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Abstract. The aim of the current study was to examine the effects of chronic cholecalciferol administration (1.0, 2.5 
or 5.0 mg/kg/day, s.c., once daily, for 14 days) on the anxiety-like and depression-like behaviors following long-term 
ovariectomy (12 weeks) in female rats. Cholecalciferol was administered to the ovariectomized (OVX) rats and OVX 
rats treated with 17β-estradiol after long-term absence of estrogen (17β-E2, 0.5 µg/rat, s.c., once daily, for 14 days). 
Anxiety-like behavior was assessed in the elevated plus maze (EPM), depression-like behavior was assessed in the forced 
swimming test (FST), locomotor and grooming activities were assessed in the open field test (OFT). The treatment with 
cholecalciferol (1.0 mg/kg/day, s.c.) in the OVX rats after long-term absence of estrogens induced antidepressant-like 
effect (p<0.05). Moreover, cholecalciferol in this dose plus 17β-E2 more markedly exhibited antidepressant-like effect in 
the OVX rats after long-term ovariectomy (p<0.05). The OVX rats treated with cholecalciferol at doses of 1.0 mg/kg and 
2.5 mg/kg demonstrated a decrease of anxiety-like behavior in the EPM. The combination of cholecalciferol at doses of 
1.0 and 2.5 mg/kg with a low dose of 17β-E2 more effectively decreases anxiety-like behavior in the OVX rats after long-
term estrogen deficiency than17β-E2 alone. This work promotes more effective creation of novel therapeutic targets and 
strategies for affective-related disorders treatment in female subjects with long-term estrogen deficiency.

Introduction

Affective-related disorders are disabling conditions, 
which often leads to significant personal, societal, and 
economic costs (Soares, Maki, 2010; Soares, 2013). It 
is well-known that women are more vulnerable than 
men for development of mood disorders (Kronke et al., 
2007; Martin-Merino et al., 2010). In fact, the onset or 
exacerbation of mood disturbances has been associated 
to menopause (Burger, 2008; Bromberg et al., 2013). 
Hormone replacement therapy (HRT) has been widely 
available and used to ameliorate physiological and 
behavioral alterations in the postmenopausal women 
(Vera, Rada, 2002). However, HRT accepted as the gold 
standard for estrogen replacement during menopause, 
alternative and additional treatments that are more 
effective are continuously being sought (Scheid et al., 
2010). Considering the wide use of complementary and 
alternative medications such as vitamin supplements 
in menopausal patients and our insufficient knowledge 
about the interaction between hormone replacement 
therapy and vitamin supplements, investigating the 
subject from a preclinical experimental studies seems very 
beneficial (Peng et al., 2016). 

Vitamine D (VD) can be one of such candidate 
substance as additional supplementation for treatment of 
affective-related disorders in women with an imbalance of 
estrogens. In addition to its classic role in bone metabolism, 
VD may also have many potential non-skeletal functions 
(Stewart et al., 2010; Kesby et al., 2011; Wrzosek et al., 

2013). VD has important functions in the human brain 
and may play a role in affective-related disorders (Eyles 
et al., 2005; 2013). VDRs are present in multiple brain 
regions associated with depressive disorders, including 
the prefrontal cortex and hippocampus, and cells in 
many of these regions are capable of metabolizing 
25-hydroxyvitamin D to the biologically active metabolite 
1,25-dihydroxyvitamin D (Eyles et al., 2014). Animal 
studies have suggested that VD may increase the synthesis 
and/or metabolism of neurotransmitters, including 
serotonine, dopamine and norepinephrine (Wang et al., 
2001; Patrick et al., 2014). Taking into account the potential 
therapeutic role of VD in mood disorders, we designed 
the present study to determine the therapeutic effects of 
VD as an adjunctive therapy alone or in a combination 
with low dose of 17β-estradiol on anxiety- and depression-
like behaviors of female rats after long-term absence of 
estrogen. In rats, long-term absence of ovarian hormones 
induced by ovariectomy has been proposed as an early 
model of postmenopause (Bosee, Di Paolo, 1995). It was 
found that rats with 12-weeks postovariectomy showed 
greater parameters of anxiety- and depression-like states 
than rats with 3 weeks postovariectomy (Picazo et al., 2006; 
Estrada-Camarena et al., 2017). Thus, the rats with chronic 
absence of ovarian hormones induced by long-term 
ovariectomy might reflect mood disturbances typical of 
human menopause (Picazo et al., 2006). Thus, it is a great 
interest to evaluate the effects of repeated cholecalciferol 
administration on affective-related behavior in the adult 
female rats with long-term estrogen deficiency. 
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The aim of the present study was to determine if repeated 
systemic treatment with cholecalciferol affected anxiety- 
and depression-related behaviors in female rats after long-
term ovariectomy. Moreover, it is interesting to clarify 
whether after repeated treatment of cholecalcifeol, its 
effects on affective-related behavior may be determined 
and depended from the hormonal state of female rats (low 
estrogen level or 17β-estradiol application). Therefore, 
another aim of this work was to investigate whether 
repeated combined treatment with cholecalciferol plus 
17β-estradiol (17β-E2) could affect on anxiety- and 
depression-related behaviors more than 17β-E2 alone in 
female rats after long-term ovariectomy. 

Materials and Methods 

Animals 

The study used 288 of the adult (3 months old) female 
Wistar line rats (purchased from «Biocollection of I.P. 
Pavlov Institute of Physiology of the Russian Academy 
of Sciences», Koltushi, St. Petersburg, Russia) weighing 
180-200 g at the start of the experiment. For at least a week 
prior to the experiment, the adult rats were housed six to a 
cage under standard environmental conditions: constant 
temperature of 23 ± 1°C, 60% humidity, 12-h light/dark 
cycle (light on at 8:00 a.m.), food and water ad libitum. 
All animals were gently handled by experienced animal 
facility staff each day for a week prior to experimental 
procedures. Any environmental or physical stress was 
avoided in order to habituate the rats to manipulation. 
Animals were randomly assigned to experimental groups 
and were used only once in the behavioral experiments. 
The behavioral tests were conducted between 09:00 
a.m. and 01:00 p.m. Experiments were carried out in a 
soundproof and air-regulated experimental room, to 
which animals were habituated at least 30 min before 
each test. All experiments were carried out in accordance 
with the Guide for Care and Use of Laboratory Animals, 
published by the National Institute of Health (National 
Research Council, publication No. 85–23, revised in 1996, 
and the Animal Welfare Assurance Renewal for the I.P. 
Pavlov Institute of Physiology, approved by the Scientific 
Research Committee of the Institute (protocol 1095/1 from 
June 25, 2012). The rationale, design, and methods of 
this study were approved by the Ethical Committee for 
Animal Research, I.P. Pavlov Institute of Physiology of the 
Russian Academy of Sciences.

