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Anxiety and Hyperlocomotion Induced by Chronic 
Unpredictable Mild Stress Can Be Moderated with Melatonin 
Treatment
(anxiety / CUMS / dopamine / hippocampus / locomotion / melatonin)

N. SPASOJEVIC, B. STEFANOVIC, P. JOVANOVIC, S. DRONJAK

Laboratory of Molecular Biology and Endocrinology, Institute of Nuclear Sciences “Vinca”, University 
of Belgrade, Serbia

Abstract. Preclinical studies have shown that mela-
tonin exercised antidepressant-like and anxiolytic-
like effects in animal models of anxiety. The aim of 
the present study was to correlate the changes in be-
haviour induced by melatonin treatment with the ac-
tivity of the dopaminergic system in the hippocam-
pus of Wistar rats exposed to chronic, unpredictable, 
mild stress (CUMS). Male Wistar rats, 11 weeks old, 
were subjected to chronic stress for 28 successive 
days. Separate groups of control and stressed rats 
were intraperitoneally injected daily either with me-
latonin (10 mg/kg/day, i.p.) or placebo (5% ethanol). 
The open-field and elevated plus-maze tests were 
used to assess locomotor activities and anxiety levels. 
The content of dopamine (DA) in the hippocampal 
tissues was determined using radioenzymatic assay, 
while changes in tyrosine hydroxylase (TH) mRNA 
and protein levels in the hippocampus were deter-
mined using real-time RT-PCR and Western immu-
noblotting. Chronic stress led to reduction in the hip-
pocampal dopaminergic content without affecting 
the levels of TH protein. These changes were accom-
panied by increased locomotor activity and higher 
anxiety levels in the open-field test. Administration 
of melatonin for 28 days resulted in an increase in 
the hippocampal DA content as a result of elevated 
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TH protein levels. Melatonin showed an improve-
ment in anxiety-like behaviour along with signifi-
cantly reduced exploration. We could conclude that 
melatonin may stimulate dopaminergic synthesis in 
the hippocampus in order to suppress stress-induced 
behaviour.

Introduction
Stressful life events are associated with the onset of 

psychiatric disorders, including major depression (Kend­
ler et al., 1999). The hippocampus is a brain region with 
a long established role in various cognitive processes, 
including locomotion, learning and memory (Buzsáki 
and Moser, 2013), but also regulates behaviours related 
to anxiety (Bannerman et al., 2004). Moreover, it is pro­
posed that anxiolytic-like drugs induce their effects by 
acting on a behavioural inhibition system that includes 
the hippocampus (McNaughton and Gray, 2000). Chro
nic, unpredictable, mild stress (CUMS) was initially de­
veloped in rats using multiple stressors as a behavioural 
model of anhedonia that could be reversed by treatment 
with antidepressants (Katz, 1982; Dhingra and Bansal, 
2015). Chronic, mild stress leads to altered synaptic 
function in the hippocampus (Jayatissa et al., 2006). 
These impairments may be compatible with altered 
emotionality, cognitive impairment, social isolation and 
disturbed memory (Bartesaghi, 2004). Dopamine (DA) 
is an excitatory monoamine neurotransmitter, widely 
distributed in the mammalian brain, including the hip­
pocampus (Goodman and Gilman, 2005). The ma­
jor DA pathways in the brain are involved in movement 
and locomotion (Cenci, 2007). In addition to movement 
control, DA also plays an important role in the patho­
physiology of depression. Previously, diminished DA 
neurotransmission in depressive disorders has been re­
ported (Dunlop and Nemeroff, 2007). Extracellular DA 
levels are tightly coupled to the activity of brain tyrosine 
hydroxylase (TH), the initial and rate-limiting enzyme 
in catecholamine synthesis (Nagatsu et al., 1964).
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Antidepressant drugs are effective in treating major 
depression, but many have unpleasant side-effects. Alter­
native pharmacological mechanisms of action that may 
provide a useful alternative to existing antidepressant 
medications are constantly being examined (Dording et 
al., 2002). Melatonin (MEL) is an endogenous indo
leamine produced and secreted by the pineal gland. The 
physiological, pharmacological and behavioural proper­
ties of MEL have been widely studied. In fact, MEL has 
several important functions, including regulation of the 
circadian rhythms, modulation of seasonal changes, in 
reproduction as well as in antioxidant, anti-inflammato­
ry and anticonvulsant effects (Gitto et al., 2013). Pre
clinical studies have shown that MEL exercised anti
depressant-like and anxiolytic-like effects in rodent 
models of anxiety (Kopp et al., 1999). With CUMS, re­
peated administration of agomelatine, the MEL receptor 
agonist, reverses CUMS-induced reduction in sucrose 
consumption, suggesting reduction of anhedonia in the 
stressed animals (Papp et al., 2003). Renewed attention 
has been given to the role of melatonin in modulating 
behaviour and stress response.

