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Abstract Depression has become a common public health

problem that is showing increasing prevalence. Slow onset

of action, low response rates and drug resistance are

potential limitations of the current antidepressant drugs.

Alternative therapy using natural substances, specifically

aromatherapy, is currently tried to treat depression. This

work aimed to assess the efficacy of musk in relieving the

behavioral, biochemical and hippocampal histopathologi-

cal changes induced by exposure to chronic mild stress in

mice and explore the possible mechanism behind this

antidepressant-like effect. Forty male albino mice were

divided into four groups (n = 10): control, a group

exposed to chronic unpredictable mild stress (CUMS) and

two groups exposed to CUMS and then treated with flu-

oxetine or musk. Behavioral changes and serum corticos-

terone levels were assessed at the end of the experiment.

Protein and gene expressions of brain-derived neurotropic

factor (BDNF) and glucocorticoid receptors (GRs) in the

hippocampus were assessed using ELISA and real-time

RT-PCR, respectively. Histopathological examination of

the hippocampus and immunohistochemical techniques

using glial fibrillary acidic protein (GFAP), Ki67, caspase-

3, BDNF and GR were performed. Inhalation of musk had

an antidepressant-like effect in an animal model of

depression. Musk alleviated the behavioral changes and

elevated serum corticosterone levels induced by exposure

to chronic stress. It reduced the hippocampal neuronal

apoptosis and stimulated neurogenesis in the dentate gyrus.

Musk’s action may be related to the upregulation of hip-

pocampal GR and BDNF expressions. Musk is considered

a potential antidepressant so it is advisable to assess its

efficacy in treating depressed patient.

Keywords Musk � Antidepressant � Neurogenesis �
Apoptosis � BDNF � GR � Fluoxetine

Introduction

Depression has become a major public health problem,

demonstrating a constant increase in prevalence (Milanović

et al. 2015). It is a common illness worldwide, with an

estimated 350 million people affected. Depression can

cause the affected person to suffer greatly and function

poorly at work, and at its worst, it can lead to suicide,

which is the second leading cause of death in 15–29 year

olds (World Health Organization; WHO 2015). Among the

risk factors for depression are chronic medical illness,

stress, being single, chronic pain and lack of social support

(Douglas et al. 2012).

The brain is the central organ involved in perceiving and

adapting to social and physical stressors via multiple

interacting mediators including excitatory amino acids and

glucocorticoids together with a group of extra- and intra-

cellular mediators such as brain-derived neurotrophic fac-

tor (BDNF) (McEwen et al. 2015). It was reported that

resilience, an active process that implies ongoing adaptive

plasticity in the face of stress without external intervention,

is a key aspect of a healthy brain (Russo et al. 2012). The

key structures for the regulation of the stress response that

are affected by social-environmental factors particularly

include the amygdala, hippocampus and prefrontal regions
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(Tost et al. 2015). Chronic stress has harmful effects on the

hippocampal structure and functions because it has plenty

of glucocorticoid receptors (GRs) and is involved in cog-

nition (McEwen and Magarinos 2001).

Chronic unpredictable mild stress (CUMS) is considered

a valid and reliable animal model of depression in rodents

as it has proved etiological, face and predictive validity, so

many previous studies utilized it in investigating the

antidepressant effect of drugs as well as their mechanism of

action (Song and Leonard 2005). The pharmacological

medications for depression include tricyclic antidepressants

(TCAs), monoamine oxidase inhibitors (MAOIs), selective

serotonin (SSRIs) and others (Nemeroff 2007). These

currently used anxiolytic and antidepressant drugs have

shown potential limitations including slow onset of action,

low rates of response and even development of drug

resistance (Penn and Tracy 2012). Alternative therapy

using natural substances from animal or plant sources has

been tried to deal with many clinical therapeutic situations

(Tillett and Ames 2010). Aromatherapy using essential oils

has been tried to improve and treat a number of psycho-

logical disorders including stress (Bikmoradi et al. 2015).

Musk is a powerful odoriferous material obtained from

the dried secretion of a gland of the male musk deer present

under the abdomen near the pubis. It is used as a fragrance

and fixative in perfumes. It has been used in Chinese

medicine for thousands of years for treating stroke, coma,

neurasthenia and convulsions (Khan and Abourashed

2010). Musk also was reported to decrease cortisol levels in

males and therefore its odor was supposed to attenuate

stress (Fukui et al. 2007). Therefore, its antidepressant

effect was investigated in this study.

This study hypothesized that musk can treat depression

induced by CUMS in mice, and its effect is mediated

through upregulation of BDNF and GR. Therefore, the aim

of this work was to assess the efficacy of musk in relieving

the behavioral, biochemical and hippocampal histopatho-

logical changes induced by exposure to chronic mild stress

in mice and explore the possible mechanism behind this

antidepressant-like effect.

