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Maternal separation in the developmental stage has a negative influ-
ence on brain development and causes depression. The extracellular 
ligand, Wnt, and its receptors play an important role in axis formation 
and neural development. Exercise inhibits apoptosis, increases cell 
proliferation, and exerts antidepressive effect. In this study, the effect of 
treadmill exercise on the maternal separation-induced depression was 
investigated in the aspect of Wnt signaling pathway. The maternal sep-
aration started on the postnatal day 14. The rat pups in the exercise 
groups were forced to run on a treadmill for 30 min once a day from 
postnatal day 21 to postnatal day 34. The rat pups in the maternal sepa-
ration and fluoxetine-treated group were intraperitoneally injected with 
5-mg/kg fluoxetine once a day from postnatal day 21 to postnatal day 
34. Forced swimming test was performed to evaluate the depression 
level. Western blotting was performed for the expressions of Wnt sig-

naling ligands, Wnt2 and Wnt3a, and Wnt signaling inhibitors, Dkk1, and 
sFRP3. Maternal separation showed depressive behaviors in the forced 
swimming test. Treadmill exercise alleviated depressive behaviors in 
the maternal separation rat pups. Expressions of Wnt2 and Wnt3a were 
decreased by maternal separation. Treadmill exercise alleviated mater-
nal separation-induced reduction of Wnt2 and Wnt3a expressions. Ex-
pressions of Dkk1 and sFRP3 in the hippocampus were increased by 
maternal separation. Treadmill exercise alleviated maternal separa-
tion-induced reduction of Dkk1 and sFRP3 expressions. Our study 
demonstrated that treadmill exercise activates Wnt signaling pathway, 
and then exerted antidepressive effect.
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INTRODUCTION

Maternal separation in the developmental stage has a negative 
influence on brain development and causes depression (Baek et al., 
2012; Marais et al., 2008). Animal model of maternal separation 
has been used to investigate certain mental disorders, such as de-
pression (Baek et al., 2012; Marais et al., 2008).

The extracellular ligand, Wnt, and its receptors are involved in 
sign al transduction and they play an important role in axis for-
mation and neural development. Wnt signaling pathway consti-
tutes many signaling molecules and regulates a variety of life phe-

nomena by controlling the expression of many genes (Freese et al., 
2010). Abnormal regulation of the Wnt signaling pathway is as-
sociated with the number of neurological disorders (De Ferrari 
and Moon, 2006; Inestrosa and Varela-Nallar, 2014). Wnt2 and 
Wnt3 exert antidepressive effect (Okamoto et al., 2010). Antide-
pressant treatment increased the expression of Wnt2 and Wnt3 in 
the hippocampus (Zhou et al., 2016). 

Wnt antagonists are divided into 2 functional classes, such as 
the Dickkopf (Dkk) and the secreted frizzled-related protein 
(sFRP). Wnt inhibitors, Dkk1 and sFRP3, negatively regulate 
hippocampal neurogenesis during development. Mice exposed to 
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mild restraint stress showed increased level of Dickkopf-1, an en-
dogenous inhibitor of Wnt signaling, in the hippocampus (Ma-
trisciano et al., 2011). Deletion of Dickkopf-1 restores neurogene-
sis and counteracts cognitive decline in old age (Seib et al., 2013). 
The naturally secreted Wnt signaling inhibitor, sFRP3, is an es-
sential mediator of antidepressive action. Jang et al. (2013b) 
showed that administration of antidepressant reduced sFRP3 
mRNA level, and sFRP3 knockout mice showed a decrease in de-
pressive behaviors.   

Exercise inhibits apoptosis, increases cell proliferation, and ex-
erts antidepressive effect (Baek et al., 2012; Cho et al., 2018; Lee 
and Baek, 2017; Lee et al., 2018). Postnatal treadmill exercise al-
leviated maternal separation-induced depression by suppressing 
neuronal cell death and by enhancing cell proliferation in the hip-
pocampus (Baek et al., 2012). Exercise activates the Wnt signal-
ing pathway, leading to improvement of short-term memory (Cho 
et al., 2018).

In the present study, we investigated the effect of treadmill ex-
ercise on the maternal separation-induced depression in the aspect 
of Wnt signaling pathway. For this study, the expressions of Wnt 
signaling ligands, Wnt2 and Wnt3a, and Wnt signaling inhibi-
tors, Dkk1 and sFRP3, in the hippocampus were determined.