Long-term ovariectomy 

In rats, long-term absence of ovarian hormones during 
12 weeks induced by ovariectomy has been proposed as 
an early model of postmenopause (Bosee, Di Paolo, 1995). 
In the present study, female rats for chronic experiment 
were subjected by long-term ovariectomy. The female 
rats were anesthetized with a mixture of ketamine/
xylazine (ketamine: 70 mg/kg b.w. and xylazine: 10 mg/
kg b.w., i.p.) and bupivacaine (0.25% solution: 0.4 ml/kg 
b.w.) was applied topically as analgesic. The non-steroidal 

anti-inflammatory drug meloxicam (1 mg/kg b.w.) was 
injected subcutaneously. Following disinfection of the 
skin (with alcohol and betadine), a dorsal midline skin 
incision was made caudal to the posterior of the ribs. 
Using blunt dissection to tunnel subcutaneously, lateral to 
the skin incision, the muscles of the posterior abdominal 
wall were separated in order to expose the abdominal 
cavity. The ovary is 1-2 cm located in a fat pad beneath 
the muscles. The periovarian fat was grasped to lift and 
exteriorize the ovary. The fallopian tube was crushed and 
the ovary was removed by cutting above the clamped 
area. The skin incision was closed using wound clips. 
Animal Welfare Assurance Renewal for Pavlov Institute of 
Physiology oversee the entire surgical process, including 
post-operative care prior to shipment. The effectiveness 
of castration or exogenous administration of 17β-estradiol 
(17β-E2) was controlled by vaginal smears. Following 
ovariectomy, ovariectomized (OVX) females were placed 
in a community cage with free access to food and water. 
After the surgery and to assure the long-term absence of 
ovarian hormones, the rats were returned to the housing 
facilities for 12 weeks. After this time period, the rats 
were randomly assigned to each of the experimental 
groups accordingly to their age and subjected to solvent, 
cholecalciferol or 17β-E2 treatments.

Drugs 

The estrogen, 17β-E2 (E-8875, Sigma Chemical Co) was 
dissolved in sterile sesame oil. Cholecalcirefol (C-9756, 
Sigma Chemical Co) was dissolved in 95% ethanol, 
aliquoted and stored at -800C. The stock of cholecalciferol 
was diluted in a sterile water, resulting in a solution of 
cholecalciferol with 2% ethanol. 17β-E2 was injected 
subcutaneously (s.c.) at a dose of 0.5 µg/rat. Ovariectomy 
markedly decreases estrogen level and 17β-E2 receptor 
activity in the different structures of the brain (Stanzione 
et al., 1984; Pick et al., 1995). In this connection, a low dose 
of 17β-E2 may play a trigger role in activation of 17β-
E2 receptors at the hypoestrogenic syndrome (Picazo 
et al., 2006). Thus, we used a low dose of 17β-E2 in our 
present study. The low dose of 17β-E2 (0.5 µg/rat, s.c.) was 
chosen from the studies performed by Estrada-Camarena 
and co-workers (Estrada-Camarena et al., 2003, 2004). 
Cholecalcirefol was injected subcutaneously (s.c.) at three 
different doses (1.0, 2.5 or 5.0 mg/kg/day). Three doses of 
cholecalciferol were chosen from the behavioral study 
performed by Idrus and co-workers (Idrus et al., 2013). All 
solutions were freshly prepared before each experimental 
series. All preparations were administered in a volume 
of 0.1 ml. Following 12 weeks after ovariectomy, 
cholecalciferol, 17β-E2 and oil solvent were injected once 
daily for 14 days. The adult OVX females were 6.5 months 
old at the onset of pharmacological treatments. 

Experimental groups  

In our previous studies (data are not shown), we did not 
find any significant differences between control intact 
(sham-operated) rats treated with oil solvent and intact 
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(sham-operated) females treated with sterile water with 
2% ethanol as solvent for cholecalciferol in behavioral 
tests for measurement of anxiety- and depression-like 
states (data are not shown). Since, we did not found any 
differences between control groups of intact females with 
oil solvent and solvent for cholecalciferol, we used only 
one control intact (sham-operated) group with oil solvent.

Twelve weeks after ovariectomy, the adult OVX female 
rats were randomly assigned to each of the experimental 
groups and subjected to the different treatments. All 
female OVX and intact rats were divided into 12 groups 
(n=8 per group) for each behavioral tests. The first group 
consisted of intact (sham-operated) female rats (control) 
daily treated with oil solvent (control + solvent). The 
three other groups were of intact (sham-operated) female 
rats which received cholecalciferol at a daily dose of 
1.0 mg/kg, s.c. (intact rats + cholecalciferol 1.0 mg/kg), 
cholecalciferol at a daily dose of 2.5 mg/kg, s.c. (intact 
rats + cholecalciferol 2.5 mg/kg) or cholecalciferol at a 
daily dose of 5.0 mg/kg, s.c. (intact rats + cholecalciferol 
5.0 mg/kg). The next two groups were of OVX female rats 
received the oil solvent daily (OVX + solvent) and OVX 
rats treated with 17β-E2 at a daily dose of 0.5 µg/rat, s.c. 
(OVX + 17β-E2). The other groups consisted of the OVX 
female rats treated with cholecalciferol at a dose of 1.0 mg/
kg (OVX rats + cholecalciferol 1.0 mg/kg), OVX female rats 
treated with cholecalciferol at a dose of 2.5 mg/kg (OVX 
rats + cholecalciferol 2.5 mg/kg), OVX female rats treated 
with cholecalciferol at a dose of 5.0  mg/kg (OVX rats + 
cholecalciferol 5.0 mg/kg), OVX female rats treated with 
cholecalciferol at a dose of 1.0 mg/kg plus 17β-E2 (OVX 
rats + cholecalciferol 1.0 mg/kg + 17β-E2), OVX female rats 
treated with cholecalciferol at dose of 2.5 mg/kg plus 17β-
E2 (OVX rats + cholecalciferol 2.5 mg/kg + 17β-E2), and 
OVX female rats treated with cholecalciferol at a dose of 
5.0 mg/kg plus 17β-E2 (OVX rats + cholecalciferol 5.0 mg/
kg + 17β-E2). 