Materials and methods

Drugs

Fluoxetine hydrochloride was obtained from Dar Al Dawa

(DAD) Pharmaceuticals Co., Ltd. (Jordan). It was dis-

solved in 0.03 % sodium carboxymethyl cellulose (CMC-

Na) and was given once a day at a dose of 20 mg/kg

through intragastric gavage according to Li et al. (2014).

Amyl acetate (5 %; Sigma, St. Louis, MO, USA) was

administrated to the positive control group by inhalation as

it has no effect on anxiety, as shown in previous studies

(Pavesi et al. 2011).

Musk (Moschus moschiferus) was purchased from the

local market in Jeddah, Saudi Arabia. The musk con-

stituents were analyzed by gas chromatography coupled to

mass spectrometry (GC-MS; Agilent, Columbia, MD,

USA) with a DB-5ms column

(30 m 9 0.25 mm 9 0.25 lm). The composition of musk

is shown in Table 1. Musk was diluted in propylene glycol

to obtain concentrations of 1.0 % (v/v) just prior to the

experiments. Inhalation of musk and amyl acetate started

after 4 weeks from exposure to CUMS and continued for

another 4 weeks. Administration of musk and amyl acetate

was through an inhalation apparatus consisting of an

acrylic box (32 cm 9 24 cm 9 32 cm). Inhalation was

once a day and lasted for 15 min immediately after the

CUMS procedure as described by Chioca et al. (2013).

Two cotton balls embedded with 2.5 ml per unit of musk

were placed in the top wall holes of the apparatus. After

each exposure session, the apparatus was cleaned and the

cotton wool containing the substance was replaced to

maintain the concentration in the apparatus.

Animals

The experiment was performed according to the guideli-

nes of the animal care committee of the KFMRC, which

comply with the National Institute of Health Guide (NIH

publication no. 80–23, revised 1996). It was approved by

the biomedical research ethics committee at the Faculty of

Medicine, King Abdulaziz University, Jeddah, Saudi

Arabia. Forty male Swiss albino mice weighting 30–40 g

were obtained from the animal house of King Fahed

Medical Research Center (KFMRC) at King Abdulaziz

University (KAU), Jeddah, Saudi Arabia. After 2 weeks

of acclimatization, the mice were randomly divided into

four groups (10 mice each): control (left unexposed and

not treated), CUMS (exposed to CUMS for 4 weeks and

then amyl acetate for 2 weeks), CUMS and then FLU

(exposed to CUMS for 4 weeks and then FLU for

2 weeks) and CUMS and then M (exposed to CUMS for

4 weeks and then musk for 2 weeks). The CUMS proce-

dure used in this study was first used by Willner (1997)

and modified to mice by Ducottet and Belzung (2004).

During the CUMS procedure, mice were exposed to dif-

ferent types of stressors at different time points during the

day for 4 weeks. Stressors included social stress by

placing mice in soiled cages of other mice, inversing the

light/dark cycle, placing mice in cages with wet sawdust,

tilting cages to 30� and restraining the mice, and water

stress by placing mice in an empty cage with 1 cm of

water at the bottom. The whole experiment lasted 6 weeks

(42 days) (Fig. 1).
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At the end of the experiment, behavior tests were per-

formed, and blood samples were collected from the retro-

orbital vein. Then, the mice were killed by decapitation.

The skull was opened, and the brain was dissected out on

an ice plate. The whole hippocampus was isolated

according to Paxinos and Watson’s atlas (1998). The hip-

pocampus of the left side was kept for assessing GR and

BDNF protein and gene expression levels, while the right

side was processed for histopathological examination.

Forced swim test (FST)

Each mouse was placed in a glass cylindrical container

(height 20 cm, diameter 14 cm) with 15 cm depth of water

at 25 ± 2 �C. The mouse was videotaped for 6 min using

behavior software (Noldus Information Technology,

EthoVision XT�), and the total time spent immobile during

6 min was measured and presented in seconds. Immobility

was defined as the cessation of limb movements except the

minor movement necessary to keep the mouse afloat

(Doron et al. 2014).

Elevated plus-maze (EPM)

The maze was elevated 40 cm above the floor. Each mouse

was placed in the center of the EPM, and its behavior was

videotaped for 5 min using the behavior software (Noldus

Information Technology, EthoVision XT�) and was pre-

sented in seconds. The numbers of closed arm entries and

time spent inside the open arms were measured (Carobrez

and Bertoglio 2005).

Open field test (OFT)

The mice were individually placed in the center of a dimly

illuminated observation cage (109 cm 9 49 cm 9 49 cm).

The animals were observed for 25 min directly and con-

tinuously by an observer. The number of rearings (standing

upright on the hind legs while the forepaws are free) was

observed and registered manually. These vertical move-

ment scores reflect exploratory behaviors. Locomotor

activity (distance traveled in 25 min) was quantified using

the video-tracking system (Columbus Instruments,

Columbus, OH, USA) as described by Mineur et al. (2006).

