inhibited exploratory locomotion (Holmes et al., 2003), we
speculated that 5-HTT downregulation in the mouse hippocampus and
PFC may trigger the behavioral dysfunction induced by reserpine.
Several lines of evidence suggest that BDNF is involved in depres-
sion, such that the expression of BDNF is decreased in limbic and cor-
tical regions in rodent chronic stress models and in postmortem brains
of depressed subjects (Kerling et al., 2017; Zhao et al., 2017; Phillips,
2017). However, whether BDNF was down-regulated by chronic re-
serpine treatment in mice was unknown. In our current work, we also
found that reserpine significantly decreased the BDNF levels in both the
hippocampus and PFC in mice. It is well known that 5-HTT and BDNF in
the central nervous system play a key role in the pathophysiology of



H. Yuetal

GABAergic neuro

Scopolamine

Antidepressant-like effects

Postsynaptic

Psychiatry Research 271 (2019) 328-334

Presynapti

Fig. 3. The may underlying mechanisms of rapid acting antidepressant-like effects of scopolamine in reserpine-induced mice.

depression, and the alterations in the central nervous system are asso-
ciated with the mechanisms of action underlying the therapeutic ac-
tivity of antidepressant drugs (Qiu et al., 2013; Scabia et al., 2018).
Additionally, recently work identify an essential role for activity-de-
pendent BDNF release in the rapid antidepressant effects of scopola-
mine (Ghosal et al.,, 2018). Therefore, reversal of reserpine-induced
depression-like behaviors in mice by treatment with scopolamine was
performed in the present study to explore effects of scopolamine on the
monoamine pathways in the mouse brain. In the present study, the
administration of scopolamine (25 pg/kg, i.p., once per day for 3 days)
significantly decreased the increase in immobility time of mice in the
FST, indicating significant antidepressant-like effects. To the best of our
knowledge, the present study is the first to report the antidepressant-
like effects of scopolamine in reserpine-induced anhedonia in mice.
However, scopolamine produced no changes in the reserpine-induced
decrease in locomotor activity in mice. Moreover, scopolamine treat-
ment also significantly elevated the levels of 5-HTT and BDNF in the
mouse hippocampus and PFC. Although recent studies have been con-
ducted to explore BDNF release in the antidepressant-like effects of
scopolamine in mice (Yu et al., 2017; Ghosal et al., 2018), very little is
known about the antidepressant-like mechanism of scopolamine, in-
cluding whether it acts via reversing the reserpine-induced
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downregulation of BDNF and then down-regulation of 5-HTT in the
mouse hippocampus and PFC. Given that the previous study revealed
that the serotonin transporter function is modulated by BDNF
(Mossner et al., 2000), further studies should be conducted to explore
the regulatory relationship between BDNF and 5-HTT in the anti-
depressant-like effects of scopolamine in mice with reserpine-induced
anhedonia.

Interestingly, TPH1 catalyzes the rate-limiting step of 5-HT bio-
synthesis in the serotonergic neurons and several works have pointed
out that TPH1 gene may be associated with depression and may a
possible candidate involved in the etiology of depression (Gizatullin
et al., 2006; Jokela et al., 2007). In the current study, we found that the
expression of TPH1 was significantly decreased by reserpine in the
hippocampus and PFC of mice, which may partly explain the mechan-
isms of depression-like behaviors induced by reserpine in mice. No-
tably, we also demonstrated that this TPH1 down-regulation was sig-
nificantly reversed by scopolamine. Based on the previous studies
which reported that BDNF-mediated signaling is crucial in the pheno-
typic development of serotonergic properties and up-regulation of TPH
(Galter and Unsicker, 2000; Eaton et al., 1995), we speculated that the
up-regulation on TPH1 of scopolamine may via the BDNF-mediated
signaling.
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In conclusion, scopolamine exerts antidepressant-like effects on re-
serpine-induced mouse model and the working model of the potential
mechanism of scopolamine was shown in Fig. 3. Our results demon-
strated that the antidepressant-like effects of scopolamine are mediated,
at least in part, via modulating the 5-HTT and TPH1 by BDNF in the
hippocampus and PFC of mice. Scopolamine acts via blockade of M-
AchR receptors located on GABAergic interneurons (Navarria et al.,
2015; Wohleb et al., 2016), resulting in disinhibition of glutamate
neurons and release of glutamate in mice. The increase in glutamate
transmission of mice caused depolarization of the neuron and an influx
of calcium through 1-VDCC (Lepack et al., 2014, 2016; Yu et al., 2017).
Additionally, depolarization of the neuron induces rapid release of
BDNF, and may via TrkB to regulate the 5-HTT and TPH1 in the actions
of scopolamine. The limitation of the current study is whether the re-
versal effect of scopolamine on 5-HTT and TPH1 dependent on the
BDNF-mediated signaling remains unknown. Further investigations are
needed to reveal the mechanisms of BDNF down-regulation on the 5-
HTT and TPH1 in the antidepressant-like effect of scopolamine in mice
with reserpine-induced anhedonia.
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