To summarize the treatment workflow, after induction 
of the experimental model of estrogen deficiency, the OVX 
rats were left to recover for 12 weeks. After that time, the 
adult OVX female rats began daily injections for 14 days 
with either cholecalciferol, 17β-E2 or oil solvent. One hour 
after the last injection, testing in the forced swimming 
test (FST) and the open field test (OFT) was carried out 
as described below. During all behavioral tests, the 
experimental groups of the adult OVX rats were also 
treated with cholecalciferol, 17β-E2 or solvent.  

Behavioral tests 

Before testing, animals were handled daily for 1 week. 
Behavioral experiments were carried out in a soundproof 
and air-regulated experimental room, to which animals 
were habituated, at least 30 min before each test. Any 
environmental or physical stress were avoided in order 
to habituate the rats to manipulation for behavioral tests. 
The apparatus used in all behavioral experiments were 
thoroughly cleaned after each test session with a cleaning 
solution from Vekton (Russia, with a composition of 
ammonia 0.5%, ethanol 15%, extran 10%, isopropyl 

alcohol 5%, citrus aromatizing 19%, and distilled water 
50.5% as v/v%).  

Forced swimming test 

To investigate the changes in depression-like behavior, all 
experimental groups of OVX female rats with long-term 
absence of estrogen were subjected to an adapted version 
of the forced swimming test (FST) (Porsolt et al., 1978). A 
cylindrical container (height 60 cm; diameter 20 cm) was 
filled with 23 ± 2 0C water up to a level of 30 cm. In the 
first session (day 1, pretest), rats were placed in water for 
a 15 min assessment. Then, they were removed from the 
water and allowed to dry in a heated room before being 
returned to their home cages. Twenty-four hours later 
(day 2, test), rats were put back into the cylinder for 5 min 
and latency and duration of immobility behavior (floating 
in the water with only movements necessary to keep the 
head above water) were measured by an observer blind to 
the rat treatment. Since pharmacologically psychotropic 
drugs affect different patterns of active behavior in the 
FST, swimming behavior (active swimming movements 
around cylinder) and climbing behavior (active 
movements with forepaws usually directed towards the 
walls) were also scored. A video camera was installed 
above the cage to record the activity of the rats. Two 
independent observers measured the behavioral variables.  

Elevated plus maze test  

To investigate the changes in anxiety-like behavior, 
control intact (sham-operated) rats and all experimental 
groups of OVX female rats with long-term absence of 
estrogen were subjected to the elevated plus maze test 
(EPM) (Pellow, File, 1986). EPM is a widely used test of 
anxiety-like behavior and was used to assess an anxiety-
like behavioral responses (Pellow, File, 1986). This test is 
sensitive to putative anxiogenic-like and anxiolytic-like 
drugs (Menzaghi et al., 1994). It is designed to present 
the animal with a conflict between its natural tendency 
to explore a novel environment and its reluctance to 
move away from the sheltering walls and into the open 
environment in which the risk of falling or exposure to 
predators is much higher. The maze was made of grey 
Plexiglas and consisted of four arms (50 cm long and 10 
cm wide); two arms had 40-cm-high dark walls (closed 
arms), and two arms had 0.5-cm-high ledges (open arms). 
In the center of the arms of EPM located cross-wise there 
was an open area in the size of 10 × 10 cm. The floor of 
the apparatus was 50 cm high. The experimental room 
was lit by a 60 Watt bulb placed 1.75 m above the central 
square of the maze (22 lx in the maze central square). For 
testing, rats were placed individually into the center of 
the maze facing a closed arm and removed after a 5-min 
period. The number of entrances and the time spent 
into the open or closed arms were registered during 
time of testing. A video camera was installed above the 
cage to record the activity of the rats. Two independent 
observers measured the behavioral variables. After each 
test session, the EPM apparatus was carefully cleaned 
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and deodorized with the Vekton cleaning solution.  

Open field test

To investigate the changes in spontaneous locomotor 
activity, grooming, and rearing, all experimental groups 
of female rats were submitted to a 5-min period to the 
open field test (OFT) as described previously (Fedotova et 
al., 2012). Two independent observers (blind to treatment 
groups) measured the behavioral variables. A video 
camera was installed above the cage to record the activity 
of the rats. After each test session, the OFT apparatus 
was carefully cleaned and deodorized with the Vekton 
cleaning solution.

Statistical analysis 

All values were expressed as mean ± S.E.M. Comparisons 
between values were performed using two-way ANOVA 
test with between subject factors for hormone state (OVX 

or OVX plus 17β-E2) and drug treatments followed by 
Dunnett’s test for multiple comparisons post-hoc test. 
Statistical analysis was performed using SPSS version 
11.5 software. 

Results

Effects of cholecalciferol administration on depression-
like behavior of OVX rats following long-term estrogen 
deficiency in the forced swimming test 

A two-way ANOVA revealed significant differences 
in the immobility time between hormone conditions 
([F(5,26) = 7.14, P<0.0001]), between drug treatments 
[F(5,26) = 11.09, P<0.05]), and an interaction between 
hormone condition and treatments ([F(5,26) = 12.56, 
P<0.05]) in the OVX rats with long-term estrogen 
deficiency-induced depression. The post-hoc test 
revealed differences among the groups for depression-
like behavior in the FST (p < 0.05).