MATERIALS AND METHODS

Animals and treatments 
This experiment study was approved by the Institutional Care 

and Use Committee of Kyung Hee University (KHUASP[SE]- 
16-108). On the postnatal day 14, the rat pups were divided into 
one of the five groups: the maternal care group, the maternal care 
and exercise group, the maternal separation group, and the mater-
nal separation and exercise group, maternal separation and fluoxe-
tine-treated group (n=8 in each group). The rat pups in the ma-
ternal care groups were housed with their respective mothers un-
der the standard conditions, while the rat pups in the maternal 
separation groups were housed individually. The process of mater-
nal separation started on the postnatal day 14. The rat pups in the 
exercise groups were forced to run on a treadmill for 30 min once 
a day from postnatal day 21 to postnatal day 34. The exercise load 
consisted of running at 2 m/min for the first 5 min, at a speed of 
5 m/min for the next 5 min, and then at 8 m/min for the last  
20 min without inclination. The rat pups in the maternal separa-
tion and fluoxetine-treated group were intraperitoneally injected 
with 5-mg/kg fluoxetine once a day from postnatal day 21 to 
postnatal day 34.

Forced swimming test
In order to evaluate the depression level of the rat pups, forced 

swimming test was performed, as previously described method 
(Cho et al., 2017; Moon et al., 2018). On postpartum day 30, the 
rat pups conducted a pretest for 15 min to eliminate the acute 
stress by water and to adapt the animals to the water. Twenty-four 
hours after the pretest, the rat pups were tested for 6 min. The an-
imals were placed individually into the glass cylinder 20 cm in 
diameter and 90 cm in height, filled with water to a height of 75 
cm. The temperature of the water was adjusted to 25°C±1°C. 
During the test session, the climbing time and immobility time 
were analyzed using a Smart version 2.5 video tracking system 
(Panlab, Barcelona, Spain). Resting was defined when no addi-
tional activity was observed other than the actions needed to keep 
the rat’s head above the water. Fasting was defined when the rat 
was in an active vertical motion with its forelegs above the water 
level.

Western blot analysis
Western blotting for the expressions of Wnt2, Wnt3a, Dkk1, 

and sFRP3 was performed, as previously described method (Cho 
et al., 2018; Moon et al., 2018). Tissue samples harvested from 
the hippocampus were lysed in the protein lysis buffer containing 
50 mM Tris-HCI (pH, 7.5), 150 mM NaCl, 0.5% deoxycholic 
acid, 1% nonidet-P40 (NP40), 0.1% sodium dodecyl sulfate 
(SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 100-
μm/mL leupeptin. Protein concentration was measured using a 
colorimetric protein assay kit (Bio-Rad, Hercules, CA, USA). Pro-
tein of 40 µg was separated on SDS-polyacrylamide gels and 
transferred onto a nitrocellulose membrane (Schleicher & Schuell 
GmbH, Dassel, Germany). Anti-rabbit Wnt2 antibody (1:1,000; 
Abcam, Cambridge, MA, USA), anti-ribbit Wnt3a antibody 
(1:1,000; Millipore, Billerica, MA, USA), anti-ribbit Dkk1 anti-
body (1:1,000; Abcam), and anti-ribbit SFRP3 antibody (1:1,000; 
LSbio LSBio, Seattle, WA, USA) were used as the primary anti-
bodies. For the secondary antibodies, peroxidase anti-rabbit IgG 
antibody (1:2,000; Santa Cruz Biotechnology Inc., Santa Cruz, 
CA, USA) was used. Band detection was performed using as en-
hanced chemiluminescence detection system (Amersham Pharma-
cia Biotech GmbH, Freiburg, Germany). Detected bands were 
calculated densitometrically using Image-Pro Plus software (Me-
dia Cybernetics Inc., Silver Spring, MD, USA).

Data analysis
The results are expressed as mean±standard error of the mean. 
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IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA) was 
used for statistical analysis. For the comparison among the groups, 
one-way analysis of variance and Duncan post hoc test were per-
formed with P<0.05 as an indication of statistical significance.

RESULTS

Forced swimming test
Depression of the rat pups was determined by forced swimming 

test (Fig. 1). Immobility time was increased and fast time was de-
creased by maternal separation. Treadmill exercise and fluoxetine 
treatment decreased immobility time and increased fast time in 
the maternal separation rat pups. 

Wnt2 and Wnt3a expressions
Wnt2 and Wnt3a expressions are presented in Fig. 2. Expres-

sions of Wnt2 and Wnt3a in the hippocampus were decreased by 
maternal separation. Treadmill exercise and fluoxetine treatment 
increased Wnt2 and Wnt3a expressions in the maternal separa-
tion rat pups. 