Serum corticosterone level determination

At the end of the experiment, the mice were anesthetized

using ether, and the blood sample was obtained in the

morning from the retrorbital venous plexus into EDTA-

coated tubes. They then were centrifuged for 10 min, and

the collected serum samples were kept at -80 C until the

corticosterone levels were assessed using RIA (ELISA kits,

ALPCO Diagnostics, Orangeburg, NY).

Table 1 Chemical composition

of musk obtained by GC-MS
Compound Retention time (min) Percentage

Steroids 13.801

Androstan-3-one semicarbazone 33.062 9.345

Spirostan-23-ol #; spirostan-23-ol 32.164 4.456

Essential oils 12.445

Alpha-cedrol 23.858 0.102

Other essential oils 2.343

Organic compound 41.515

5-Ethyl-5-[(E)-styryl] barbituric acid (sedative) 27.303 0.355

Other organic compounds 29.259

Alcohols and phenols 2.216

1,10-Oxybis-2-propanol, 13.408 1.217

2-(2-Hydroxypropoxy)-1-propanol 13.804 0.799

3,30-Oxybis-2-butanol, 14.235 0.158

Anise alcohol 17.599 0.028

2,4-Di-tert-butylphenol (antioxidants) 21.766 0.600

2-Fluoro-6-nitrophenol 24.447 0.008

Esters 9.423

Pyridine 8.233

Terpenes 0.091

Pyrans 5.126

Polcyclic musk 5.154

Others 1.996
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Hippocampal GR and BDNF protein level

determination

Immediately after decapitation of the mouse, the brain was

dissected out on an ice-plate, and the whole hippocampus

was isolated according to Paxinos and Watson’s atlas

(1998). Tissue punches were homogenized in cold extrac-

tion buffer (Tris-buffered saline, pH 8.0, with 1 % NP-40,

10 % glycerol, 5 mM sodium metavanadate, 10 mM

PMSF, 100 lg/ml aprotinin and 10 lg/ml leupeptin).

Homogenates were acidified with 0.1 MHCl (pH 3.0),

incubated at room temperature (22–24 �C) for 15 min and

neutralized (pH 7.6) with 0.1 M NaOH. Homogenates were

then microfuged at 7000g for 10 min. BDNF and GR

protein levels were assessed using the sandwich enzyme-

linked immunosorbent assay (ELISA) according to Baker-

Herman et al. (2004).

Assessment of hippocampal GR and BDNF mRNA

level determination

Total RNAs were isolated from 30 to 60 mg of the hip-

pocampus using the EZ RNA Clean Up Plus DNase Kit

(EZ Bio Research, St Louis, MO, USA). RNA

concentrations were measured using the Nano Drop

Spectrophotometer (Jenway, UK). Reverse transcription

(RT) was performed using oligo-dT primers (Bioneer Inc.,

Daejeon, Republic of Korea) in a 20-ll reaction including

5 ll RNA. The cDNAs obtained were amplified using PCR

Master Mix (Bioneer Inc., Daejeon, Republic of Korea)

with primers designed by Metabion International AG,

Semmelweisstr, Germany, as follows: GR (forward 50-
AGCTCCCCCTGGTAGAGAC-30; reverse 50-GGTGAA-
GACGCAGAAACCTT-30), BDNF (forward 50-TATTT-
CATACTTCGGTTGC-30; reverse 50-
TGTCAGCCAGTGATGTCG-30) and b-actin (forward 50-
TCTGGCACCACA CCTTCTA-30; reverse 50-AGGCA-
TACAGGGACAGCAC-30). PCR amplification was

applied in a thermocycler (manufactured by Labnet Inter-

national Inc.). The amplified fragments were analyzed by

gel electrophoresis using a DNA ladder in order to assess

the size of the amplicon products. The images were

obtained using a gel documentation system (manufactured

by Ultra-Violet Products, Ltd.). The size of the amplicons

was determined using software available with the gel

documentation system. The expression patterns of the GR

gene and BDNF gene in the hippocampus were analyzed

using the real-time RT-PCR method using SYBR Green

Fig. 1 a Stressor to which the

mice were exposed during the

CUMS procedure in 1 week. It

was repeated for 4 weeks. To

prevent habituation and to

provide an unpredictable feature

to the stressors, they were

administered at different time

points during the day (Doron

et al. 2014). b Experimental

design. In this experiment, mice

(n = 10 in each group) were

exposed to either chronic

unpredictable mild stress

(CUMS) daily from day 1 to day

28 or left unexposed to stress

throughout the experiment. On

days 29 to 42, the exposure of

mice to CUMS was stopped,

and daily exposure to the

control treatment (amyl

acetate), fluoxetine, or musk

was started. On the days 43, 44

and 45, behavioral tests were

sequentially done for all groups.