Figure 1. Effects of cholecalciferol administration on depression-like behavior of ovariectomized (OVX) rats following long-
term estrogen deficiency in the forced swimming test.
 (a) – immobility time, sec; (b) – swimming time, sec; (c) – struggling time, sec. 
* - P < 0.05 as compared to the control group of sham-operated rats, # - P < 0.05 as compared to the OVX rats treated with 
solvent, ## - P < 0.05 as compared to the OVX rats treated with 17β-estradiol. Each group comprised a minimum of 8 rats. 
Cholecalciferol was given at 1.0, 2.5 or 5.0 mg/kg/day, s.c., once daily, for 14 days. 17β-Estradiol (17β-E2) was given at 0.5 µg/
rat, s.c., once daily, during 14 days. 
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The intact rats treated with cholecalciferol at doses 
of 1.0 mg/kg and 2.5 mg/kg showed no changes of 
the immobility time in the FST as compared to the 
control rats (Figure 1a, p > 0.05). The intact rats treated 
with cholecalciferol at a dose of 5.0 mg/kg showed a 
significant decrease in the immobility time as compared 
to the control rats (Figure 1a, p < 0.05). 

Long-term ovariectomy in female rats resulted in 
a significant increase of the immobility time in the 
FST as compared to the control females (Figure 1a, p 
< 0.05). The 17β-E2 supplementation (0.5 µg/kg, SC) 
caused a decrease in the immobility time in the OVX 
rats as compared to the OVX rats administered with 
solvent (Figure 1a, p < 0.05). Although, the value of this 
parameter in the OVX/17β-E2 females were lower than 
that of the OVX treated with solvent rats, it did not reach 
the value of control rats.

The OVX rats treated with cholecalciferol at a dose of 
1.0 mg/kg showed a significant decrease the immobility 
time as compared to the OVX and intact rats given with 
solvent (Figure 1a, p < 0.05). On the contrary, the OVX 
rats treated with cholecalciferol at a dose of 2.5 mg/kg 
showed an increase in the immobility time as compared 
to the OVX and intact rats given with solvent (Figure 1a, 
p < 0.05). Cholecalciferol treatment (5.0 mg/kg) failed to 
modify immobility time in the FST as compared to the 
OVX/solvent rats (Figure 1a, p > 0.05).

Administration of cholecalciferol at a dose of 1.0 
mg/kg in combination with 17β-E2 more significantly 
decreased the immobility time for the OVX rats as 
compared to the intact, OVX females treated with 
oil solvent or 17β-E2 (Figure 1a, p<0.05). Combined 
administration of cholecalciferol at doses of 2.5 and 
5.0 mg/kg and 17β-E2 in the OVX rats significantly 
decreased the immobility time, likely administration of 
17β-E2 alone as compared to the intact and OVX rats 
given with solvent (Figure 1a, p < 0.05).

The significant differences in the swimming time 
were found between hormone conditions ([F(5,26) = 5.96, 
P<0.01]), between drug treatments [F(5,26) = 9.14, P<0.05]), 
and an interaction between hormone condition and 
treatments ([F(5,26) = 15.22, P<0.01]) in the OVX rats with 
long-term estrogen deficiency-induced depression. The 
post-hoc test revealed differences among the groups for 
swimming behavior in the FST (p<0.05). 

The intact rats treated with cholecalciferol at doses 
of 1.0 mg/kg and 2.5 mg/kg failed to demonstrate any 
modifications of the swimming time in the FST as 
compared to the control rats (Figure 1b, p > 0.05). The 
intact rats treated with cholecalciferol at a dose of 5.0 mg/
kg showed a significant increase in the swimming time 
as compared to the control/solvent rats (Figure 1b, p < 
0.05). 

The OVX/solvent rats showed a more significant 
decrease of the swimming time as compared to the 
control/solvent rats (p<0.05, Figure1b). Administration 
of 17β-E2 significantly increased the swimming time 
when OVX/17β-E2 rats were compared to the OVX rats 
given solvent (p<0.05, Figure 1b). However, the value of 
swimming time in the OVX treated with 17β-E2 rats was 

significant decreased compared to the control intact rats. 
The OVX rats treated with cholecalciferol at a dose of 

1.0 mg/kg showed a significant increase the swimming 
time as compared to the OVX and intact rats given with 
solvent (Figure 1b, p < 0.05). The OVX rats administered 
with cholecalciferol at a dose of 2.5 mg/kg showed a 
decrease in the swimming time as compared to the 
OVX and intact rats given h solvent (Figure 1b, p < 0.05). 
Cholecalciferol treatment (5.0 mg/kg SC) failed to alter 
swimming time in the FST as compared to the OVX/
solvent rats (Figure 1b, p > 0.05).

The combined administration of cholecalciferol at 
a dose of 1.0 mg/kg in combination with 17β-E2 more 
significantly increased the swimming time for the OVX 
rats as compared to the intact, OVX females treated with 
oil solvent or 17β-E2 (Figure 1b, p<0.05). Combined 
administration of cholecalciferol at doses of 2.5 and 5.0 
mg/kg and 17β-E2 in the OVX rats significantly elevated 
the swimming time, likely administration of 17β-E2 
alone as compared to the intact and OVX rats given with 
solvent (Figure 1b, p < 0.05).

The significant differences in the struggling time 
were found between hormone conditions ([F(5,26) = 
9.34, P<0.01]), between drug treatments [F(5,26) = 5.11, 
P<0.05]), and an interaction between hormone condition 
and treatments ([F(5,26) = 11.68, P<0.01]) in the OVX rats 
with long-term estrogen deficiency-induced depression. 
The post-hoc test revealed differences among the groups 
for struggling behavior in the FST (p<0.05). The OVX 
rats treated with cholecalciferol at a dose of 2.5 mg/kg 
showed a decrease in the struggling time as compared 
to the OVX and intact rats given with solvent (Figure 1c, 
p < 0.05). However, there were no significant changes 
in the struggling behavior in the control rats and other 
experimental groups of rats (p<0.05, Figure 1c).