In the present study, the effects of MEL were investi­
gated when applied during the CUMS procedure (con­
sisting of prolonged repetition of low-intensity stress­
ors) on two different anxiety-like related behaviours in 
rats. In addition, the aim was to determine whether any 
effect on behaviour is associated with the levels of do­
pamine and TH gene expression in the hippocampus.

Material and Methods

Animals

Adult Wistar rat males (11 weeks old, 250–310 g) 
maintained in a temperature-controlled room (21 ± 
1.0 °C) and 12h/12h light/dark cycle were used. The rats 
were given ad libitum access to standard laboratory food 
and water. The care was taken to minimize the pain and 
discomfort of the animals according to the recommen­
dations of the Ethical Committee for the use of labora­
tory animals of the “Vinca” Institute based on Directive 
2010/63/EU. All procedures with animals were ap­
proved by the Ethical Committee for the use of labora­
tory animals of the “Vinca” Institute and Ministry of 
Agriculture and Environmental Protection, Authority 
for Veterinary permission No. 323-07-04657/2015-05 
/02.

Experimental design
In the experiment we used 32 animals, which were 

allocated into control (unstressed) and chronic, unpre­
dictable, mildly stressed (CUMS) groups. These groups 
were further divided into two subgroups each, receiving 
daily injection of vehicle (5% ethanol) or MEL in a dose 
of 10 mg/kg body weight by intraperitoneal (i.p.) route, 
one hour before the dark phase to avoid disruption of 
circadian rhythms that occur if melatonin is adminis­
tered throughout the day. Melatonin (Q-1300, Bachem, 

Bubendorf, Switzerland) was dissolved in NaCl (0.9%) 
containing 5% ethanol. Exposure to CUMS and the ve­
hicle, i.e. drug administration, started on the same day 
and was continued for four weeks. To consider body 
weight evolution, the injected volumes were adjusted 
twice a week to the body growth of animals.

Chronic unpredictable mild stress
The CUMS procedure was designed to maximize the 

unpredictable nature of the stressors. The CUMS groups 
were exposed to the following stressors in random or­
der: forced running (15 min, 10 m/min); soiled cage 
(500 ml 22 °C water spilled into bedding); 45° cage tilt 
along the vertical axis; 17-h food deprivation, 5-h cold 
room (4 °C) and water deprivation (water bottles were 
removed from the cage during this time), 5-h paired 
housing (animals were placed in the cage of another rat 
also in the stress group) and individual housing (48 h). 
Immediately after the CUMS procedure, all animals 
were decapitated, whole hippocampal tissue was quick­
ly removed and placed on ice, frozen in liquid nitrogen 
and stored at -70 °C until analysed.

Open-field test
The open-field test provides simultaneous measure­

ment of locomotion, exploration, and anxiety. The open-
field arena consisted of a 100 cm × 100 cm × 40 cm 
square arena and divided into 16 equal squares (dimen­
sions of each square were 25 cm × 25 cm). Rats were 
carried to the test room in their home cages and were 
handled by the base of their tails at all times. All rats 
were placed in the testing room 1 h before the test took 
place in order to allow them to acclimate. A single rat 
was placed gently in the centre of the arena, and its ac­
tivity was measured manually during a 5-min period. 
The open field was cleaned between each rat using 10% 
alcohol solution to eliminate possible odours left by 
other animals. Rats were then removed from the arena 
and returned to their home cages. The following varia­
bles were recorded for each minute of the test session: 1) 
ambulation in the board area: number of entries into the 
outer squares; 2) ambulation in the central area: number 
of entries into the inner squares; 3) time spent in the 
central area; 4) number of centre crossings; 5) grooming 
time: duration of time the animal spent licking or 
scratching itself while stationary; 6) resting time: dura­
tion with which the rat was completely stationary.

