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Abstract The present study was designed to examine the

therapeutic effects of Botulinum neurotoxin A (BoNT/A)

on depression-like behaviors in mice and to explore the

potential mechanisms. These results revealed that a single

facial injection of BoNT/A induced a rapid and prolonged

improvement of depression-like behaviors in naı̈ve and

space-restriction-stressed (SRS) mice, reflected by a

decreased duration of immobility in behavioral despair

tests. BoNT/A significantly increased the 5-hydrox-

ytryptamine (5-HT) levels in several brain regions, includ-

ing the hippocampus and hypothalamus, in SRS mice.

BoNT/A increased the expression of the N-methyl-D-

aspartate receptor subunits NR1 and NR2B in the hip-

pocampus, which were significantly decreased in SRS

mice. Furthermore, BoNT/A significantly increased the

expression of brain-derived neurotrophic factor (BDNF) in

the hippocampus, hypothalamus, prefrontal cortex, and

amygdala, which were decreased in SRS mice. Finally,

BoNT/A transiently increased the levels of phosphorylated

extracellular signal-regulated kinase (p-ERK) and cAMP-

response element binding protein (p-CREB), which were

suppressed in the hippocampus of SRS mice. Collectively,

these results demonstrated that BoNT/A treatment has anti-

depressant-like activity in mice, and this is associated with

increased 5-HT levels and the activation of BDNF/ERK/

CREB pathways in the hippocampus, supporting further

investigation of BoNT/A therapy in depression.

Keywords Botulinum neurotoxin � Depression � 5-HT �
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Introduction

Depression is a prevalent psychiatric disorder, character-

ized by depressed mood, anhedonia, irritability, fatigue,

attention deficits, and abnormalities in appetite and sleep

[1, 2]. Depression affects *16% of the world’s population

and is a leading cause of suicide, substantially contributing

to the global burden of public health [3]. Unfortunately,

clinically-used antidepressants are often accompanied by

undesirable side-effects [3], and it has been estimated that

30–50% of patients are not responsive to current antide-

pressant treatment, which may reflect the complex etiology

of depression [2, 4]. Recently, it has been shown that the

anesthetic drug ketamine has rapid and sustained antide-

pressant actions in major depression patients after a single

injection [5, 6], supporting the possibility of designing

novel therapeutics with rapid-acting antidepressants [7–9].

Therefore, the development of new antidepressant
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medications with limited side-effects is essential for the

management of depression.

Botulinum neurotoxins (BoNTs) were first used clini-

cally to treat strabismus in 1977 [10]. Currently, they are

widely used to treat excessive muscle stiffness, spasticity,

and dystonia [11]. BoNTs are bacterial proteases produced

by Clostridium botulinum and related species [12] and

comprise seven serotypes, termed BoNT/A–G. BoNTs

(150 kDa) consist of a heavy chain (HC, 100 kDa) and a

light chain (LC, 50 kDa) [13]. The C-terminal region (50

kDa) of the HC is a receptor-binding domain, which acts on

specific cell surface molecules on neurons, while the

N-terminal domain (50 kDa) of the HC is the translocation

domain, which interacts with the active site of the LC and

is a metalloprotease [13]. As a result, BoNTs inhibit the

exocytosis of synaptic vesicles containing neurotransmit-

ters, such as acetylcholine [14]. Interestingly, it has been

shown that BoNT/A undergoes long-distance retrograde

axonal transport to enter the central nervous system after

local peripheral injection and produce central effects, such

as analgesia [15]. Thus, these results indicate that periph-

eral application of BoNT/A can have central effects.

Recently, many potential clinical application of BoNTs for

treating a variety of neurological conditions have been

suggested, including post-herpetic neuralgia, trigeminal

neuralgia [16], Parkinson’s disease [17], migraine [18], and

neuropathic pain [19]. Intriguingly, several clinical case

reports and a few randomized controlled trials have

demonstrated that facial glabellar injection of BoNT/A

may be beneficial in the treatment of depression [20–22],

possibly independent of its esthetic effects. However, the

precise mechanisms underlying the anti-depressant effects

of BoNT/A remain largely unknown.

Therefore, in the present study, we aimed to investigate

the therapeutic effects of BoNT/A in preclinical mouse

models and to explore the potential mechanisms.

Materials and Methods

Animals

Male adult ICR mice (6 weeks–8 weeks, 20g–25g) were

purchased from the Shanghai Laboratory Animal Center

(Shanghai, China). All animals were maintained under a

12-h light/dark cycle with food and water ad libitum, and

the room was kept at 22 ± 2 �C and 40%–60% humidity.