Effects of cholecalciferol administration on anxiety-
like behavior of OVX rats following long-term 
estrogen deficiency in the elevated plus maze    

A two-way ANOVA revealed significant differences 
in the time spent into the open arms between hormone 
conditions (F(5,32) = 11.41, p < 0.0001), between drug 
treatments (F(5,32) = 15.07, p < 0.0001), and an interaction 
between hormone condition and treatments (F(5,32) = 
3.01, p < 0.001) in the OVX rats with long-term estrogen 
deficiency-induced anxiety. The post-hoc test revealed 
differences among the groups for anxiety-like behavior 
in the EPM (p < 0.05).

The intact rats treated with cholecalciferol at a doses 
of 1.0 mg/kg and 2.5 mg/kg showed no modification 
in the time spent in the open arms as compared to the 
control rats (Table 1, p > 0.05). The intact rats treated 
with cholecalciferol at a dose of 5.0 mg/kg showed a 
significant increase in the time spent in the open arms 
as compared to the control/solvent rats (Table 1, p < 
0.05). Long-term ovariectomy in female rats resulted in a 
significant decrease of the time spent in the open arms 
as compared to the control females (Table 1, p < 0.05). 
The 17β-E2 supplementation (0.5 µg/kg, s.c.) caused an 
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increase in the time spent in the open arms in the OVX rats 
as compared to the OVX rats administered solvent (Table 
1, p < 0.05). The OVX rats treated with cholecalciferol at 
a dose of 1.0 mg/kg and 2.5 mg/kg showed an increase 
in the time spent into the open arms in dose-dependent 
manner as compared to the OVX rats given with solvent 
(Table 1, p < 0.05). Cholecalciferol treatment (5.0 mg/kg) 
significantly decreased the time spent in the open arms 
in the OVX rats as compared to the OVX and control 
rats given solvent (Table 1, p < 0.05). Administration of 
cholecalciferol at doses of 1.0 mg/kg and 2.5 mg/kg in 
combinationwith17β-E2 more significantly increased 
the time spent in the open arms for the OVX rats as 
compared to the OVX females treated with oil solvent or 
17β-E2 (Table 1, p<0.05). The time spent in the open arms 
for OVX rats administered cholecalciferol at a dose of 
5.0mg/kg in combination with 17β-E2 was significantly 
greater than that of the OVX rats give solvent, and did 
not reach the value of control sham-operated rats (Table 
1, p < 0.05). Moreover, the values of time spent in the 
open arms of OVX rats administered with cholecalciferol 
at a dose of 5.0 mg/kg in combination with 17β-E2 were 
similar to the values for OVX rats treated with 17β-E2.

Similarly, significant differences in the number of 
entries into the open arms were found between hormone 
conditions (F(5,32) = 3.96, p < 0.01), between drug 
treatments (F(5,32) = 9.20, p < 0.001), and an interaction 
between hormone condition and treatments (F(5,32) 
= 11.22, p < 0.0001) in the OVX rats. The post-hoc test 
revealed differences among the groups for anxiety-like 
behavior in the EPM (p < 0.05). 

The intact rats treated with cholecalciferol at doses of 
1.0 mg/kg and 2.5 mg/kg showed no alteration in the 
number of entries into the open arms as compared to 
the control rats (Table 1, p > 0.05). The intact rats treated 
with cholecalciferol at a dose of 5.0 mg/kg showed a 
significant increase with respect to the number of 
entries into the open arms as compared to the control rats 
(Table 1, p < 0.05). Administration of 17β-E2 to the OVX 
rats increased the number of entries into the open arms 
as compared to the OVX rats treated with solvent (Figure 
1b, p < 0.05). The number of entries into the open arms 
was significantly higher when the OVX rats treated 
with cholecalciferol at doses of 1.0 mg/kg and 2.5 mg/kg 
were compared to the OVX rats given with solvent (Table 
1, p < 0.05). Cholecalciferol at dose of 5.0 mg/kg failed to 
change the number of entries into the open arms in the 
OVX rats as compared to the OVX solvent-receiving rats 
(Table 1, p < 0.05). Administration of doses of 1.0mg/kg 
and 2.5mg/kg in combination with 17β-E2 in the OVX 
rats more significantly increased the number of entries 
into the open arms as compared to the OVX rats treated 
with solvent or 17β-E2 (Table 1, p < 0.05). The number 
of entries into the open arms of OVX rats administered 
cholecalciferol at a dose of 5.0 mg/kg in combination 
with 17β-E2 was lower than that of the OVX rats given 
solvent, but this did not reach the value of control sham-
operated rats (Table 1, p < 0.05). Furthermore, the value 
for the number of entries into the open arms of the OVX 
rats administered cholecalciferol at a dose of 5.0 mg/kg 
plus 17β-E2 was similar to the value for OVX rats treated 
with 17β-E2.

Table 1. Effects of chronic cholecalciferol administration on anxiety-like behavior of OVX 
females and OVX females treated with 17β-estradiol in the elevated plus maze.

* - P < 0.05 as compared to the control group of sham-operated rats, # - P < 0.05 as compared to the OVX rats treated with solvent, 
## - P < 0.05 as compared to the OVX rats treated with 17β-estradiol. Each group comprised a minimum of 8 rats. Cholecalciferol 
was given at 1.0, 2.5 or 5.0 mg/kg/day, s.c., once daily, for 14 days. 17β-Estradiol (17β-E2) was given at 0.5 µg/rat, s.c., once 
daily, during 14 days. 
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Effects of Cholecalciferol administration on 
behavioral alterations of OVX rats following long-
term estrogen deficiency in the open field test    

The two-way ANOVA revealed significant differences in 
the crossing, rearing and grooming behaviors between 
hormone conditions (F(5,34) = 5.44, p<0.05), (F(5,34) = 
9.40, p<0.01), (F(5,34) = 15.34, p<0.01), between drug 
treatments (F(5,34) = 15.4, p<0.001), (F(5,34) = 11.56, 
p<0.05), (F(3,34) = 11.86, p<0.05), and an interaction 
between hormone condition and treatments (F(5,34) = 
3.79, p<0.01), (F(5,34) = 5.46, p<0.05), (F(5,34) = 4.8, p<0.05), 
in the OVX rats with long-term estrogen deficiency. The 
post-hoc test revealed differences among the groups for 
behavior in the OFT (p<0.05).  