Elevated plus maze
The elevated plus maze contains four arms (two open 

without walls and two enclosed by 15 cm high walls). 
The arms (50 cm long and 10 cm wide) are arranged to 
form a plus shape. The elevated plus maze was raised 
half a meter from the floor. Subjects were initially placed 
on the central platform of the maze facing an enclosed 
arm and allowed to explore freely for 5 min. The elevat­
ed plus maze was cleaned with 10% alcohol solution 
and dried with paper towels before testing another rat. 
The behaviour of each individual was analysed, taking 
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into account the standard measurement: 1) total number 
of entries into the arms; 2) frequency of entry into the 
open arms (= number of entries in the open arm/total 
number of entries) * 100; 3) frequency of time spent in 
the open arms (= number of seconds spent in open 
arms/300 s) * 100. The entry of animals into the arms 
means that all four paws were located in that arm and 
release with two paws out of the arm.

Radioenzymatic assay
Hippocampi were immersed into cold (4 °C) perchlo­

ric acid (0.3 µg of tissue per 30 µl of 0.1 N HClO4), 
homogenized in a motor-driven homogenizer, the ho­
mogenates centrifuged (20 000 rpm, 20 min, 4 °C) in 
centrifuge K70D (MLW, Engelsdorf, Germany) and the 
supernatants (30 µl) used for determination of catechol
amines. The content of catecholamines in the tissues 
was determined using the modified chromatographic 
method of Peuler and Johnson (1977) based on the con­
version of catecholamines into the corresponding 
O-methylated derivatives by purified catechol-O-me­
thyl-transferase (COMT) in the presence of S-adenosyl-
l-(3H-methyl)-methionine. The O-methylated deriva­
tives were extracted and oxidized into 3H-vaniline. 
Radioactivity was measured using a toluene-based scin­
tillation cocktail in an LKB-Wallac model 1219 scintil­
lation counter at an efficiency of 40 % for tritium.

RNA isolation and real-time RT-PCR
Total RNA from hippocampal tissue was extracted 

using TRIzol® Reagent (Thermo Fisher Scientific, 
Waltham, MA). Hippocampal tissue was homogenized 
in 1 ml TRIzol® Reagent per 100 mg of tissue using an 
electrical homogenizer (IKA-WERKE, GmbH & Co, 
Staufen, Germany). Reverse transcription was perfor
med using Ready-To-Go You-Prime First-Strand Bead 
(GE Healthcare Life Sciences, Pittsburgh, PA) and pd 
(N)6 primer according to the manufacturer’s protocol. 
PCR reaction was performed in the ABI Prism 7000 
Sequence Detection System (Thermo Fisher Scientific) 
at 50 °C for 2 min, 95 °C for 10 min, followed by 40 
cycles at 95 °C for 15 s and 60 °C for 1 min. TaqMan 
PCR reaction was carried out using Assay-on-Demand 
Gene Expression Products (Thermo Fisher Scientific) 
for TH (ID: Rn00562500_m1). A reference endogenous 
control was included in each analysis to correct the dif­
ferences in the inter-assay amplification efficiency, and 
all transcripts were normalized to cyclophylin A (ID: 
Rn00690933) expression.

Western blot analysis
Hippocampal tissue was homogenized in RIPA Lysis 

Buffer System (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, sc-24948). Centrifugation was carried out for 
20 min in a Hettich Mikro 200R centrifuge (Andreas 
Hettich GmbH & Co., Tuttlingen, Germany) at 12 000 
rpm, 20 min at 4 °C. After centrifugation the supernatant 
was taken and protein concentration determined by the 
method of Lowry et al. (1951). Thirty µg of hippocam­

