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Abstract
Rationale Numerous studies indicate the potential antidepres-
sant actions of several mGlu5 receptor antagonists, including
3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]-pyridine (MTEP). The
explanation for the mechanism of these effects might be a key
step in finding new antidepressant drugs (AD).
Objectives The aim of the present study was to investigate the
possible role of the serotonergic system in the antidepressant-
like activity of MTEP in the tail suspension test (TST) in
C57BL/6J mice, using selected antagonists of serotonergic
receptors and by applying two different methods of serotonin
(5-HT) depletion.
Results The results of our studies showed that the mGlu5
receptor antagonist, MTEP, similar to the fluoxetine used as
reference AD, did not induce antidepressant-like effects in
mice pretreated with tryptophan hydroxylase inhibitor, para-
chlorophenylalanine. On the other hand, MTEP worked as a
potential AD in the TST in mice fed on a tryptophan-free
(TRP-free) diet for 3 weeks. However, fluoxetine, which was
used as a reference control was also active in this experiment,
suggesting that a TRP-free diet was not sufficiently effective
in reducing the 5-HT level. Furthermore, we showed that the
5HT2A/2C antagonist, ritanserin, yet not the 5-HT1A antag-
onist, WAY100635, 5HT1B antagonist, SB224289 or 5HT4
antagonist, GR125487, reversed the antidepressant-like effects
ofMTEP in the TST. Finally, a sub-effective dose ofMTEP co-

administered with a sub-effective dose of citalopram induced
an antidepressant-like effect in the TST in mice.
Conclusion The results of our studies suggest the involve-
ment of serotonergic system activation in the antidepressant-
like effects of the mGlu5 antagonist, MTEP, in the TST in
mice.
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Introduction

Behavioral studies and some clinical trials have shown that
modulation of the glutamatergic system might be an efficient
way to achieve effective and rapid antidepressant activity.
Antidepressant-like effects of several functional NMDA re-
ceptor antagonists, AMPA receptor potentiators and mGlu
receptor ligands in animal models of depression and some
clinical trials have been described (for review see: Chaki et al.
2012; Pałucha and Pilc 2007; Szewczyk et al. 2012). The most
promising data came from the set of clinical studies describing
the strong and rapid therapeutic effect of an uncompetitive
NMDA receptor trapping blocker, ketamine, in the treatment-
resistant depression (Berman et al. 2000; Diazgranados et al.
2010; Ibrahim et al. 2011; Zarate et al. 2006). However,
ketamine has its significant limitations, including undesirable
effects and the route of administration. In all of the clinical
studies investigating the potential antidepressant activity of
the drug, ketamine was given intravenously by an anesthesiol-
ogist, and hospitalization was required for at least 24 h post-
infusion (Aan Het Rot et al. 2012). Thus, ketamine cannot be
considered as a new, safe AD for outpatients. On the other
hand, these studies have provided a great hope that modulation
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of the glutamatergic system, including NMDA receptor activ-
ity, might provide a new generation of rapid and efficient
ADs.

Since mGlu5 receptors are functionally involved in the
mild modulation of the activity of NMDA receptors (see
review: Szewczyk et al. 2012), they might become a target
for new and safer ADs. Several studies have confirmed this
hypothesis. First of all, increasing number of behavioral data
have shown the potential antidepressant-like effect of several
mGlu5 receptor negative allosteric modulators (NAMs), such
as MPEP, MTEP, and GRN-529 (Belozertseva et al. 2007;
Hughes et al. 2012; Li et al. 2006; Pałucha et al. 2005;
Tatarczyńska et al. 2001). Furthermore, the positron emission
tomography study, which showed lower levels of mGlu5
binding in several brain regions of unmedicated patients
with major depression and postmortem analyses, illus-
trating lower levels of mGlu5 protein expression in the
prefrontal cortices of depressed patients, when compared
to healthy control subjects, also indicated the possible involve-
ment of the mGlu5 receptor in depression (Deschwanden
et al. 2011).