We performed all mouse experiments between 09:00 and

16:00. Four mice were housed in each cage. All animal

experiments were performed according to the National

Institutes of Health Guide for the Care and Use of

Laboratory Animals. All animal care and experimental

procedures were approved by the Institutional Animal Care

and Use Committee of Soochow University.

Drugs and Administration

BoNT/A was from The Lanzhou Institute of Biological

Products (Lanzhou, China); fluoxetine hydrochloride was

from Aladdin Biochemical Polytron Technologies Inc.

(Shanghai, China); and imipramine hydrochloride was

from the TCI Chemical Industry Development Co., Ltd

(Shanghai, China). The reagents were dissolved in sterile

saline. BoNT/A was injected intramuscularly at three

points on both cheeks at the indicated doses. Imipramine

(10 mg/kg) and fluoxetine (10 mg/kg) were injected

intraperitoneally (i.p.) daily.

Spatial Restraint Stress

We used spatial restraint stress (SRS) to induce a mouse

model of depression as previously reported [23, 24]. Each

mouse was gently placed into a modified well-ventilated 50

mL centrifuge tube where it remained for 2.5 h (09:00 to

11:30) daily for 2 weeks. Mice were restricted to moving

forward or backward in the tubes. Mice in the control group

remained undisturbed in their home cages without access to

water and food, like the SRS mice. After SRS, the mice

were returned to their home cages.

Forced Swimming Test

The forced swimming test (FST) was performed as

previously described [25]. Briefly, mice were placed in a

2-L beaker filled with 1.5 L water at 24 �C–26 �C for 6

min. Immobility time was recorded as the lack of all

movement except that required to keep the mouse afloat.

Immobility times were recorded during the last 4 min.

Finally, mice were returned to their home cages after

careful drying and warming with a hair-dryer.

Tail Suspension Test

For the tail suspension test (TST) we used a method as

described previously [26]. Briefly, mice were suspended 50

cm above the floor for 6 min using adhesive tape placed

*1 cm from the tip of the tail. The immobility time was

recorded during the last 4 min.

Sucrose Preference Test

As previously reported [27], mice were housed individually

and trained for 24 h to drink water from two bottles. The

next day, one bottle of water was replaced with a bottle of

1% sucrose. After 24 h, the positions of the two bottles
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were exchanged. On day 4, mice were deprived of water

and food for 24 h. Before water and food were supplied, the

bottles were weighed. After 8 h and 24 h, the bottles were

weighed again to calculate fluid consumption. The intake

and percentage of consumed sucrose to total amount

consumed was also calculated.

Body Weight

Body weight was measured by electronic balance and

recorded at the indicated times.

Rotarod Test

We used the Rotarod test to assess motor function after

BoNT/A injection. The test was performed as previously

reported. For training, mice were placed on the Rotarod at

17 rpm for 20 min until they could stay on it without

falling. After training, mice were tested three times at 17

rpm. The latency to falling was recorded and analyzed as

previously described [28].

Open Field Test

Locomotor activity was measured by the open field test in

an acrylic box (40 cm 9 40 cm 9 40 cm). The intensity of

illumination was 100–300 lux at 3 m above the floor and

the apparatus was black. Each mouse was placed in the

same corner of the box, and locomotion was recorded for

10 min. The movement distance and number of crossings

were recorded by the software of the open field instrument

(XR-XZ301, Shanghai Xinruan Information Technology

Co. Ltd, Shanghai, China).

HPLC Analysis of 5-Hydroxytryptamine (5-HT)

Level

We used HPLC analysis to determine the levels of 5-HT in

different brain regions, as in our previous report [29]. The

brain was dissected, weighed, and then homogenized with

an ultrasonic homogenizer (Microsonic, Dortmund, Ger-

many) in 400 lL perchloric acid (0.4 mol/L). Samples

were then centrifuged at 20,000 rpm at 4 �C for 25 min,

filtered through a 0.22 lm syringe filter, and stored at

-80 �C until chemical analysis. The concentrations of

5-HT were measured by applying reverse-phase HPLC

with electrochemical detection (LC-6A, Shimadzu Corp.,

Kyoto, Japan). The reverse-phase column was a C18

column (TC-C18, Agilent, Middelburg, Netherlands) per-

fused for analysis with a mobile phase composed of

0.1 mol/L NaAc (with 0.1 mol/L EDTA-Na2) and 10%

methanol at pH 5.1. The flow rate was 1 mL/min. The data

were quantified using the area under the peaks and external

standards. The results are presented as nanograms per gram

wet tissue (ng/g).

Quantitative RT-PCR

We used TRIzol reagent (Invitrogen, Carlsbad, CA) to

extract total RNA according to the manufacturer’s proto-

col. One microgram of total RNA was reverse-transcribed

to synthesize cDNA using a Revert Aid First Strand cDNA

Synthesis Kit (Thermo Fisher Scientific, Waltham, MA).