pal protein extract separated by 10% SDS-poly-acryl
amide gel electrophoresis was transferred to a supported 
PVDF membrane (Immobilon-P membrane, Merck 
Millipore, Billerica, MA). The membranes were blocked 
with 5% non-fat dry milk in Tris-buffered saline-tween 
20 (TBST) for 1 h. All following washes (three times for 
15 min) and antibody incubation (overnight at 4 °C for 
primary antibody and 1h at 4 °C for secondary antibody) 
were also performed in TBST at ambient temperature in 
a shaker. For measuring TH, protein levels, a polyclonal 
anti-TH primary antibody, rabbit (ab51191, dilution 
1 : 1000, Abcam, Cambridge, UK), was used. The washed 
membrane was further incubated with the horseradish 
peroxidase-conjugated secondary anti-rabbit antibody 
for luminol-based detection (ab6721, dilution 1 : 5000, 
Abcam). The secondary antibody was then visualized 
by Immobilon Western Chemiluminescent HPR Sub­
strate (Merck Millipore).

Statistical analysis
The results are reported as means ± S.E.M. The sig­

nificance of differences in the dopamine content and 
gene expression levels of the examined catecholamine 
biosynthetic enzyme in the hippocampus and differences 
in performance in the open field and elevated plus maze 
between rats subjected to CUMS and/or melatonin treat­
ment were estimated by two-way ANOVA test. The 
Tukey post hoc test was used to evaluate the differences 
between the groups. Statistical significance was accept­
ed at P < 0.05.

Results

Open-field test

Ambulation in the board area (Fig. 1a) 
The two-way ANOVA analysis showed a significant 

effect of MEL on ambulation in the board area (F(1,31) = 
6.17, P < 0.05). Statistical analysis showed that the 
CUMS rats explored the outer squares significantly 
more than the control animals (32 %, P < 0.01). Further
more, MEL reduced locomotion over the outer squares 
in the CUMS rats (16 %, P < 0.01). However, no signifi­
cant difference between the control group treated with 
MEL and the group treated with a placebo was noted.

Ambulation in the central area (Fig. 1b) 
In the open field, the CUMS and control rats entered 

a similar number of inner squares during the 5-min ob­
servation period. However, the stressed animals treated 
with MEL entered 38 % more inner squares than the 
CUMS rats treated with a placebo (P < 0.05).

Time spent in the central area (Fig. 1c) 
Chronic stress had a highly significant effect (F(1,31) = 

10.08, P < 0.01). The rats exposed to CUMS spent less 
time in the central area than the controls (54 %, P < 
0.01). Comparison of the CUMS groups revealed a sig­
nificant difference between the placebo group and the 
treated group (72 %, P < 0.01). However, there was no 
significant difference between the controls.

N. Spasojevic et al.
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Number of centre crossings (Fig. 1d) 
Two-way ANOVA demonstrated a significant effect 

of both the 4-week CUMS exposure (F(1,31) = 4.82, P < 
0.05) and the MEL treatment (F(1,31) = 6.94, P < 0.05) on 
the number of crossings. Post-hoc testing showed that 
CUMS provoked more frequent crossings (500 %, P < 
0.05). Treatment with MEL significantly enhanced the 
number of crossings both in the control (600 %, P < 
0.05) and the CUMS (98 %, P < 0.01) group of animals. 

Grooming time (Fig. 1e) 
The duration of grooming was significantly influ­

enced by stress (F(1,31) = 5.80, P < 0.05) and treatment 
(F(1,31) = 4.43, P < 0.05). The Tukey test showed that the 
stressed rats groomed less (57 %, P < 0.05) than the con­
trols in the open field. MEL treatment prevented the 
CUMS-induced decrease in grooming (118 %, P < 0.05).

Resting time (Fig. 1f) 
Two-way ANOVA displayed a significant effect of 

MEL on the resting time (F(1,31) = 4.89, P < 0.05) as well 
as an interaction between treatment and stress (F(1,31) = 
5.62, P < 0.05). The CUMS rats spent less time resting 
in the open field than the controls (33 %, P < 0.05). 
Melatonin caused the stressed animals to spend more 
time resting (63 %, P < 0.01).

Elevated plus maze 
Total arm entries (Fig. 2a) 
Locomotor activity was unaffected by stress, but a 

significant effect of MEL (F(1,31) = 17,88, P < 0.001) was 
noted. Melatonin produced a significant decrease in lo­
comotion activity in both the control (38 %, P< 0.05) 
and the CUMS (48 %, P < 0.01) rats.