Although the activity of mGlu5 NAMs in several animal
models of depression have been described, the mechanism of
their antidepressant-like action is still not clear. Among many
possible explanations, there is an argument for the possible
involvement of the serotonergic system in the antidepressant-
like action of mGlu5 receptor antagonists. Firstly, acute treat-
ment with MPEP has been shown to increase plasma cortico-
sterone concentrations and this effect was blocked with a
5-HT1A antagonist, whereas the repeated 5-day treatment
with MPEP induced desensitization of the HPA axis to stim-
ulation with a 5-HT1A agonist (Bradbury et al. 2003). These
neuroendocrine effects of MPEP are typical of conventional
monoamine-based ADs, and suggest the involvement of the
serotonergic system in the action of MPEP. Another argument
comes from the behavioral study byBelozertseva et al. (2007),
who investigated the antidepressant-like effects of MTEP in
the forced swim test (FST) in rats. The authors have shown
that the profile of behavioral changes induced by MTEP is
typical of ADs acting via modulation of the serotonergic
system, e.g., selective serotonin reuptake inhibitors (SSRIs)
(Detke et al. 1995), such as in a dose-dependent reduction in
the immobility time and an increase in the swimming behavior,
without changes in the climbing behavior of rats were observed
(Belozertseva et al. 2007).

In the present study, we decided to investigate the possible
role of the serotonergic system in the antidepressant-like activ-
ity of MTEP in the TST in mice, applying two alternative
methods of serotonin depletion (i.e., para-chlorophenylalanine
(PCPA) administration and TRP-free diet) and using specific
antagonists of 5HT receptors, which are believed to be in-
volved in antidepressant effects of drugs (i.e., 5-HT1A,
5HT1B, 5HT2A/2C, and 5HT4 antagonists). Furthermore,

the effect of MTEP administration on the antidepressant-like
effect of the SSRI, citalopram, has been investigated in the
TST in mice.

Material and methods

Animals and housing

Male C57BL/6J mice (Charles River, Germany), weighing
23–25 g at the beginning of the experiment, were used in the
study. The animals were kept under standard laboratory con-
ditions of lighting (light phase 0700–1900) and temperature
(19–21 °C). Food and water were freely available. Each
experimental group consisted of seven to nine animals. All
the subjects were experimentally naive and used only once in
each test. The experiments were performed during the light
period (0900–1400 hours) by an observer unaware of the
treatment. All procedures were conducted according to the
guidelines of the National Institutes of Health Animal Care and
Use Committee, and were approved by the ethics Committee
of the Institute of Pharmacology, Polish Academy of Sciences
in Kraków.

Drug administration

MTEP, SB 224289 (Tocris Cookson Ltd., Bristol, UK),
GR125487 (Tocris Cookson Ltd., Bristol, UK), ritanserin
(Tocris Cookson Ltd., Bristol, UK), and PCPA (Sigma-Aldrich,
St. Louis, USA) were dispersed in a suspension of 0.5 %
methylcellulose, which was used as a vehicle. WAY100635
(N -{2-{4-(2-methoxyphenyl)-1-piperazinyl}ethyl}-N -(2-
pyridinyl) cyclo-hexanecarbox-amide fumarate) (Sigma-Aldrich,
St. Louis, USA), fluoxetine hydrochloride (Ascent Scientific
Ltd., Bristol, UK) and citalopram (Ascent Scientific Ltd.,
Bristol, UK) were dissolved in sterile water. Ritanserin, SB
224289 and GR 125487 were administered intraperitoneally
(IP), 60 min before the experiment. WAY100635 was given
subcutaneously (SC), 45 min before the test. MTEP, citalopram
and fluoxetine, were administered IP, 30 min before the exper-
iment. The drugs were injected at a constant volume of
10 ml/kg.

Pharmacological depletion of 5-HT

To pharmacologically deplete the 5-HT level, the mice were
pretreated with the tryptophan hydroxylase inhibitor, PCPA
(300mg/kg, IP), at a dose of 300 mg/kg. Injections were given
twice daily (at 0900 and 1800 hours), for three consecutive
days. The experiments were made on the fourth day, and
started at 1000 hours. Vehicle-treated mice were injected with
0.5 % methylcellulose according to the same schedule as
PCPA-treated mice.
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Tryptophan-free diet

To naturally reduce the 5-HT level, a TRP-free synthetic
amino acid diet (MP Biomedicals, Illkirch Cedex, France)
was used. The animals were grouped ten per cage and fed a
TRP-free diet or control diet (mouse diet, purified, MP
Biomedicals, Illkirch Cedex, France) for 3 weeks. The ani-
mals were weighed daily. After 3 weeks, the mice were used in
the TST or in the locomotor activity test.