The sham-operated female rats treated with 
cholecalciferol at a dose of 1.0 mg/kg showed a 
significant decrease of grooming as compared to the 
control rats (Table 2, p < 0.05). The post-hoc test failed 
to demonstrate any alterations in behavioral reactions 
in the intact rats treated with cholecalciferol at doses of 
2.5 mg/kg and 5.0 mg/kg as compared to the control rats 
(Table 2, p > 0.05). 

OVX rats given with solvent exhibited a significant 
decrease of grooming behavior as compared to the control 
rats (Table 2, p < 0.05). The 17β-E2 supplementation 
produced a significant increase in grooming reactions 
when these rats were compared to the OVX rats treated 
with solvent (Table 2, p < 0.05).

The post-hoc test failed to reveal any alterations 
of motor and rearing activities in the OVX rats treated 
with cholecalciferol in all tested doses as compared to 
the OVX rats (Table 2, p < 0.05). However, cholecalciferol 

administration in all doses (1.0, 2.5 and 5.0 mg/kg, s.c.) to 
the OVX rats resulted in a significant elevated frequency 
of grooming as compared to the OVX rats treated with 
solvent (Table 2, p < 0.05). 

The combination of cholecalciferol at dose of 1.0 mg/
kg and 2.5 mg/kg with 17β-E2 enhanced motor activity 
as compared to the intact control females, OVX rats 
treated with 17β-E2 or solvent. However treatment with 
cholecalciferol at a doses of 1.0 mg/kg and 2.5 mg/kg plus 
17β-E2 failed to modify grooming behavior when these 
groups of rats were compared to the OVX rats given 
solvent (Table 2, p<0.05). The values of these parameters 
in above-mentioned groups of OVX rats treated with 
cholecalciferol at doses of 1.0 mg/kg and 2.5 mg/kg in 
a combination with 17β-E2 were lower than that in the 
control or OVX rats treated with only 17β-E2. The OVX 
rats received with cholecalciferol at a dose of 5.0 mg/
kg with 17β-E2 demonstrated increase of grooming 
behavior as compared to the OVX rats given solvent or 
17β-E2 (Table 2, p< 0.05). Cholecalciferol at a dose of 5.0 
mg/kg in a combination with 17β-E2 in the OVX rats 
failed to induce any changes of locomotor activity when 
these rats were compared to the OVX rats treated with 
17β-E2 (Table 2, p > 0.05).

Discussion

We investigated the effects of chronic cholecalciferol 
treatment in different doses (1.0, 2.5, 5.0 mg/kg, s.c.) 
for 14 days on anxiety- and depression-like behaviors 
in female rats with long-term estrogen deficiency 
for 12 weeks. The results of behavioral testing for the 
anxiety- and depression-related effects of cholecalciferol 

*– p<0.05 as compared to the control group of sham-operated rats, ** – p < 0.05 as compared to the OVX rats after long-term 
absence of estrogen treated with solvent, # – p < 0.05 as compared to the OVX rats after long-term absence of estrogen treated 
with 17β-estradiol. Each group comprised a minimum of eight rats. Cholecalciferol was given at 1.0, 2.5 or 5.0 mg/kg/day, s.c., 
once daily, for 14 days. The administered dose of 17β-E2 was 0.5 µg/rat, s.c., once daily, for 14 days.

Table 2. Effects of chronic cholecalciferol administration on behavior of OVX females and OVX 
females treated with 17β-estradiol after long-term absence of estrogen in the open filed test 

during 5 min
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were compared in both OVX rats and OVX female rats 
treated with 17β-E2 with long-term estrogen deficiency. 
Simultaneously, effects of cholecalciferol treatment in 
similar doses on anxiety- and depression-like behaviors 
were carried out in intact female rats. For this purpose, 
the elevated plus maze (EPM) and forced swimming test 
(FST) were performed in this study. 

Our results showed that cholecalciferol only at a 
dose of 5.0mg/kg decreased anxiety- and depression-like 
behaviors of intact rats in the EPM and FST. The current 
study has some limitations. We did not measured the 
phase of ovary cycle in intact females. The next step will 
be assessment of cholecalciferol in different doses effects 
on depression-like behavior in female rats for all phases 
of ovary cycle. Moreover, the age influence assessment 
in ovary-intact female rats on the behavioral effects of 
cholecalciferol administered at different doses in the FST 
is also needed to be done.

Our results showed that in OVX rats following 12 
weeks of postovariectomy period, there were marked 
anxiety- and depression-like behaviors as assessed 
by EPM and FST, respectively. Although 17β-E2 
supplementation resulted in significant anxiolytic- and 
antidepressant-like effects of OVX rats with long-term 
absence of estrogen, the 17β-E2 administration was not 
able to completely diminish anxiety- and depression-like 
behaviors to the level of control intact animals. According 
to these results, we conclude that OVX rats following 12 
weeks of post-OVX period display significant affected-
related behavior, while 17β-E2 administration to the 
OVX rats attenuates the estrogen deficiency-induced 
affective-like behavior to some extent. The long-term 
effect of ovariectomy on anxiety- and depression-like 
behaviors in female rats were submitted in a standard 
behavioral tests (Okada et al., 1997; Fedotova et al., 
2004; Marshall, 2011; Fedotova, 2013; Nelly et al., 2016; 
Estrada-Camarena et al., 2017). 

In the FST, we found that cholecalciferol at dose of 1.0 
mg/kg/day per se had a significant antidepressant-like 
effect in the OVX rats following long-term ovariectomy. 
On the contrary, cholecalciferol at dose of 2.5 mg/kg/
day SC exhibited a prodepressant-like effect in the OVX 
rats with long-term absence of estrogen. Interestingly, 
cholecalciferol administered at a dose of 5.0 mg/kg SC 
failed to modify depression-like behavior in these OVX 
females. In the EPM, we found that cholecalciferol at 
doses of 1.0 and 2.5 mg/kg per se had a significant 
anxiolytic-like effect in the OVX rats with long-term 
absence of estrogen. Simultaneously, cholecalciferol 
treatment in all tested doses similarly increased 
grooming and did not change locomotor activity of 
the OVX rats after long-term ovariectomy, however, its 
effects on the manifestation for anxiety- and depression-
like behaviors of these rats were completely different 
in the EPM and FST. These data suggested that the 
completely different effects of cholecalciferol application 
at doses of 1.0, 2.5 and 5.0 mg/kg (antidepressant-like 
effect and prodepressant-like effect) in the OVX rats 
with long-term absence of estrogen on depression-like 
behavior in the FST did not associated with its effects 

on behavioral reactions in the OFT. The obtained data 
generally confirmed the anxiolytic- and antidepressant-
like activities of cholecalciferol in the OVX females with 
long-term absence of estrogen and indicates that the 
effects of cholecalciferol are specific, since any alterations 
in motor activity were not involved in the action in the 
EPM and FST tests. 