On day 46, blood samples were

obtained, and then the mice

were killed and the brains

dissected to obtain the

hippocampus
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qPCR Master Mix containing ROX as a reference dye

(Biotool LLC, Houston, TX, USA). All amplified frag-

ments were achieved in three independent replicates; in

addition, the results were normalized to b-actin as a ref-

erence gene using the comparative Ct method.

Hippocampal histopathological

and immunohistochemical examination

The hippocampus of the right side was fixed in 10 %

neutral buffered formalin overnight and then processed to

obtain paraffin blocks. Serial paraffin sections were cut to

3–4 lm thickness and stained with hematoxylin and eosin

(H&E) for the histopathological examination (Bancroft

and Gamble 2008). Immunohistochemical studies were

carried out using the peroxidase-labeled streptavidin-bi-

otin technique according to Makhlouf et al. (2014). The

slides with the paraffin sections were deparaffinized and

then rehydrated. They were boiled in a microwave for

20 min in 0.01 M sodium citrate buffer (pH: 6) to retrieve

the antigen; 3 % H2O2 in methanol was used for 5 min at

room temperature to block endogenous peroxidase activ-

ity followed by washing twice in phosphate-buffered

saline (PBS). Incubation of slides overnight at 4 �C with

antiglial fibrillary acidic protein (GFAP) (Dako Cytoma-

tion, USA) was done for 1 h with 1:1000 dilution for the

demonstration of astrocytes. To demonstrate apoptosis,

anti-caspase-3 (Santa Cruz Biotechnology, USA) was

used at a dilution of 1:1000 for 1 h. Anti-Ki-67 (rabbit

polyclonal Ig G produced by Abcam, Cambridge, UK)

was used at a 1:100 dilution to demonstrate cell prolif-

eration. Rabbit anti-GR antibody and anti-BDNF (Santa

Cruz Biotechnology, USA) with 1:1000 and 1:400 dilu-

tion, respectively, overnight at room temperature were

subsequently exposed to biotinylated goat anti-rabbit IgG

and streptavidin peroxidase complex (1:200 dilution;

Vector Laboratories) at room temperature. After washing,

the slides were incubated with the avidin-biotin-peroxi-

dase complexes (Dako-USA) for 10 min, covered by

DAB and incubated for 10 min. They then were coun-

terstained with hematoxylin, dehydrated, cleared and

mounted.

Morphometric and statistical analysis

A digital camera connected to a light microscope (Olym-

pus, BX-61, Los Angeles, CA) was used for photograph-

ing. Both the thickness and surface area of the pyramidal

cell layer in the hippocampal CA3 area and the granular

cell layer in the dentate gyrus (DG) areas were measured in

five fields in each mouse using Image Pro Plus Software,

(Media Cybernetics, Silver Spring, MD, USA, version 6.0).

Assessment of the five non-overlapping fields in each

mouse and calculation of the mean of each mouse of the

ten mice were done. In addition, the number of GFAP-

positive cells in CA3 was counted in five high-power fields

(4009 magnification) in each mouse of the ten mice

according to the method of Makhlouf et al. (2014). The

number of caspase-3, Ki67-positive cells was assessed in

mm3 using the same software. The relative optical density

(ROD) of BDNF and GR immunoexpression was assessed

as described by Chen et al. (2015).

The data were analyzed using the Statistical Package

for the Social Sciences (SPSS, version 16) software.

Data were presented as the mean and standard deviation.

For the non-parametric data, Kruskal-Wallis analysis of

variance (ANOVA) followed by a post hoc test (based

on Dunnett’s procedure) was used to analyze each pair

of groups to avoid a multiple comparison effect. For the

parametric data, the different groups were compared

using ANOVA (F test) followed by a Bonferroni post

hoc test. Significance was considered at a p value less

than 0.05.

Results

Forced swimming test (FST)

Exposure to CUMS for 4 weeks resulted in depressive-like

behavior as it significantly increased the immobility time of

the FST (control; 62.2 ± 7.12, CUMS; 101 ± 15,

p\ 0.001). Treatment with FLU and musk after stopping

exposure to CUMS significantly reduced the immobility

time in comparison to the CUMS group (CUMS;

101 ± 15, CUMS then FLU; 85.11 ± 11.6, p = 0.02,

CUMS then M; 77.4 ± 8.4, p\ 0.001) (Fig. 2a).