Tail suspension test

The tail suspension test was used to investigate potential
antidepressant-like effects. The immobility of mice was in-
duced by tail suspension according to the procedure of Steru
et al. (1985). C57BL/6J mice were individually suspended by
their tails by a plastic string positioned horizontally 75 cm
above the tabletop using adhesive tape placed about 1 cm
from the tip of the tail. The immobility duration was recorded
for 6 min. The mice were considered immobile only when
they hung down passively and were completely motionless.

Locomotor activity test

The spontaneous locomotor activity of mice was measured in
Plexiglas locomotor activity chambers (40×20×15 cm) in a
20-station photobeam activity system (Opto-M3 Activity
Meter, Columbus Instruments, USA) where the animals were
placed individually 30 min after the injection of MTEP. Other
drugs were given according to the injection schedule
presented in the “Drug administration” section. The total
number of ambulations during 5 min was recorded.

Statistical analysis

The data was presented as the means±SEM and evaluated by
the one-way ANOVA followed by Dunnett's post hoc test or
the two-way ANOVA followed by Bonferroni's post hoc test
(see figure legends). GraphPad Prism version 4.00 for
Windows 2000 (GraphPad Software, San Diego CA, USA)
was used to analyze the data.

Results

The effect of PCPA pretreatment on the antidepressant-like
activity of MTEP and fluoxetine in the TST

MTEP, given at a dose of 3 mg/kg (IP), significantly decreased
the immobility time of vehicle-treated mice in the TST
[F (1,26)=6.961, p =0.0139]. Two-way ANOVA also re-
vealed a significant interaction between PCPA and MTEP
[F (1,26)=10.23, p =0.0036], showing that MTEP was not

active in the TST in 5-HT-depleted mice (Fig. 1a).
Fluoxetine, used as a reference drug at a dose of 20 mg/kg
(IP), significantly decreased the immobility time of vehicle-
treated mice in the TST [F (1,25)=39.52, p <0.0001].
Moreover, two-way ANOVA revealed significant interaction
between PCPA and fluoxetine [F(1,25)=10.18, p =0.0038]
(Fig. 1b) indicating that fluoxetine was not significantly active
in PCPA-pretreated mice in the TST.

The effect of a TRP-free diet on the antidepressant-like
activity of MTEP and fluoxetine in the TST

The TRP-free diet did not change immobility of vehicle-
treated mice [F (1,31)=2.399, p >0.05]. MTEP, administered
at a dose of 3 mg/kg induced an antidepressant-like effect in
mice fed on a control diet [F(1,31)=13.06, p =0.0011]. The

Fig. 1 The effect of PCPA pretreatment on the antidepressant-like activ-
ity of MTEP (a) or fluoxetine (b) in the TST in C57BL/6J mice. Values
are expressed as the means±SEM and analyzed by two-way ANOVA
followed by Bonferroni's post hoc test, ***p <0.001, *p <0.05 vs. control
group, ##p<0.01 interaction between PCPA and MTEP or fluoxetine
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TRP-free diet (3 weeks) did not influence this effect, i.e., no
interaction between the MTEP and the TRP-free diet was
observed [F (1,31)=0.166, p >0.05] (Fig. 2a). Similar effects
were induced by fluoxetine (20 mg/kg, IP), used in the study
as a positive control. Fluoxetine significantly decreased the
immobility time of mice fed on the control diet [F(1,32)=
20.41, p <0.0001], whilst TRP-free diet did not influence
immobility of vehicle-treated mice [F (1,32)=0.671, p >
0.05]. Furthermore, the action of fluoxetine was not changed
by the TRP-free diet, i.e., no interaction between the fluoxe-
tine and the TRP-free diet was observed [F (1,32)=2.302,
p >0.05] (Fig. 2b), suggesting that the kind of diet had no
influence on the antidepressant-like effects of fluoxetine or
MTEP in the TST. On the other hand, we observed the
relationship between the type of diet and the weight of ani-
mals, i.e., the mice fed on the TRP-free diet gradually lost

weight [F (4,144)=125, p <0.0001] (Fig. 3), contrary to mice
fed on the control diet which gained weight during the
3 weeks' experiment [F (4,149)=162, p <0.0001] (Fig. 3).