Melatonin Moderate Stress-Induced Anxiety and Hyperlocomotion

Fig. 1. Effects of chronic melatonin treatment on open-field test behaviours of animals exposed to CUMS for 28 days: (a) 
ambulation in the board area; (b) ambulation in the central area; (c) time spent in the central area (s); (d) number of centre 
crossings; (e) grooming time (s); (f) resting time (s). The values are means ± S.E.M. of eight rats. Statistical significance: 
* P < 0.05; ** P < 0.01 CUMS vs. unstressed control; # P < 0.05; ## P < 0.01 placebo vs. melatonin (Tukey test).

Fig. 2. Effect of chronic melatonin treatment on the elevated plus-maze test behaviours of animals exposed to CUMS for 
28 days: (a) total arm entries; (b) percentage of open arm entries; (c) percentage of time spent in the open arms made in 
the elevated plus maze. The values are means ± S.E.M. of eight rats. Statistical significance: # P < 0.05; ## P < 0.01 pla­
cebo vs. melatonin (Tukey test).
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Frequency of open arm entries (Fig. 2b) 
An interaction between melatonin and stress was ob­

served (F(1,31) = 6.25, P < 0.05). Statistical analyses re­
vealed a significant effect of melatonin on the CUMS 
rats (102 %, P < 0.05), whereas no difference was found 
between the control groups.

Frequency of time spent in open arms (Fig. 2c) 
Rats treated with MEL spent a highly significantly 

greater amount of time in the open arms than the ani­
mals treated with a placebo (108 %, P < 0.05). A signifi­
cant difference was not noted between the control and 
the stressed rats. Moreover, melatonin failed to reach 
statistical significance in the control animals. 

Content of dopamine in the hippocampus
Under the examined stress conditions, significant var­

iations of DA content in the hippocampal tissue (F(1,31) = 
4.93, P < 0.05) were observed. MEL also significantly 
affected the DA content (F(1,31) = 10.11, P < 0.01). Post-
hoc analysis revealed that the content of DA in the tissue 
was lower in the hippocampus of the CUMS group com­
pared to the control group (by 37 %, P < 0.05) (Fig. 3). 
However, MEL treatment increased the hippocampal 

DA content both in the control (by 34 %, P < 0.05) and 
the stressed (by 78 %, P < 0.05) animals.

Gene expression of TH enzyme
The results presented in Fig. 4a indicate a major influ­

ence of CUMS (F(1,31) = 28.87, P < 0.001) and MEL 
(F(1,31) = 33.48, P < 0.001) on TH mRNA levels in the 
hippocampus. Post-hoc analysis demonstrated a signifi­
cant decrease in stressed rats (by 53 %, P < 0.001), com­
pared to those found in the control animals (Fig. 4a). 
MEL further decreased TH mRNA expression both in 
the control and the stressed group of animals (by 56 %, 
P < 0.01 and 42 %, P < 0.05, respectively) compared to 
the vehicle group.

Chronic MEL treatment also affected the TH protein 
content (F(1,31) = 12.43, P < 0.01) in the hippocampus 
(Fig. 4b). Stress did not change the levels of this protein. 
Animals treated with MEL, however, had higher TH 
protein levels (controls by 56 %, P < 0.05 and CUMS 
rats by 42 %, P < 0.05).

Discussion
We assessed the MEL effects on anxiety-induced be­

haviours and locomotor activity in chronically stressed 
rats. The test results in this study showed that mild un­
predictable stress influenced locomotion, exploratory 
behaviour and emotionality in the rats. Exposing ani­
mals to a new environment in the form of an open-field 
arena induced hyperlocomotion. Hariss et al. (1998) 
have shown that rats exposed to CUMS from 3 to 8 
weeks exhibit enhanced locomotor and exploratory ac­
tivity. The animals in this study also showed signs of 
anxiety in the open field by spending less time in the 
centre. Grooming is a very important and evolutionary 
form of behaviour that is typical of a large number of 
species. Neglected hygiene is one of the signs of depres­
sion and can be changed by treatment with antidepres­
sants (Yalcin et al., 2008). In this paper, the stressed 
animals spent less time grooming, analogous to the re­
sults of Wang et al. (2013). Similar results were obtained 
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Fig. 3. Effect of chronic melatonin treatment on dopamine 
(DA) concentration in the hippocampus of rats exposed to 
CUMS for 28 days. The values are means ± S.E.M. of eight 
rats. Statistical significance: * P < 0.05 CUMS vs. unstres­
sed control; # P < 0.05 placebo vs. melatonin (Tukey test). 