Q-PCR was performed with SYBR Green PCR Master Mix

(Roche, Basle, Switzerland). Reactions were amplified and

analyzed with an ABI 7500 Real-Time PCR system. The

primers were as follows: BNDF-forward: GGTCA-

CAGCGGCAGATAAAAAGAC; BDNF-reverse:

TTGGGTAGTTCGGCATTGCGAG; GAPDH-forward:

CAAGGTCATCCATGACAACTTTG; GAPDH-reverse:

GTCCACCACCCTGTTGCTGTAG. All data were nor-

malized to GAPDH control, and relative expression levels

between conditions were calculated by the comparative CT

(2-DDCT) method.

Western Blotting

The brain was rapidly removed and homogenized in lysis

buffer containing phosphatase inhibitors and cocktail of

protease inhibitors for total protein extraction. The protein

concentrations were determined by BCA Protein Assay

(Pierce, Rockford, IL). SDS-PAGE was performed on 10%

polyacrylamide gels at 80 V for 30 min and 120 V for 2 h.

After transfer onto a PVDF membrane, the blots were

blocked with 5% nonfat milk in TBST and incubated

overnight at 4 �C with primary antibodies, followed by

secondary antibodies. The following primary antibodies

were used: mouse anti-tubulin (1:1000; Cat# Ab102-02;

Vazyme), mouse anti-GAPDH (1:1000; Cat#: man1002

Mesgen), rabbit anti-BDNF (1:2000; Cat# ab108319;

Abcam), rabbit anti-SNAP25 (1:1000; Cat# ab5666;

Abcam), rabbit anti-NR1 (1:1000; Cat# ab109182;

Abcam), rabbit anti-NR2A (1:1000; Cat# ab4205; Abcam),

rabbit anti-NR2B (1:1000; Cat# ab4212; Abcam), mouse

anti-p-ERK (1:1000; Cat# sc-7383; SanTa), rabbit anti-p-

CREB (1:1000; Cat# 9198; CST]) and secondary antibod-

ies (1:2000, Mesgen). Protein bands were visualized using

an enhanced chemiluminescence detection kit (Pierce). The

band densities were imaged and analyzed using Tanon

5200 Multi (Tanon, Shanghai).

Statistical Analysis

All data are presented as mean ± SEM. Differences

between two groups were determined with Student’s t-test.

One-way ANOVA with the Bonferroni post-test was used
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for multiple group comparisons. Two-way repeated-mea-

sured ANOVA with the Bonferroni post-test was used to

analyze data with multiple time points. P \0.05 was

considered statistically significant.

Results

BoNT/A Treatment Improves Depressive-Like

Behaviors in Naı̈ve Mice

To explore the potential anti-depressant effects of BoNT/A

therapy, we first examined the behavioral outcomes of

facial injection BoNT/A in naı̈ve mice using the forced

swimming test (FST) and the tail suspension test (TST),

behavioral tests of despair in mice. For FST, single facial

injection of BoNT/A at 0.06 U and 0.18 U significantly

decreased the immobility time compared with the control

group, and this decrease occurred during 14 days after

injection of 0.18 U BoNT/A (Fig. 1A; for 0.02 U:

Ftreatment(1, 13)= 3.560, P = 0.0817; Ftime(5, 65) = 9.302,

P\0.0001; Ftreatment9time(5, 65) = 0.8647, p = 0.5097; for

0.06 U: Ftreatment(1, 15)= 11.77, P = 0.0037; Ftime(5, 75) =

11.62, P\0.0001; Ftreatment9time(5, 75) = 6.163, P\0.0001;

for 0.18 U: Ftreatment(1, 16) = 20.69, P = 0.0003; Ftime(5, 80) =

4.808, P = 0.0007; Ftreatment9time(5, 80) = 4.543, P = 0.0011).

As a positive control, administration of imipramine (10 mg/

kg) also significantly decreased the immobility time during

1–7 days compared with the vehicle group (Fig. 1A;

Ftreatment(1, 15) = 17.12, p = 0.0009; Ftime(5, 75) = 13.26,

P\0.0001; Ftreatment9time(5, 75) = 9.758, P\0.0001). In the

TST, single facial injection of BoNT/A at 0.06 U and 0.18

U significantly decreased the immobility time from 1 h to 3

days after injection of BoNT/A (Fig. 1B; for 0.06 U:

Ftreatment(1, 12) = 3.725, P = 0.0776; Ftime (5, 60) = 3.088, P =

0.0152; Ftreatment9time(5, 60) = 1.375, P = 0.2464; for 0.18 U:

Ftreatment(1, 12) = 46.30, P\0.0001; Ftime(5, 60) = 4.597, P =

0.0013; Ftreatment9time(5, 60) = 2.594, P = 0.0344). As a

positive control, imipramine (10 mg/kg) also significantly

decreased the immobility time during 1–3 days compared

with the vehicle group (Fig. 1B; Ftreatment(1, 12) = 8.946, P =

0.0113; Ftime (5, 60) = 6.074, P = 0.0001; Ftreatment9time(5, 60)

= 2.848, P = 0.0226). In addition, we found that the motor

coordination and locomotor activity was not altered by

treatment with BoNT/A on the Rotarod test (Fig. 1C) and

the open field test (Fig. 1D–F). Together, these data

indicated that BoNT/A has anti-depressive effects in native

mice without affecting motor function.