Elevated plus-maze test (EPM)

Exposure to CUMS induced anxiety-like behavior as the

time spent by the mice in this group in the open arms of the

EPM was significantly decreased (control; 27.40 ± 3.51,

CUMS; 11.77 ± 0.93, p\ 0.001) compared with the

control mice. Administration of FLU and musk signifi-

cantly increased this time in comparison to the CUMS

group (CUMS; 11.77 ± 0.93, CUMS then FLU;

16.76 ± 2.53, p = 0.001, CUMS then M; 19.29 ± 3.2,

p\ 0.001). On the other hand, the number of closed arm

entries was significantly increased after CUMS exposure

(control; 17.33 ± 2.59, CUMS; 25.06 ± 1.47, p\ 0.001)

compared with the control mice. Administration of FLU

and musk significantly decreased it in comparison to the

CUMS group (CUMS; 25.06 ± 1.47, CUMS then FLU;

16.47 ± 3.44, p\ 0.001, CUMS then M; 18.5 ± 1.78,

p\ 0.001) (Fig. 2b, c).
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Open field test (OFT)

Mice exposed to CUMS traveled significantly more than

the controls (control; 3616.3 ± 238.2, CUMS;

4572.8 ± 270.3, p\ 0.001), which indicated increased

spontaneous locomotor activity. Administration of FLU and

musk significantly reduced this activity in comparison to the

CUMS group (CUMS; 4572.8 ± 270.3, CUMS then FLU;

2617.8 ± 650.6, p\ 0.001, CUMS then M;

3011.2 ± 102.9, p\ 0.001) (Fig. 2d). CUMS also induced

a significant increase in the number of rearings compared to

the control (control; 331 ± 10.12, CUMS; 366.6 ± 10.53,

p\ 0.001), while FLU and musk significantly reduced

rearings compared to the CUMS group (CUMS;

366.6 ± 10.53, CUMS then FLU; 290 ± 42.31, p\ 0.001,

CUMS then M; 305.4 ± 22.27, p\ 0.001) (Fig. 2e).

Fig. 2 Effect of musk inhalation on mice exposed to CUMS on the

immobility time of the FST (a), the time spent in the open arm (b),
number of closed arm entries (c) of the EPM test, distance traveled in

25 min (d) and number of rearings (e) of the OFT and the serum

corticosterone level (f). Data were expressed as mean ± SD

(n = 10). #Significance versus control, *significance versus CUMS.

EPM elevated plus-maze, OFT open field test, CUMS chronic

unpredictable mild stress, FlU fluoxetine, M musk
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Serum corticosterone level

The basal serum corticosterone level increased signifi-

cantly (p\ 0.001) after CUMS compared with the control,

and the administration of FLU and musk reduced it sig-

nificantly (p\ 0.001) compared with the CUMS group

(Fig. 2f).

Histopathological changes in the hippocampus

The control CA3, the hippocampal area that is reported to

be affected in depression, was formed of polymorphic,

pyramidal and molecular cell layers. The pyramidal layer

had crowded pyramidal cells with large vesicular nuclei,

while many of those cells in mice exposed to CUMS

appeared smaller with dark cytoplasms and small con-

densed nuclei. On the other hand, mice treated with FLU or

musk after being exposed to CUMS showed fewer numbers

of these small dark cells, and both the thickness and surface

area of this layer was significantly increased in comparison

to the CUMS group (Fig. 3; Table 2).

The control DG, the other hippocampal area affected

in depression, is formed of molecular cells, granular

cells and pleomorphic layers. The granular cell layer has

polyhedral cells with vesicular nuclei, while many of

those cells appeared smaller with a dark cytoplasm and

had small condensed nuclei in mice exposed to CUMS.

These dark cells were less frequently observed in mice

treated with FLU or musk, and both the thickness and

surface area of the granular cell layer were significantly

increased compared to the CUMS group (Fig. 3;

Table 2).

Immunoexpression of GFAP

Figures 4 and 5 show the immunoexpression of GFAP in

CA3 and DG. The number of GFAP-positive cells was

significantly decreased (CA3; p = 0.003, DG; p\ 0.001)

Fig. 3 The CA3 regions of the hippocampus of the control (a, b),
CUMS (c, d), CUMS ? FLU (f, f) and CUMS then M (g, j) groups
show three layers: the polymorphic (PO), pyramidal (P) and molec-

ular (M). Note the reduction in the pyramidal layer thickness

indicated by the black line (H&E 9200 a, c, e, g; 91000 b, d, f, h).
The dentate gyrus of the hippocampus of the control (I, J), CUMS (K,

L), CUMS ? FLU (M, N) and CUMS then M (o, p) groups shows

molecular (ML), granular cell (GCL) and pleomorphic layers (PL).

Note the reduction in the granular cell layer thickness indicated by the

black line (H&E 9200 i, k, m, o; 9600 j, l, n, p). CUMS chronic

unpredictable mild stress, FlU fluoxetine, M Musk
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following exposure to CUMS compared to the control.

FLU (CA3; p = 0.04, DG; p = 0.05) and musk (CA3;

p = 0.01, DG; p = 0.03) administration significantly

increased this number of GFAP-positive cells compared to

the CUMS group (Fig. 6a).