The effect of sub-effective doses of citalopram and MTEP
on the antidepressant-like activity in the TST

Citalopram, used in the TST at a non-active dose of 1 mg/kg,
co-administered with a non-active dose ofMTEP (0.1 mg/kg),
did not change the behavior of the mice in the TST [F(1,27)=
0.04839; p >0.05] (Fig. 4c). However, citalopram, used at the
same dose of 1 mg/kg, co-administered with a higher, but still
non-active dose of MTEP (1 mg/kg), induced a significant
decrease in the immobility time of mice [F (1,28)=9.971;
p =0.0038] in the TST, i.e., a significant interaction between
MTEP (1 mg/kg) and citalopram (1 mg/kg) was observed
(Fig. 4c). Sub-effective doses of citalopram and MTEP were
defined on the basis of dose–response curves, performed in
the preceding set of experiments (Fig. 4a, b).

The effect of 5HT antagonists, on the antidepressant-like
activity of MTEP in the TST

MTEP, given at a dose of 3 mg/kg, significantly decreased the
immobility time of vehicle-treated mice in the TST [F(1,30)=
24.89, p <0.0001] (Fig 5a). 5HT1A receptor antagonist,
WAY100635 (0.1mg/kg, SC), was not active in the TSTwhen
given by itself and it did not influence the MTEP-induced
attenuation of the antidepressant-like activity of mice in the
TST [interaction: F (1,30)=0.3184, p =0.05768] (Fig. 5a).
Similar effects were obtained when the 5HT1B receptor an-
tagonist, SB224289 (0.1 mg/kg, IP), and 5HT4 receptor

Fig. 2 The effect of TRP-free (TRP (−)) diet (3 weeks) on the antide-
pressant-like activity of MTEP (a) and fluoxetine (b) in the TST in
C57BL/6J mice. Values are expressed as the means±SEM and analyzed
by two-wayANOVA followed by Bonferroni's post hoc test, ***p<0.001,
**p<0.01 vs. control group

Fig. 3 The effect of TRP-free (TRP (−)) diet and control (TRP (+)) diet
(3 weeks) on the weight of C57BL/6J mice. Values are expressed as the
means±SEM and analyzed by one-way ANOVA followed by Dunnet's
post hoc test. *p <0.05 vs “first day of diet” group
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antagonist GR125487 (10 mg/kg, IP) were applied, i.e., two-
way ANOVA showed that a non-active dose of SB224289 did

not change the MTEP (3 mg/kg)-induced decrease in the
immobility of mice [interaction: F (1,31)=1,707; p =0.201]
(Fig. 5b) and a non-active dose of GR125487 did not influence
the antidepressant-like effect of MTEP in the TST [interaction:
F(1,24)=1,111; p =0.302] (Fig. 5d). Conversely, the 5HT2A/
2C receptor antagonist, ritanserin (0.5 mg/kg, IP), when given
by itself, did not change the behavior of the animals in the
TST [F (1,24)=3.035; p =0.093], whilst it significantly an-
tagonized the MTEP (3 mg/kg)-induced decrease in the im-
mobility time of mice [interaction: F(1,26)=8.189, p =0.008]
(Fig. 5c). However, the lower tested dose of ritanserin,
(0.1 mg/kg, IP), did not influence the MTEP (3 mg/kg)-
produced antidepressant-like effects in the TST in mice, i.e.,
two-way ANOVA revealed no interaction between MTEP
(3 mg/kg) and ritanserin (0.1 mg/kg) [interaction: F(1,26)=
0.874, p =0.358].

The effect of MTEP on the locomotor activity
of PCPA-pretreated mice

MTEP (3 mg/kg, IP) did not influence the locomotor activity
of mice in a 5-min experimental session [F (1,28)=1.798,
p =0.19]. PCPA, given by itself, did not change locomotor
activity and it did not influence the locomotor activity of mice
injected with MTEP [F (1,28)=0.0093, p =0.92] (Fig. 6a).

The effect of MTEP on the locomotor activity of mice fed
a TRP-free diet

MTEP (3 mg/kg, IP) did not change the locomotor activity of
mice fed on a control diet [F (1,28)=0.644, p =0.42]. The
TRP-free diet (3 weeks) did not influence the locomotor
activity of control mice and did not change the locomotor
activity of mice administered with MTEP [F (1,28)=0.665,
p =0.42] (Fig. 6b).