BoNT/A Treatment Increases 5-HT Levels

in the Hypothalamus of Naive Mice

To explore the mechanisms underlying the anti-depressive

activity of BoNT/A in naı̈ve mice, we subsequently

determined the 5-HT levels in brain regions using HPLC.

We found that treatment with BoNT/A significantly

increased the 5-HT levels in the hypothalamus (Fig. 2;

F(2,15) = 3.811, P = 0.0459), but not in the hippocampus

and prefrontal cortex (Fig. 2). These data indicated that

augmented 5-HT levels in the hypothalamus may be

involved in the anti-depressive activity of BoNT/A in naı̈ve

mice, although the mechanisms underlying this up-regula-

tion remain to be determined.

Fig. 1 BoNT/A treatment

decreased the immobility time

during FST and TST in naive

mice. ICR mice received a sin-

gle facial injection of BoNT/A

(0.02, 0.06, and 0.18 U), and the

FST (A) and TST (B) were
performed at different time

points. Motor function and

locomotion activity were

assessed by the Rotarod test

(C) and open field test (D–F),
respectively. *P\0.05,

**P\0.01, ***P\0.001 vs.

control mice (two-way ANOVA

with post-hoc Bonferroni test).

The data are presented as mean

± SEM, n = 5–10/group. Con,

control; BL, baseline; Imi,

imipramine.
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In naive mice, we further found that the protein

expression of BDNF in the hippocampus did not change

after BoNT/A treatment (Fig. 3A, B). The expression of

synaptosomal-associated protein 25 (SNAP25) in the

hippocampus was not altered after BoNT/A treatment

(Fig. 3C), suggesting that peripherally-administered

BoNT/A may be not able to reach the hippocampus. A

role of N-methyl-D-aspartate receptor (NMDAR) subunits,

such as NR1, NR2A and NR2B, has been implicated in the

pathogenesis of depression [30, 31], so we further inves-

tigated the involvement of NMDAR subunits in the

antidepressant-like effects induced by BoNT/A in naı̈ve

mice. The expression of NR1 and NR2B in the hippocam-

pus did not change (Fig. 3D–F), but the expression of

NR2A in the hippocampus was significantly decreased

from 1 h to 1 day after BoNT/A treatment (Fig. 3E; F(4, 25)
= 11.74, P\0.0001). In addition, we found that the mRNA

expression of BDNF was not altered in the hippocampus,

hypothalamus, and prefrontal cortex after BoNT/A treat-

ment (Fig. 3G–I). Thus, these results indicated that

decreased expression of the NMDAR subunit NR2A in

the hippocampus is likely involved in the anti-depressive

effects of BoNT/A treatment in naı̈ve mice.

BoNT/A Treatment Improves Depressive-Like

Behaviors in Mice Undergoing Spatial Restraint

Stress (SRS)

Previous reports have demonstrated that repeated SRS

causes depression-like behaviors in rodents, and it has been

widely used as a preclinical model of depression [23]

(Fig. 4A). Body weight was significantly lower in SRS

mice than in controls (Fig. 4B; t = 3.972, P = 0.0004).

Compared to controls, the SRS mice showed depressive-

like behaviors, reflected by significantly increased immo-

bility time in the FST (Fig. 4C; t = 3.435, P = 0.002) and

TST (Fig. 4D; t = 2.093, P = 0.0449). In the sucrose

preference test, there was no significant difference between

SRS-treated mice and controls (Fig. 4E), consistent with a

previous report [24]. Together, our data suggested that SRS

mice display robust depression-like behaviors.