Immunoexpression of caspase

Exposure to CUMS significantly (p\ 0.001) increased the

number of caspase-positive cells in both CA3 and DG

compared to the control group, while FLU (p\ 0.001) and

Table 2 Effect of treatment with musk following exposure to CUMS on morphometric measurements of the hippocampus

Parameter Control

(n = 10)

CUMS (n = 10) CUMS ? Flu

(n = 10)

CUMS then M

(n = 10)

Thickness of CA3 pyramidal cell layer (lm) 77.7 ± 5.9 49.04 ± 4.7

p\ 0.001

64.11 ± 6.1

p1\ 0.001

53.61 ± 4.5

p1 = 0.03

Surface area of CA3 pyramidal cell layer (9103 lm2) 53.37 ± 4.15 42.20 ± 5.14

p = 0.002

49.22 ± 4.27

p1 = 0.004

47.30 ± 5.2

p1 = 0.04

Thickness of DG granular cell layer (lm) 94.34 ± 11.2 74.22 ± 20

p = 0.02

89.54 ± 10

p1 = 0.04

91.2 ± 10.2

p1 = 0.02

Surface area of DG granular cell layer (9103 lm2) 143.2 ± 14.2 86.12 ± 12.33 p\ 0.001 112.44 ± 28.2

p1 = 0.02

108.2 ± 21

p1 = 0.01

Data are expressed as mean ± SD

Significance is considered at p\ 0.05

p significance versus control group, p1 significance versus CUMS group

CUMS chronic unpredictable mild stress, FlU fluoxetine, M musk

Fig. 4 Immunoexpression of GFAP (a–d), caspase (e, f), BDNF (g, h) and GR (p–t) in the CA3 region of the hippocampus in the studied group

(9400, insert 91000). CUMS chronic unpredictable mild stress, FlU fluoxetine, M musk
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musk (p\ 0.001) significantly decreased it in both CA3

and DG compared to the CUMS group (Fig. 6b).

Immunoexpression of Ki67

Neurogenesis in DG was significantly reduced (p\ 0.001)

after exposure to CUMS while treatment with FLU

(p = 0.003) and musk (p\ 0.001) significantly increased

it back, as evidenced by the increased number of prolif-

erating Ki-67-positive cells in the subgranular layer of the

DG compared to the CUMS group (Fig. 6c).

Immunoexpression of BDNF

BDNF immune expression was obviously decreased in the

CA3 and DG of the CUMS group compared to the control

(CA3; p = 0.001, DG; p = 0.01). It was significantly

increased in both areas following FLU (p\ 0.001) and

musk (p\ 0.001) administration compared to the CUMS

group (Fig. 6d).

Immunoexpression of GR

GR immune expression was significantly decreased

(p = 0.001, p = 0.02) in the CA3 and DG of the CUMS

group, respectively. Fluoxetine (p\ 0.001) and musk

(p\ 0.001) administration could significantly increase it

(Fig. 6e).

BDNF gene and protein expression level

The BDNF mRNA expression level was assessed using

quantitative RT-PCR. It was significantly downregulated

(p = 0.03) in the hippocampus of theCUMSgroup compared

Fig. 5 Immunoexpression of GFAP (a–d), caspase-3 (e, h), Ki67 (i–l), BDNF (m–p) and GR (q–t) in the dentate gyrus of the hippocampus of

the studied groups (a–l 9600, m–t 9400, insert 91000). CUMS chronic unpredictable mild stress, FlU fluoxetine, M musk)
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to the control group, while treatment with FLU and musk

significantly (p\ 0.001 and p = 0.01) upregulated this

expression, respectively. Similar observationswere noticed in

BDNF protein expression as CUMS significantly downregu-

lated (p\ 0.001) it compared with the control, while

administrating FLU and musk significantly (p\ 0.001,

p = 0.02) upregulated it, respectively (Fig. 7a, b).

GR gene and protein expression level

GR mRNA expression levels were significantly downreg-

ulated (p = 0.01) in the hippocampus of the CUMS group

compared to the control group, while FLU and musk

treatment significantly (p\ 0.001, p = 0.03) upregulated

it. A similar trend was observed in GR protein expression

as CUMS significantly downregulated (p\ 0.001) its level

compared to the control, while administrating FLU and

musk significantly upregulated it (p\ 0.001) (Fig. 7c, d).

Discussion

This work aimed to assess the antidepressant-like effect of

musk, administered through inhalation, on mice exposed to

CUMS and to explore the underlying mechanism of this

effect. The hypothesis of this work was built on the

Fig. 6 Immunoexpression of GFAP (a), caspase-3 (b), Ki67 (c),
BDNF (d) and GR (e) in the studied groups. Data are expressed as

mean (or mean percent of the control value in BDNF and GR) ± SD.