The effect of citalopram and MTEP co-administration
on the locomotor activity of mice

MTEP, used at a dose of 1 mg/kg, did not change the basal
locomotor activity of mice [F (1,26)=0.096, p =0.759].
Similarly, citalopram, used at a dose of 1 mg/kg, did not
influence this parameter [F(1,26)=0.104, p =0.749] and did
not change the mobility of MTEP (1 mg/kg)-treated mice
[F (1,26)=1.877, p =0.182].

The effect of 5-HT antagonists on the locomotor activity
of MTEP-treated mice

The 5HT1A antagonist, WAY100635, at a dose of 0.1 mg/kg
(SC), did not change the basal locomotor activity of mice
[F (1,28)=0.0006, p =0.97] and did not influence the locomo-
tor activity of mice injected with MTEP [F(1,28)=2.494, p =

Fig. 4 The effect of MTEP (a) or citalopram (b) on the antidepressant-
like effects in the TST in C57BL/6J mice. Values expressed as means±
SEM were analyzed by one-way ANOVA. ***p<0.001 vs. respective
control group. c The effects of co-administration of sub-active doses of
MTEP (0.1 or 1 mg/kg) and citalopram (1 mg/kg) on the immobility time
of mice in the TST. Values are expressed as the means±SEM and analyzed
by two-way ANOVA followed by Bonferroni's post hoc test, **p<0.01
interaction between MTEP (1 mg/kg) and citalopram (1 mg/kg)
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0.1255] (Fig. 6d). 5HT2A/2C antagonist, ritanserin, at a dose
of 0.5 mg/kg (IP) decreased the locomotor activity of mice in a
5-min session [F(1,28)=23.26, p <0.0001] and decreased the
locomotor activity of mice injected with mGlu5 antagonist,
MTEP, since no significant interaction between the “ritanserin”
and “ritanserin+MTEP” groups was observed [F (1,28)=
0.205, p =0.6542] (Fig. 6d). Both 5HT1B receptor antagonist,
SB 224289 (0.1 mg/kg) and 5HT4 receptor antagonist, GR
125487 (10 mg/kg), did not significantly influence the explor-
atory locomotor activity of mice [F(1,27)=0.009, p =0.92],
[F(1,24)=0.627, p =0.44], respectively (Fig. 6e). Furthermore,
two-way ANOVA showed no interactions between MTEP and
SB 224289 [F (1,27)=0.023, p =0.879] or GR 125487
[F(1,24)=1.005, p =0.326] in the locomotor activity test in
mice (Fig. 6e).

Discussion

In the present study, we found that the antidepressant-like
effect of the potent and systemically active mGlu5 receptor
antagonist, MTEP, in the TST in C57BL/6J mice, depends on

the activation of the serotonergic system. The TSTwas used in
the study, since it has been shown to detect the antidepressant-
like activity of not only typical ADs but also atypical and new
potential ones, including the mGlu receptor ligands (Chaki
et al. 2004; Cryan et al. 2005; Pałucha et al. 2005; 2007). The
active dose of MTEP (3 mg/kg), has been used based on
in vivo receptor occupancy studies, showing that 1 h after
peripheral MTEP administration, the dose required to occupy
50 % of mGlu5 receptors (ED50) was 1.2 mg/kg and full
receptor occupancy was achieved with the 10 mg/kg dose of
MTEP (Busse et al. 2004). Furthermore, MTEP used at a dose
of 3 mg/kg has been previously shown to induce
antidepressant-like effects in C57BL/6J mice in the TST
(Pałucha et al. 2005). The dose–response curve of the MTEP
activity in the TST in mice, presented in the present study,
confirms the previous results.

To investigate the role of the serotonergic system in the
antidepressant-like effects of MTEP, two different methods of
5-HT depletion were introduced; namely pharmacological
depletion and a TRP-free diet. The pharmacological depletion
of 5-HT was achieved by tryptophan hydroxylase inhibitor
administration. PCPA, which was used in the study, was given

Fig. 5 Effects of 5HT1A receptor antagonist, WAY100635 (0.1 mg/kg;
a), 5HT1B receptor antagonist, SB224289 (0.1 mg/kg; b), 5HT2A/2C
receptor antagonist, ritanserin (0.1 or 0.5 mg/kg; c) or 5HT4 antagonist,
GR125487 (10 mg/kg; d), on the antidepressant-like activity of MTEP