Fig. 4. Effect of chronic melatonin treatment on tyrosine hydroxylase (TH) gene expression in the hippocampus of rats 
exposed to CUMS for 28 days: (a) TH mRNA levels. The final result was expressed as fold change relative to the calibra­
tor and normalized to cyclophylin A. (b) TH protein levels. The final result was expressed in arbitrary units and normal­
ized in relation to ß-actin. The values are means ± S.E.M. of eight rats. Statistical significance: *** P < 0.001 CUMS vs. 
unstressed control; # P < 0.05; ## P < 0.01 placebo vs. melatonin (Tukey test).
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by Rosa et al. (2014) when the animals were chronically 
exposed to corticosterone. It has previously been con­
firmed that animals exposed to this form of stress have 
increased levels of corticosterone (Dronjak et al., 2007). 

The elevated plus maze is one of the most widely 
used tests to measure anxiety-like behaviours (Dawson 
and Tricklebank, 1995). In this maze, stressed, anxious 
animals should display reduction in percent entries into 
the open arms and in percent time spent in the open 
arms. The total number of entries into all arms provides 
a measure of general hyperactivity or sedation. However, 
our findings reflected the fact that the chronic mild stress 
procedure did not affect anxiety-like behaviours or hori­
zontal locomotion in this test. Strekalova and al. (2011) 
also have shown that this procedure causes an anxiolyt­
ic-like profile in the elevated plus maze. Interestingly, 
these results are contrary to the detected stress-induced 
hyperlocomotion in an open-field test. These paradoxi­
cal results could be a non-specific consequence of chron­
ic stress or a result of differences in the stressfulness of 
these tests. 

Ouhaz et al. (2013) reported that lesions in the ventral 
hippocampus (vHPC) induced behavioural changes: hy­
peractivity and anxiety. The present study showed that 
CUMS decreased the hippocampal dopaminergic con­
tent. Several authors have previously noted similar ob­
servations (Rasheed et al., 2010; Su et al., 2014). 
Interestingly, the amount of TH protein remained unal­
tered, indicating that stress did not lead to changes in the 
synthesis of dopamine. The vesicular monoamine trans­
porter type 2 gene (VMAT2) has a crucial role in the 
storage and synaptic release of all monoamines. Deple­
tion of DA could be the result of VMAT2 protein reduc­
tion in the hippocampus (Spasojevic et al., 2012). The 
dopamine transporter KO mice display novelty-induced 
hyperactivity, which is likely to be due to higher levels 
of brain DA, caused by the absence of clearance of DA 
from the synaptic cleft (Gainetdinov et al., 1999). An 
early preclinical study demonstrated that vHPC activa­
tion induces an increase in DA efflux in forebrain tar­
gets, such as the nucleus accumbens (NAc), suggesting 
that this brain region can augment DA neuron activity 
(Legault and Wise, 1999). Rouillon et al. (2007) estab­
lished the manner in which the hippocampus exerts 
modulation of locomotion by activation of both D1-like 
and D2-like postsynaptic dopamine receptors in NAc. 
Furthermore, dopamine D1 activation shortens the dura­
tion of phases in stereotyped grooming sequences, but 
increases the speed of grooming actions (Matell et al., 
2006).  D2 receptor agonist also decreases grooming, 
probably by acting on D2 autoreceptors (Fornaquera et 
al., 1995). Simultaneous activation of both D1 and D2 
receptors at postsynaptic levels can explain the hyperac­
tivity and changes in self-grooming duration. 