To further investigate the antidepressant-like effects of

BoNT/A treatment on SRS-treated mice, a single facial

injection of 0.18 U BoNT/A was given to SRS mice

(Fig. 4) and the immobility times in the FST and TST were

recorded at different time points. We found that SRS mice

displayed depression-like behaviors lasting at least 14 days

in the FST and TST. We found that the immobility time in

the FST was significantly higher in SRS mice than in

controls (Fig. 4F; Fstress(1, 16) = 2.261, P = 0.1521;

Ftime(5, 80) = 8.069, P\0.0001; Fstress9time(5, 80) = 0.7005,

P = 0.6247). Intriguingly, BoNT/A treatment significantly

decreased the immobility time in the FST from 1 h to 14

days after injection (Fig. 4F; Ftreatment(3, 32) = 13.43,

P \0.0001, Ftime(5, 160) = 8.300, P \0.0001; Ftreatment9-

time(15, 160) = 5.504, P\0.0001). Similarly, the immobility

time in the TST was also higher in SRS mice than in

controls (Fig. 4G; Fstress(1,15) = 15.99, P = 0.0012;

Ftime(5, 75) = 0.3418, P = 0.8859; Fstress9time(5, 75) =

0.2495, P = 0.9388). BoNT/A treatment significantly

decreased the immobility time in the TST from 1 h to 14

days after injection (Fig. 4G; Ftreatment(1, 18) = 9.534, P =

0.0063; Ftime (5, 90) = 0.9089, P = 0.4790; Ftreatment9-

time(5, 90) = 0.5871, P = 0.7098). Meanwhile, fluoxetine, a

common clinically-used antidepressant, was used as a

positive control. We found that fluoxetine significantly

decreased the immobility time in the FST only on day 14

after the first injection (Fig. 4F; Ftreatment(1, 16) = 0.04011,

P = 0.8438; Ftime(5, 80) = 6.020, P \0.0001; Ftreatment9-

time(5, 80) = 4.113, P = 0.0022) and the TST (Fig. 4G;

Ftreatment(1, 16) = 1.542, P = 0.2323; Ftime(5, 80) = 2.106, P =

0.0732; Ftreatment9time(5, 80) = 2.288, P = 0.0536). In

addition, body weight was lower in SRS mice than in

controls (Fig. 4H; Fstress(1, 14) =37.78, P\0.0001; Ftime(5, 70)

= 60.46, P\0.0001; Fstress9time(5, 70) = 6.823, P\0.0001).

BoNT/A treatment did not change the body weight of SRS

mice (Fig. 4H; Ftreatment(1, 14) = 0.05242, P = 0.8222;

Ftime(5, 70) = 49.67, P\0.0001; Ftreatment9time(5, 70) = 1.415,

P = 0.2297). In contrast, fluoxetine further reduced the

Fig. 2 BoNT/A treatment

increased the level of 5-HT in

the hypothalamus of naı̈ve mice.

5-HT levels in the hippocampus

(A), hypothalamus (B), and
prefrontal cortex (C) were ana-

lyzed by HPLC. *P\0.05 vs.

control mice (one-way ANOVA

with post-hoc Bonferroni test).

Each column is presented as

mean ± SEM, n = 6–7.
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body weight of SRS mice after treatment for 14 days

(Fig. 4H; Ftreatment(1, 14) = 2.621, P = 0.1277; Ftime(5, 70) =

73.56, P\0.0001; Ftreatment9time(5, 70) = 4.178, P = 0.0022).

In the sucrose preference test, BoNT/A treatment showed a

tendency to increase the sucrose preference but did not

reach statistical significance (Fig. 4E). Together, our data

suggested that single facial injection of BoNT/A has

significant antidepressant-like effects in SRS mice.

BoNT/A Treatment Increases 5-HT Levels

in the Brain of SRS Mice

Previous reports have shown that reduced 5-HT levels in

the brain contribute to the pathogenesis of depression in

both animal models and patients [32]. In the present study,

HPLC analysis showed that 5-HT levels were significantly

decreased in the hippocampus (Fig. 5A; t = 3.383, P =

0.0277) and hypothalamus (Fig. 5B; t = 6.596, P = 0.0027),

but not in the prefrontal cortex (Fig. 5C) in SRS mice.

Fig. 3 Effects of BoNT/A

treatment on the expression of

BDNF, SNAP25, and NMDA

receptors in the brain of naı̈ve

mice. A Representative western

blots showing the protein

expression of BDNF, NMDA

receptors, and SNAP25 in the

hippocampus of naı̈ve mice at

different time points after

BoNT/A treatment. B–F Semi-

quantitative analysis showing

the effects of BoNT/A on the

expression of BDNF (B), NR1
(C), NR2A (D), NR2B (E), and
SNAP25 (F) in naive mice.

*P\0.05, **P\0.01 compared

with controls (one-way

ANOVA with post-hoc Bonfer-

roni test). The data are pre-

sented as mean ± SEM, n = 6.