  
Dkk1 and sFRP3 expressions

Dkk1 and sFRP3 expressions are presented in Fig. 3. Expres-
sions of Dkk1 and sFRP3 in the hippocampus were increased by 
maternal separation. Treadmill exercise and fluoxetine treatment 

Fig. 1. Immobility time (upper panel) and fast time (lower panel) in the forced 
swimming test. A, maternal care group; B, maternal care and exercise group; C, 
maternal separation group; D, maternal separation and exercise group; E, ma-
ternal separation and fluoxetine-treated group. *P< 0.05 compared to the ma-
ternal care group. #P< 0.05 compared to the maternal separation group.
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Fig. 2. Upper panel: Presentative expressions of Wnt2 and Wnt3a. Middle 
panel: The relative expression of Wnt2 in each group. Lower panel: The rela-
tive expression of Wnt3a in each group. A, maternal care group; B, maternal 
care and exercise group; C, maternal separation group; D, maternal separation 
and exercise group; E, maternal separation and fluoxetine-treated group. 
*P< 0.05 compared to the maternal care group. #P< 0.05 compared to the ma-
ternal separation group.
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decreased Dkk1 and sFRP3 expressions in the maternal separation 
rat pups. 

DISCUSSION

Maternal separation is known to induce depression-related be-
haviors (Baek et al., 2012; Marais et al., 2008). Baek et al. (2012) 
demonstrated that postnatal treadmill exercise or fluoxetine treat-
ment alleviated depressive symptoms by enhancing 5-hydroxy-

triptamine (serotonin) and tryptophan hydroxylase expressions in 
the dorsal raphe. Voluntary exercise reduced depression-like and 
anxiety-like behaviors in the restrained rats (Lapmanee et al., 
2013). 

In the present study, maternal separation rat pups showed de-
pressive behaviors in the forced swimming test. However, tread-
mill exercise alleviated depressive behaviors induced by maternal 
separation in the rat pups.

Wnt2 expression was upregulated by selective serotonin re-
uptake inhibitors (Okamoto et al., 2010). Administration of flu-
oxetine increased Wnt3a expression in the hippocampus (Pinnock 
et al., 2010). Bayod et al. (2014) showed that the Wnt signaling 
pathway is activated by moderate exercise. Expressions of Wnt2 
and Wnt3 in the hippocampus were suppressed by stress (Zhou et 
al., 2016). Zhou et al. (2016) demonstrated that knockdown of 
Wnt2 or Wnt3 in the hippocampus abolished the antidepressant 
effect of fluoxetine. Treadmill exercise increased Wnt3 expression, 
and then facilitated neurogenesis in the hippocampus (Kim et al., 
2016). Treadmill exercise ameliorated reduction of Wnt3 expres-
sion in the cerebral palsy rat pups (Cho et al., 2018). 

In the present study, expressions of Wnt2 and Wnt3a were de-
creased by maternal separation. However, treadmill exercise alle-
viated maternal separation-induced reduction of Wnt2 and Wn-
t3a expressions.

Dkk and sFRP are Wnt inhibitors, and they antagonize Wnt 
signaling pathway by preventing ligand-receptor interaction or by 
inhibiting Wnt receptor maturation (Cruciat and Niehrs, 2013). 
Dkk-1 is a secreted protein that negatively regulates Wnt path-
way, and Dkk-1 is related to the process of neurodegeneration 
(Caraci et al., 2008). Exercise reduced Dkk1 level in the rat hip-
pocampus (Bayod et al., 2014). Jang et al. (2013b) demonstrated 
that deletion of sFRP3 reduced depression-related behavioral re-
sponses in the tail suspension test and forced swimming test. Sup-
pression of sFRP3 activity increased Wnt signaling pathway and 
then activated neurogenesis (Jang et al., 2013a). sFRP molecules 
have a more pleiotropic impact on the Wnt signaling cascade, and 
sFRP is associated with the occurrence and progression of Alzhei-
mer disease (Warrier et al., 2016). 

In the present study, expressions of Dkk1 and sFRP3 in the 
hippocampus were increased by maternal separation. However, 
treadmill exercise alleviated maternal separation-induced reduc-
tion of Dkk1 and sFRP3 expressions.

The present results showed that treadmill exercise ameliorated 
maternal separation-induced depressive-behaviors. The reducing 
effect of exercise on depression was achieved through enhancing 

Fig. 3. Upper panel: Presentative expressions of Dkk1 and sFRP3. Middle pan-
el: The relative expression of Dkk1 in each group. Lower panel: The relative ex-
pression of sFRP3 in each group. A, maternal care group; B, maternal care and 
exercise group; C, maternal separation group; D, maternal separation and ex-
ercise group; E, maternal separation and fluoxetine-treated group. *P< 0.05 
compared to the maternal care group. #P< 0.05 compared to the maternal sep-
aration group.
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Wnt2 and Wnt3a expressions and suppressing Dkk1 and sFRP3 
expressions. Our study demonstrated that treadmill exercise acti-
vates Wnt signaling pathway, and then exerted antidepressive ef-
fect.
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