#Significance versus control, *significance versus CUMS. CUMS

chronic unpredictable mild stress, FLU fluoxetine, M musk
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previous reports that aromatherapy has benefits in relieving

some mental and psychologic disorders (Schmidt et al.

2008). In this study, exposure to CUMS induced a

depressive status in mice as it resulted in increased

immobility time in the FST. This depressive status was

confirmed by the reduction of the time spent in the open

arms of the EPM and the increased locomotor activity

observed during the OFT. Inhalation of musk could ame-

liorate this depressive status. It also reduced the elevated

corticosterone levels recorded in mice exposed to CUMS.

The hippocampus, one of the most studied neural targets of

stress and antidepressants (Lucassen et al. 2014; Wain-

wright and Galea 2013), was specifically examined and

assessed in this study. It was found that musk alleviated the

CUMS-induced histopathologic changes in the hippocam-

pus, including neuronal atrophy and a reduced number of

astrocytes and neuro- and glial apoptosis. Musk-induced

changes were comparable to those with fluoxetine, the

selective serotonin reuptake inhibitor (SSRI) antidepressant

that was used in this study as a positive control for phar-

macological validation.

Depression symptoms were frequently reported to be

associated with disturbed glucocorticoid secretion in

patients with depression as well as in many animal models

of depression so dysfunction of the hypothalamic-pituitary-

adrenal (HPA) axis was investigated by assessing the

serum corticosterone level (Zunszain et al. 2011). In this

study, CUMS resulted in a significant increase in the serum

corticosterone level, which indicated hyperactivity in the

HPA axis. Many previous studies reported similar findings

(Mizuki et al. 2014). Liu et al. (2014) reported a reduced

corticosterone level after fluoxetine administration in

stressed mice. Fukui et al. (2007) also reported that musk

decreased cortisol levels in males, and they deduced that

the musk odor can attenuate stress. Their study findings

supported our findings. It seems that an elevated corticos-

terone level is one of the causes behind the hippocampal

neuronal atrophy observed in this study, as Warner-Sch-

midt and Duman (2006) reported that repeated stress as

well as glucocorticoid administration was the result of

atrophy of the CA3 pyramidal neurons. Liston et al. (2013)

also reported that excessive glucocorticoid exposure during

chronic stress causes synapse loss. The BDNF, which is

extensively studied in stress and depression research

(Monteggia 2007), plays an important role in dendritic

remodeling in the hippocampus (McEwen et al. 2015).

Fig. 7 BDNF mRNA (a) and GR mRNA (c) expression levels in the

hippocampus of the studied groups assessed by quantitative RT-PCR.

Data are expressed as mean ± SD (n = 10). BDNF protein (b) and
GR protein (d) expression levels in the hippocampus assessed by

ELISA and expressed as percent of control value ± SD. #Signif-

icance versus control, *significance versus CUMS. CUMS chronic

unpredictable mild stress, FLU, fluoxetine, M musk
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Atrophy of the hippocampal neurons was reported in mice

exposed to chronic stress (Duman 2004) as well as in mice

with heterozygous deletion of BDNF (Egan et al. 2003).

In this study, the BDNF immunohistochemical expres-

sion on hippocampal neurons was reduced, which could be

attributed to its gene and hence its protein expression.

Finally, reduced BDNF seems to be another cause of hip-

pocampal neuronal atrophy observed in this study.

A selective immune marker, GFAP, was used in this

study to assess the number and integrity of astrocytes in the

hippocampus as described by Webster et al. (2001). The

number of GFAP-positive astrocytes was found to be

markedly reduced in both the CA3 and DG of the CUMS

mice. This is consistent with what was described by

Bowley et al. (2002) during their post-mortem studies of

tissues from patients with depression as well as with the

finding of the study done by Li et al. (2014) on stressed

rats. Banasr and Duman (2008) have postulated that

reduced GFAP expression in astrocytes is a contributing

factor for developing depression symptoms. Fluoxetine, as

an antidepressant, was reported to prevent the reduction of

GFAP expression as well as glial atrophy (Liu et al. 2014).

This was evident in this study, and musk induced a similar

effect as FLU. The apoptotic effect of CUMS on hip-

pocampal neurons was previously reported (Yu et al.

2014), and this effect was also confirmed in this study

using the caspase-3 antibody. This anti-apoptotic effect of

the antidepressants was previously reported in many stud-

ies (Lucassen et al. 2004). Administration of FLU and

musk reduced the CUMS-induced apoptotic changes in the

hippocampus.

A decreased number of proliferating neurons in the SGZ

of the DG after exposure to CUMS was previously reported

(Alonso et al. 2004). Lucassen et al. (2010) attributed

stress-induced reductions in proliferation to apoptosis of

progenitor cells or to cell cycle arrest. Reduced neuroge-

nesis in the SGZ of the dentate gyrus as well as increased

apoptosis of hippocampal neurons seems to be behind the

reduction in hippocampal volume reported by Sahay et al.