G–I mRNA expression of

BDNF determined by q-PCR in

the hippocampus (G), hypotha-

lamus (H), and prefrontal cortex

(I). The data are presented as

mean ± SEM, n = 5–6.
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Interestingly, BoNT/A treatment significantly increased the

5-HT level in the hippocampus (Fig. 5A; F(4, 10) = 21.46,

P\0.0001), hypothalamus (Fig. 5B; F(4, 10) = 12.29, P =

0.0007), and prefrontal cortex (Fig. 5C; F(4, 10) = 7.101,

P = 0.0056). Thus, these data indicated that elevated 5-HT

levels in distinct brain regions may be involved in the

antidepressant-like effects of BoNT/A therapy in SRS

mice.

BoNT/A Treatment Causes Up-Regulation of BDNF

Expression in the Brain of SRS Mice

Series of studies have pointed out that a decreased BDNF

level is involved in the pathogenesis of depression [33] and

antidepressants increase the production of BDNF in the

hippocampus [34]. Thus, we further investigated the

involvement of BDNF in the anti-depression induced by

BoNT/A treatment in SRS mice. Western blotting analysis

Fig. 4 BoNT/A treatment

attenuates depression-like

behaviors in SRS mice. A The

experimental procedure. B Body

weight. C, D Immobility time in

the FST (C) and TST (D) were
increased in SRS-treated mice.

*P\0.05, **P\0.01,

***P\0.001 vs. controls. Stu-

dent’s t-test; n = 10–22/group.

E There was no significant dif-

ferent in sucrose preference

between SRS and control mice.

Student’s t-test; n = 7–10/group.

F, G Immobility time in the

FST (F) and TST (G) at differ-

ent time points after BoNT/A

injection in SRS mice. H Body

weight at different time points

after BoNT/A injection in SRS

mice. *P\0.05, **P\0.01,

***P\0.001 vs. controls (two-

way ANOVA with post-hoc

Bonferroni test). #P\0.05,
##P\0.01 vs. SRS mice (two-

way ANOVA with post-hoc

Bonferroni test). The data are

presented as mean ± SEM, n =

7–10/group. Con, control; FLX,

fluoxetine; SRS, space restric-

tion stressed.
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showed that the protein expression of BDNF in the

hippocampus was decreased in SRS mice (Fig. 6A and

B; t = 3.500, P = 0.0057), while BoNT/A treatment

significantly increased the protein expression of BDNF

(Fig. 6A-B; F(5, 30) = 10.37, P\0.0001).

Fig. 5 BoNT/A treatment increased the levels of 5-HT in the brain of

SRS mice. A–C 5-HT levels in the hippocampus (A), hypothalamus

(B), and prefrontal cortex (C) analyzed by HPLC. **P \0.01,

***P\0.001 vs. control mice (Student’ s t-test); #P\0.05, ##P\0.01,

###P \0.001 vs. SRS mice (one-way ANOVA with post-hoc

Bonferroni test). The data are presented as mean ± SEM, n =

6–7/group. SRS, space restriction stressed.

Fig. 6 Effects of BoNT/A

treatment on the expression of

BDNF, NMDA receptors and

SNAP25 in SRS mice. A Rep-

resentative western blots show-

ing the protein expression of

BDNF, NMDA receptors, and

SNAP25 in the hippocampus of

SRS mice after BoNT/A treat-

ment at different time points. B–
F Semi-quantitative analysis

showing the expression changes

of BDNF (B), SNAP25 (C),
NR1 (D), NR2A (E), and NR2B

(F). **P\0.01, ***P\0.001

vs. controls (Student’ s t-test).
##P\0.01, ###P\0.001 vs. SRS

mice (one-way ANOVA with

post-hoc Bonferroni test). n = 6.

G–H mRNA expression of

BDNF determined by qPCR in

the hippocampus (G), prefrontal

cortex (H), hypothalamus (I),
and amygdala (J). *P\0.05 vs.

controls (Student’s t-test).
#P\0.05, ##P\0.01,
###P\0.001 vs. SRS mice (one-

way ANOVA with post-hoc

Bonferroni test). The data are

presented as mean ± SEM, n =

6. Con, control; FLX, fluox-

etine; SRS, space restriction

stressed.
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We further found that BoNT/A treatment did not alter

the expression of SNAP25 in control and SRS mice

(Fig. 6C). The NMDAR subunits NR1 (Fig. 6D; t = 5.102,

P = 0.0005) and NR2B (Fig. 6F; t = 4.529, P = 0.0011)

were decreased, while NR2A did not change in the

hippocampus in SRS-treated mice vs. controls (Fig. 6E;

t = 0.8309, P = 0.4254). Intriguingly, BoNT/A treatment

remarkably increased the expression of NR1 (Fig. 6D;

F(5, 30) = 15.50, P\0.0001) and NR2B (Fig. 6F; F(5, 30) =

4.758, P = 0.0026) in the hippocampus in SRS mice.