Administration of cholecalciferol at dose of 1.0 mg/
kg/day in a combination with low dose of 17β-E2 in the 
OVX rats after long-term absence of estrogen exhibited 
synergic action and potentiated the antidepressant-
like effects of both preparations in the FST. Moreover, 
administration of cholecalciferol at doses of 1.0 and 2.5 
mg/kg in a combination with 17β-E2 to the OVX rats 
potentiated the anxiolytic-like effects of both preparations. 
Nevertheless, it should be emphasized that combinations 
of those substances, administered according to the same 
experimental schedule, increase locomotor activity. The 
results from the OVX/cholecalciferol 1.0 mg/kg +17β-
E2 rats indicate that cholecalciferol in that dose affect 
both motor function and depression-related processes. 
However, the OVX rats after long-term absence of 
estrogen treated with cholecalciferol at dose of 1.0 mg/kg 
and low dose of 17β-E2 demonstrated lower grooming 
than OVX rats given with low dose of 17β-E2 alone. On 
the other hand, the OVX rats with 12 weeks post-OVX 
administered with cholecalciferol at doses 2.5 and 5.0 
mg/kg/day in combination with 17β-E2 showed similar 
depression-like profile like the OVX rats given with 17β-
E2 administration. Interestingly, cholecalciferol at dose 
of 2.5 mg/kg induced similar changes of the behavioral 
reactions in the OFT (increased motor activity and 
decreased grooming behavior) like administration of 
cholecalciferol at dose of 1.0 mg/kg/day in a combination 
with low dose of 17β-E2 in the OVX rats after long-
term absence of estrogen. Furthermore, cholecalciferol 
at a dose of 5.0 mg/kg/day in combination with 17β-
E2, significantly increased grooming events and failed 
to influence motor activity in the OVX rats in the OFT. 
However, we did not any and potentiation of the 
antidepressant-like effects of both preparations in the 
FST when we used cholecalciferol at doses 2.5 and 5.0 
mg/kg/day SC in combination with 17β-E2. Thus, the 
effects of cholecalciferol at different doses alone or in a 
combination with a low dose of 17β-E2 on the anxiety-
like or depression-like behavior of the OVX rats after 
long-term absence of estrogen were specific, since effects 
cholecalciferol on behavioral reactions did not associated 
with its effects on behavioral activity of these OVX rats 
in the OFT.

It is well-known that VD plays an important role in 
motor functions. VDR are widespread in the brain and 
the spinal cord, including the areas involved in regulation 
of motor activity and grooming behavior (Prufer et al., 
1999; Langub et al., 2001; Walbert et al., 2001). Some data 
show that VDR genetic ablation produces severe motor 
impairment in mutant mice compared to wild-type and 
heterozygous control animals (Burne et al., 2005; Kalueff 
et al., 2004a). These impairments are likely associated with 
disturbed calcium homeostasis (Kalueff et al., 2004b). The 
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results presented here also show that cholecalciferol at 
all tested doses increased grooming behavior in the OVX 
rats. However, we did not observe increase of grooming 
behavior in the OVX rats treated with a combination of 
cholecalciferol at dose of 1.0 and 2.5 mg/kg plus 17β-E2. 
VD has been reported to be involved in VDR-mediated 
modulation of brain neurotransmitters, including 
acetylcholine and dopamine (Carswell, 1997; Garcion et 
al., 2002), known to regulate grooming (Kalueff, 2002). 
Some study showed that VDR knockout (VDRko) mice 
tend to spend more time grooming than do the wild-
type (WT) animals (Kalueff et al, 2004c). Such genetic 
ablation of VDR may affect the brain neurophysiological 
mechanisms and pathways that control normal 
grooming behavior (VanErp et al., 1994). It is there for 
possible to suggest that impaired VDR system in the 
OVX rats may result in the increased grooming seen in 
the present study. Further studies are needed to find 
how cholecalciferol might alter VDR expression and/
or its sensitivity in the brain areas of the OVX involved 
in regulation of motor activity and grooming behavior. 
On the other hand, cholecalciferol at a dose of 5.0 mg/kg 
profoundly increased anxiety-like behavior in the OVX 
rats with long-term absence of estrogen. However, the 
OVX rats that received cholecalciferol at a dose of 5.0 mg/
kg in combination with 17β-E2 showed an anxiety-like 
state similar to the OVX rats treated only with 17β-E2. 
In the present study, only one concentration of 17β-E2 
was used because this concentration of 17β-E2 has 
been shown to exert anxiolytic-like effects in OVX rats 
(Fedotova et al., 2004; Fedotova, 2013). Different dosages 
and duration of 17β-E2 treatment should be tested in 
future studies. 