(2007) and behind the reduction in thickness of the CA3

pyramidal layer and DG granular cell layer observed in this

study. Chronic antidepressant treatment was reported to

prevent the downregulation of neurogenesis caused by

chronic mild stress in mice (Alonso et al. 2004). New cell

birth is necessary for the behavioral actions of these agents

in selected rodent models (Banasr et al. 2011).

GR signaling may be a pivot of depression and the

antidepressant effect. The acute glucocorticoid increase

occurring in response to stress acted as a beneficial effect to

keep the body away from harmful injury. Glucocorticoid

acts via activation of GR and release of corticotrophin-

releasing hormone (CRH), which in turn decreases the

corticosterone secretion (Pariante and Miller 2001). In

chronic stress, glucocorticoid hypersecretion decreases the

GR levels and impairs HPA axis negative feedback; sub-

sequently, damage occurs (Yi et al. 2012). The alteration of

GR expression in the hippocampus was reported in human

depression patients as well as depressive animal models

(Anacker et al. 2011). Antidepressants could recover

impaired feedback inhibition by regulating GR levels

(mRNA and protein) in the brain, especially in the hip-

pocampus (Wu et al. 2013). Notably, some reports showed

that glucocorticoid/GR can influence BDNF expression and

BDNF-mediated neuronal functions (Kumamaru et al.

2011). In this study, downregulation of GR mRNA and

protein was recorded after exposure to CUMS for 4 weeks.

FLU and musk could upregulated its level.

It was reported that psychosocial stressors are associated

with activation of the sympathetic nervous system with

subsequent secretion of catecholamines, which increase

NF-kappa B activity in macrophages and induce the release

of proinflammatory cytokines such as IL-6 and mitogen-

activated protein kinase ERK-1/2 in the hippocampus and

prefrontal cortex (Patki et al. 2013). Sustained stress and

the subsequent release of proinflammatory cytokines lead

to chronic neuroinflammation, which contributes to

depression. On the other hand, neuroinflammation causes

an imbalance between oxidative stress and the antioxidant

system, which is also associated with depression (Kim

et al. 2016). Elevated proinflammatory cytokine levels and

hippocampal glucocorticoid receptor (GR) functional

resistance are among the most widely investigated factors

in the pathophysiology of depression (Kim et al. 2016).

Concerning the correlation between the action of FLU,

the SSRI used in this study, and that of musk, it was

reported that hippocampal neurogenesis is a necessary

component of the FLU antidepressant response (Malberg

and Duman 2003; David et al. 2009). Fluoxetine increases

neurogenesis by augmenting proliferation of amplifying

neural progenitor cells in the dentate gyrus (Encinas et al.

2006). In addition, chronic treatment with FLU upregulates

BDNF (Schmidt and Duman 2006). In this study, musk

increased hippocampal neurogenesis and unregulated

BDNF in a comparable manner to FLU. In a more recent

study on the unpredictable chronic mild stress (uCMS) rat

model of depression, chronic stress was found to induce

significant molecular changes that were generally reversed

by fluoxetine. It primarily acted on neurons to reduce the

expression of proinflammatory response genes and

increased a set of genes involved in cell metabolism

(Patrı́cio et al. 2015). Musk was reported to have signifi-

cant antiinflammatory activity long ago (Morishita et al.

1987), and Lin et al. (2004) reported that musk was used

for treating inflammation in Chinese medicinal remedies.

Wang et al. (2003) concluded that part of the mechanism

underlying the antiinflammatory action of musk was
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inhibiting the chemotaxis of polymorphonuclear leuko-

cytes. Thus, the antiinflammatory action of musk could be

one of the possible mechanisms explaining its antidepres-

sant-like effect. Another suggested mechanism is the direct

action of musk through GRs, which are reported to be

abundant in the hippocampus (McEwen and Magarinos

2001). Natural musk was reported to contain steroids and

androgen sex hormone derivatives (Sokolov et al. 1986; Oh

et al. 2002), and this was consistent with what was

observed in this study as steroids accounted for up to 14 %

of musk’s constituents.

One limitation of this study is that the antiinflammatory

or antioxidant activities of musk could participate in its

antidepressive effect, but these were not investigated in this

study and will be targeted in a coming one.

In conclusion, this study showed that inhalation of musk

had an antidepressant-like effect in an animal model of

depression. Musk alleviated the behavioral changes and

elevated serum corticosterone level induced by exposure to

chronic stress. It reduced the hippocampal neuronal apop-

tosis and stimulated neurogenesis in the dentate gyrus.

Therefore, musk might be considered a potential antide-

pressant, and its action may be related to the upregulation

of hippocampal GR and BDNF expressions.
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