Together, these results indicated distinct NMDAR sub-

units, NR1 and NR2B, are involved in the antidepressant-

like effects of BoNT/A treatment. In addition, the mRNA

expression of BDNF was decreased in the hippocampus

(Fig. 6G; t = 4.117, P = 0.0146) and amygdala (Fig. 6J; t =

4.129, P = 0.0145) in SRS-treated mice. BoNT/A treatment

significantly increased the mRNA expression of BDNF in

the hippocampus during 1–7 days post-injection of BoNT/

A (Fig. 6G; F(4, 10) = 8.700, P = 0.0027) and during 1–14

days post-injection in the amygdala (Fig. 6J; F(4, 10) =

7.423, P = 0.0048). Although the mRNA expression of

BDNF did not change in the prefrontal cortex (Fig. 6H)

and hypothalamus (Fig. 6I) in SRS mice vs. controls,

BoNT/A treatment transiently increased the mRNA expres-

sion of BDNF in these brain regions in SRS mice (Fig. 6H;

F(4, 10) = 7.727, P = 0.0042; Fig. 6I; F(4, 10) = 6.459, P =

0.0078). Thus, these data suggested that up-regulation of

BDNF expression in the brain may contribute to the

antidepressant-like effects of BoNT/A treatment.

BoNT/A Treatment Activates the Intracellular

ERK-CREB Pathway in the Hippocampus of Mice

The intracellular ERK-CREB pathway has been demon-

strated to play important roles in neurotrophin signaling and

neurogenesis, which are involved in the pathogenesis of

depression [35]. As shown in Fig. 7, the expression of

phosphorylated ERK (p-ERK) and p-CREB was suppressed

in the hippocampus of SRS mice (Fig. 7A, B; t = 5.350, P =

0.0003; Fig. 7C; t= 4.034,P = 0.0024). Interestingly, BoNT/

A treatment increased the expression of p-ERK and p-CREB

one day after BoNT/A treatment (Fig. 7A, B; F(5, 30) = 5.810,

P= 0.0007; Fig. 7C; F(5, 30) = 8.619,P\0.0001). Thus, these

data suggested that transient up-regulation of p-ERK and

p-CREB may be involved in the antidepressant-like effects

of BoNT/A treatment in mice.

Discussion

BoNT/A has already been approved by the U.S. Food and

Drug Administration for the treatment of several neuro-

logical disorders, including strabismus, blepharospasm, and

hemifacial spasm [11]. Recently, it was reported that

BoNT/A has been used to treat many neurological diseases,

including migraine, Parkinson’s disease, and neuropathic

pain [16, 17, 19]. Intriguingly, several clinical case reports

have shown that BoNT/A can relieve the symptoms of

depression, but the underlying mechanisms are largely

Fig. 7 BoNT/A treatment acti-

vates ERK-CREB signaling

pathway in the hippocampus of

SRS mice. A Representative

western blots showing the

effects of BoNT/A on the

expression of p-ERK and

p-CREB. B–C Semi-quantita-

tive analysis of the expression

of p-ERK (B) and p-CREB

(C) after BoNT/A treatment.

**P\0.01, ***P\0.001 vs.

controls (Student’s t-test);
##P\0.01, ###p\0.001 vs. SRS

mice (one-way ANOVA with

post-hoc Bonferroni test). The

data are presented as mean ±

SEM, n = 6. Con, control; FLX,

fluoxetine; SRS, space restric-

tion stressed.
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unknown. In the present study, we demonstrated the

antidepressant-like effects of BoNT/A on models of

depression induced by SRS in mice using the FST and

TST. Mechanistically, BoNT/A clearly increased the 5-HT

levels in the brain and the expression of NMDAR subunits

in SRS mice. Further, we found that BoNT/A increased the

mRNA and protein levels of BDNF and activated intra-

cellular downstream ERK-CREB signaling pathways,

which are important in neurotrophin signaling and neuro-

genesis in the hippocampus. Collectively, our results

provide strong preclinical evidence to support the idea

that BoNT/A therapy attenuates the depressive-like behav-

iors in SRS mice, indicating that BoNT/A may be a

promising therapeutic drug for depression.

Currently, several theories explain the anti-depressive

effects of BoNT/A therapy [20–22, 36]. The first is related

to the esthetic effects of BoNT/A; a more pleasant facial

expression improves social interactions, leading to

improvement in self-esteem and mood. The second is

based on the facial feedback hypothesis, which states that

facial expressions influence emotional states. Injection of

BoNT/A into the glabellar area interferes with emotional

responses because paralysis of the muscle does not allow

the expression of certain negative emotions, such as

sadness, anger, and fear, which are frequently experienced

by patients suffering from depression. Recent functional

MRI studies have shown that, after glabellar injections of

BoNT/A, the amygdala becomes less responsive to nega-

tive stimuli [37]. Our present study showed that peripheral

administration of BoNT/A did not alter the expression of

SNAP25, indicating that BoNT/A is not transported to the

hippocampus. Peripheral administration of BoNT/A in

naı̈ve mice also significantly increased the 5-HT levels in

the distinct brain regions, including the hypothalamus.