Musshoff et al. (2002) suggested that MEL plays an 
important role in modulating the neuronal excitability in 
the hippocampus. In this study, treatment with MEL for 
a period of 28 days affected locomotion in the open-
field test, reducing the number of crossed squares and 

extending the time the animals spent inactive. In addi­
tion, the treated rats spent more time in the centre of the 
arena, pointing to reduced anxiety. These results are 
consistent with several studies in distinct models of 
mood disorder (Mairesse et al., 2013; Boulle et al., 
2014). Chronic treatment with MEL also prevented 
changes in grooming induced by chronic unpredictable 
stress, similar to the results obtained by Detanico et al. 
(2009). Decreased locomotor activity in melatonin-
treated animals was also observed in the elevated plus-
maze test. Additionally, it was found that MEL signifi­
cantly increased the percentage of time spent in the open 
arms and the open arms entries, demonstrating anxioly
tic-like properties.

Chronic MEL treatment increased DA levels in the 
hippocampus of both the control and the CUMS rats. In 
vivo findings by Esteban et al. (2010) suggest that MEL 
exerts a long-term effect on striatal DA content by en­
hancing monoamine synthesis in aged rats, which might 
improve cognition and motor coordination. Similarly, 
TH protein elevation in the hippocampus of treated ani­
mals was detected. It has been reported, conversely, that 
long-term MEL treatment significantly increases TH 
protein levels in vitro (McMillan et al., 2007) and TH 
enzymatic activity in the striatum of hamsters (Alexiuk 
and Vriend, 2007). However, our data shows that mRNA 
levels were further reduced. Boulle et al. (2014) suggest 
that agomelatine treatment prevents phosphorylation of 
CREB in the hippocampus. The TH gene contains a 
CRE that has been shown to be critical for activation of 
gene expression. Changes in mRNA and protein levels 
do not correlate, probably mainly due to the regulation 
control at different levels: translation, RNA and protein 
stability. What is interesting about this work is that MEL 
promotes dopaminergic synthesis while also triggering 
hypolocomotion and anxiolysis. 

Zisapel et al. (1982) observed an inhibition of DA re­
lease by MEL in vHPC, which may lead to reduced 
stimulation of NAc. Moreover, the decrease of locomo­
tor activity, observed after treatment with dopamine D2/
D3 receptor agonists, has been proposed to result from 
the activation of DA autoreceptors localized presynapti­
cally and/or on dopaminergic cell bodies (Eilam and 
Szechtman, 1989). Data from Boulay et al. (1999) sug­
gests that the D2 autoreceptors mediate these hypoloco­
motion effects. The release of DA from axon terminals 
in the NAc, striatum and prefrontal cortex is inhibited 
by presynaptic D2 autoreceptor stimulation (Kalivas, 
1993). Considering that Hamdi (1998) established mel­
atonin’s ability to increase affinity of the D2 receptors, 
then endogenous DA would act preferentially on these 
receptors, resulting in greater stimulation. It should also 
be taken into account that, according to Chenu et al. 
(2013), an agomelatine-induced increase in extracellu­
lar levels of NA and DA is not antagonized by melaton­
ergic receptor antagonist S22153, whereas its positive 
behavioural effects are. The exact mechanisms underly­
ing the antidepressant and anxiolytic activities of MEL, 
evidently, are not well established. MEL has been shown 

Melatonin Moderate Stress-Induced Anxiety and Hyperlocomotion



256	 Vol. 62

to also act as a 5-HT2A antagonist and regulates both the 
spontaneous efflux and evoked release of 5-HT in the 
hippocampus (Monnet, 2002). Several reports have in­
dicated that GABA-mimetic drugs have antidepressant 
and anxiolytic properties and that administration of a 
benzodiazepine receptor antagonist blunted MEL activ­
ity (Raghavendra et al., 2000). 

Our present investigation provided evidence that pro­
longed exposure of rats to socio-environmental stressors 
of low intensity can induce marked changes, together 
with increased locomotor activity and hyperarousal. 
Melatonin effectively prevented both neurochemical 
and behavioural alterations triggered by stress. This data 
indicates that MEL did not act on individual symptoms 
but corrected all aspects of the behaviour changes trig­
gered by CUMS. Our findings strongly suggest that this 
drug impacts mechanisms that lie at the core of anxiety/
depressive disorders. How MEL exerts these effects on 
behaviour is still subject to continuous study. We could, 
however, suggest that the behavioural effects of MEL 
use could be due to increased DA synthesis in the hip­
pocampus of the stressed rats.
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