There are some explanations for the antidepressant- 
and anxiolytic-like effects of cholecalciferol in the intact 
and OVX female rats after long-term ovariectomy. 
Firstly, vitamin D mediates its function via binding to 
VRD and the enzyme 1a-hydroxylase, which are widely 
located in neuronal and glial cells of the human brain 
(Eyles et al.,, 2013, 2014). Previous studies have found 
that VDR knock-out mice showed increased anxiety 
symptoms (Kalueff et al., 2004b). Therefore, it was 
speculated that defects in the vitamin D-VDR system 
of the OVX rats may directly result in affective-related 
disorders. Secondly, the alterations of neurotransmission 
in the key brain areas such as the prefrontal cortex and 
hippocampus play a pivotal role in the progression of 
several neuropsychiatric diseases including depression 
and anxiety, and the beneficial effects of VD in these 
brain-related disorders is, at least partially, via its 
modulating effect on neurotransmission (Kesby et al., 
2011; Jiang et al., 2013). Animal studies have suggested 
that VD may increase the synthesis and/or metabolism 
of neurotransmitters, including serotonin, dopamine 
and norepinephrine (Cass et al., 2014; Patrick, Ames, 
2004). It was found that VD can increase the expression 
of genes encoding for tyrosine hydroxylase (TH), 
the rate-limiting enzyme in catecholamine synthesis, 
and provide significant neuroprotection against the 
dopaminergic toxins by up regulating glial derived 

neurotrophic factor (GDNF) (De Luca, 2004; Correale 
et al., 2009). VD has also been found to affect the 
expression of genes associated with γ-aminobutyric acid 
neurotransmission (Jiang et al., 2013) and to stimulate 
the expression of tyrosine hydroxylase (TH), responsible 
for catecholamine biosynthesis (Puchacz et al., 1996). VD 
responsive elements are present in the promoter regions 
of serotonin receptors and tryptophan hydroxylase 
receptors, both of which are known to be associated with 
emotional disorders (Fernandes de Abreu et al., 2009). 
Altered GABA status has been found in the brain tissues 
of rodents with a VD-deficient diet (Ishikawa et al., 
1982; Byrne et al., 2013), and a significant reduction of 
glutamate decarboxylase (GAD)67 and GAD65 protein 
levels has been observed in adult VD deficient mice 
(Groves et al., 2013). Another potential explanation 
for antidepressant- and anxiolytic-like effects of 
cholecalciferol in the OVX females, especially in the 
OVX rats treated with low dose of 17β-E2 (the profound 
antidepressant- and anxiolytic-like effects) could be the 
following. The physiological function of VD related to the 
female reproductive system has recently been reported 
(Belkacemi et al., 2003; Avila et al., 2004; Zarinani et al., 
2010). VDR is expressed in the ovaries, uterus, and decidua 
of the placenta. In the placenta, VDR regulates calcium 
transfer between trophoblasts and the endometrial 
decidua, which helps maintain pregnancy by preventing 
contraction of the uterine muscle. However, the other 
physiological roles of VDR in reproductive organs are 
not clear (Avila et al., 2004; Zarinani et al., 2010). Data in 
the literature suggest that there is a functional synergy 
between VD and 17β-E2. It was found that VD enhanced 
E2 biosynthesis (Nashold et al., 2009). VDR-targeted 
female mice had uterine hypoplasia and impaired 
folliculogenesis, because a lack of estrogen synthase in 
the ovary decreased E2 biosynthesis (Kinuta et al., 2000). 
Estrogen administration reversed these defects. There is 
also potential effect of VD on the expression of estrogen 
receptor alpha gene expression. Some studies in human 
cells have shown that VD down regulates the expression 
of estrogen receptor alpha gene with major impact on 
gene transcription (Offner, 2004; Pedersen et al., 2007). 
Although these findings were predominantly found 
in breast cancer models, it could occur in other tissues 
also, for example in the brain. On the other hand, E2 
suppressed 1,25-dihydroxyvitamin D3 24-hydroxylase 
(Cyp24a1) gene expression, leading to VD accumulation, 
and enhancement of VDR gene expression in females 
(Liel et al., 1992; Duque et al., 2002). Therefore, estrogens 
could enhance VD synthesis by estrogen receptor-
mediated down regulation of Cyp24a1 and up regulation 
of VDR, while VD increases estrogen biosynthesis by 
VDR-mediated upregulation of estrogen synthase. 
Moreover, some studies suggest that VD is implicated 
in biosynthesis of progesterone in experimental animals, 
and VD was shown to increase progesterone in human 
ovarian cells (Merhi et al., 2014). Thus, we can speculate 
that VD and 17β-E2 might regulate the metabolism of 
each other and/or estrogen receptors (ER), progesterone 
receptors (PR) or VDR expression in the CNS. 
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However, there were several limitations to the present 
study. The blood levels of VD and calcium were not 
studied in the intact and OVX rats given with different 
doses of VD. Detailed studies are required to explore 
how the blood levels of VD and calcium change after 
cholecalciferol treatment alone or in a combination with 
low dose of 17β-E2 in the intact and OVX rats. Thirdly, 
studies with large samples and long-term follow-up 
are needed to explore the expression levels for VDR, ER 
or PR in intact, OVX and OVX female rats treated with 
cholecalciferol alone or in a combination with low dose 
of 17β-E2. Clearly, more work is needed to understand 
the role of the vitamin D/VDR system in the regulation 
of affective-related behavior in animals and humans 
with imbalance of gonadal hormones. Based our results 
it may be suggested that cholecalciferol helps to provide 
significant protection against long-term ovariectomy-
induced affective-related behavior. It is noteworthy to 
mention that, to our knowledge, this study is the first 
to demonstrate the ability of cholecalciferol to reduce 
affective-related behavior in the OVX rats after long-term 
ovariectomy. Further research is needed to elucidate the 
detailed mechanism by which cholecalciferol and 17β-E2 
exert synergistic effects on anxiety-related behavior.

Conclusions     

The present data of our preclinical study indicate that 
chronic treatment with cholecalciferol at doses of 1.0 
and 2.5 mg/kg induced anxiolytic-like effects in female 
rats following long-term ovariectomy. The findings also 
suggest that the combination of cholecalciferol at doses 
of 1.0 and 2.5 mg/kg with a low dose of 17β-E2 more 
effectively decreases anxiety-like behavior in the OVX 
rats after long-term estrogen deficiency than17β-E2 
alone. Furthermore, cholecalciferol at a dose of 1.0 mg/kg 
treatment decreased depression-related behavior after 
long-term ovariectomy, as well as the combination of 
cholecalciferol at a dose of 1.0 mg/kg and 17β-E2 induces 
a more synergic antidepressant-like effects in the OVX 
rats after long-term ovariectomy. Furthermore, this is 
the first study to show a beneficial effect of chronic 
treatment with cholecalciferol at doses of 1.0 and 2.5 
mg/kg on affective-related state induced by long-term 
ovariectomy in female rats. 
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