Thus, these findings suggested that peripheral administra-

tion of BoNT/A may indirectly cause neurochemical

changes in the brain, possible by peripheral alteration of

facial movement.

The complexity of the pathogenesis of major depression

is reflected in the variety of causal factors, including

genetic and environmental factors and their interactions

[2, 38, 39]. Mounting numbers of studies have demon-

strated that monoamine neurotransmitters, particularly

noradrenaline and 5-HT, in the brain are reduced in

depressed patients and in preclinical animal models with

depressive-like behaviors [32]. Antidepressants, such as

serotonin-selective reuptake inhibitors (SSRIs), increase

the synaptic availability of 5-HT [40]. In the present study,

decreased levels of 5-HT in the brain were demonstrated in

SRS mice, consistent with previous reports [23]. Impor-

tantly, we found that BoNT/A treatment significantly

increased the 5-HT levels in the hippocampus, prefrontal

cortex, hypothalamus, and amygdala. Thus, these data

suggested that the anti-depressive effects of BoNT/A

treatment may partially be due to increasing 5-HT levels

in brain regions in an animal model of depression.

Emerging evidence has also shown that glutamatergic

neurotransmission dysfunction is involved in the patho-

genesis of depression, indicating modulators of glutamate

signaling as novel potential drugs for depression [41].

Human post-mortem studies have further implicated the

NMDAR subunits NR1, NR2A, and NR2B in depression

[42]. However, the distinct roles of these subunits in

depression are inconsistent [43–45]. It has been reported

that NR2A and NR2B expression are reduced in the

prefrontal cortex in major depression [43]. However, it has

also been reported that NR1, but not NR2A/B, are

increased in an animal model of depression induced by

chronic mild stress [44]. Thus, these results suggested that

the involvement of distinct NMDAR subunits in depression

may depend on the animal models used. In the present

study, we found that the expression of NR1 and NR2B

were significantly decreased in the hippocampus of SRS

mice, while BoNT/A treatment increased the expression of

NR1 and NR2B in the hippocampus of SRS mice.

However, the precise mechanisms underlying effect of

BoNT/A on the expression of NMDARs in depression

warrant further investigation.

In the past decades, BDNF, a member of the neu-

rotrophin family, has been documented to play essential

roles in neurotrophic support during neurodevelopment and

neurogenesis in the hippocampus [46]. BDNF plays a

critical role in synaptic plasticity mainly via activation of

NMDARs in the hippocampus [47], and in many neuro-

logical diseases, including learning and memory impair-

ment and schizophrenia [48, 49]. Intriguingly, BDNF is

decreased in animal models of depression and depressed

patients [34, 50, 51] and several commonly-used antide-

pressants (e.g. SSRIs) increase the production of BDNF in

the hippocampus and prefrontal cortex to exert anti-

depression effects [52, 53]. Direct administration of BDNF

activates ERK signaling that results in rapid synaptic

protein synthesis [54, 55]. In addition, BDNF promotes

CREB phosphorylation through ERK activation [56].

CREB activation is important for neurogenesis and atten-

uates depressive-like behaviors in mice [57]. In the present

study, we found that BoNT/A up-regulated the expression

of BDNF in the hippocampus at both the mRNA and

protein levels, and this was decreased in SRS mice.

Furthermore, we found that BoNT/A therapy activated the

downstream ERK-CREB signaling pathways of BDNF in

the hippocampus of mice. Thus, we postulated that BoNT/

A treatment attenuates the depression-like behaviors pos-

sibly through activation of the BDNF-ERK-CREB signal-

ing pathways in the hippocampus of mice.
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The forced swimming and tail suspension tests are

widely used to test models of depression and antidepres-

sant-like effects in rodents [26, 58], although opinions

differ [58, 59]. In the present study, we found that BoNT/A

improved SRS-induced depressive-like behaviors in mice,

reflected by decreased immobility time in the FST and

TST, although BoNT/A had no evident effects on the

sucrose preference test in SRS mice. Thus, the chronic

unpredictable mild stress depression model may be suit-

able for further investigation of the antidepressant-like

effects of BoNT/A.

In summary, our present work provided strong preclin-

ical evidence that BoNT/A treatment attenuates depres-

sion-like behaviors in mouse models. Clinically, BoNT/A

is a relative safe therapy in neurological practice with

limited side-effects. Thereby, our studies support further

investigation of the possibility of BoNT/A therapy as a

novel strategy for the treatment of depression.
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