(3 mg/kg) in the TST in C57BL/6J mice. Values are expressed as the
means±SEM and analyzed by two-way ANOVA followed by
Bonferroni's post hoc test, ***p <0.001, **p<0.01 vs. control group,
#p <0.05 interaction between ritanserin and MTEP
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for 3 days, twice daily at a dose of 300 mg/kg. The same
schedule of treatment has been used in our previous studies,
which showed the reduced brain 5-HT level by 77 %
(Pałucha-Poniewiera et al. 2010a) and the lack of effect by a
selective serotonin reuptake inhibitor (SSRI), citalopram, in
PCPA-pretreated mice in the TST (Pałucha-Poniewiera et al.
2010b). In the present study, we show that another SSRI,
fluoxetine, which was used as a positive control, did not cause

an antidepressant-like effect in PCPA-pretreated mice in the
TST, while it was effective in this test in vehicle-treated mice.
It means that the attenuation of the 5-HT level after PCPA
treatment was enough to prevent the action of fluoxetine. An
antagonist of the mGlu5 receptor, MTEP, similar to fluoxetine,
did not decrease the immobility time of mice in the TST in
5-HT-depleted mice, while it was significantly effective in
vehicle-treated mice. These results suggest that a regular level

Fig. 6 Effects of PCPA pretreatment (a ), TRP-free diet (b ),
WAY100635 (0.1 mg/kg) (d), ritanserin (0.5 mg/kg) (d), SB224289
(0.1 mg/kg) (e) or GR125487 (10 mg/kg) (e) on the locomotor activity
of MTEP (3 mg/kg)-treated C57BL/6J mice and the effect of co-

administration of MTEP (1 mg/kg) and citalopram (1 mg/kg) on the
locomotor activity of C57BL/6J mice (c ). Values expressed as the
means±SEM were evaluated by two-way ANOVA followed by
Bonferroni's post hoc test, **p <0.01 vs. control group
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of 5-HT in the brain is essential to the antidepressant-like
action of MTEP in the TST.

Another way to diminish the 5-HT level in the brain was
via sub-chronic dietary tryptophan depletion, which has been
proposed as an animal model of depression (Franklin et al.
2012). Behavioral experiments on rats have shown that
2 weeks of a low-TRP diet induced changes in rat behavior
in the FST, i.e., the floating time increased and the swimming
time decreased, suggesting pro-depressive behavior (Franklin
et al. 2012). In our study, we did not observe such changes
after 3 weeks of a TRP-free diet. However, different species of
animals, diet and behavioral procedures were used in the
studies, which may account for the different results. Our
experiments did not only indicate the lack of pro-depressive
effects produced by a TRP-free diet. We also illustrated the
lack of effect of a TRP-free diet on the antidepressant-like
effect of fluoxetine in the TST in mice. Fluoxetine was active
both in mice fed on a control diet and the TRP-free diet. The
similar effects were induced by MTEP, which produced an
antidepressant-like effect both in mice fed on a control and the
TRP-free diet. However, using these results as our basis, we
cannot conclude that 5-HT is not involved in the action of
MTEP in the TST, since a reference drug, fluoxetine, which
unquestionably works via the 5-HT-dependent mechanism, is
also active in mice fed on the TRP-free diet. It seems that the
5-HT level in the brains of mice fed on the TRP-free diet was
high enough to let fluoxetine (or MTEP) normally work as an
antidepressant in the TST. Altogether, in our hands, the TRP-
free diet turned out not to be a good model of depression in
C57BL/6J mice and, as far as we are concerned, no binding
conclusion on the possible role of 5-HT in the action ofMTEP,
should be drawn from “TRP-free diet” studies. One of the
reasons of the failure in our attempt to use a TRP-free diet as
an efficient method of 5-HT depletion might be the strain of
mice used in the studies. It has been shown that acute removal
of the tryptophan from the diet resulted in a 74 % reduction of
the plasma ratio of tryptophan to the sum of other large neutral
amino acids in Swiss mice, although there was only a 40 %
reduction in C57BL/6mice, and no changes in the TSTor FST
were observed (van Donkelaar et al. 2010). Furthermore,
some data suggest that a long term (3 weeks) TRP-free diet
is much less effective in reducing 5-HT level in the brain then
short-term (3 days) PCPA treatment. It has been shown that
3-weeks of a TRP-free diet induced a decrease in the 5-HT
level in several brain structures in rats by about 50 % (Kot
et al. 2012), while 3 days of PCPA treatment decreased brain
5-HT level by almost 80 % (O'Leary et al. 2007; Pałucha-
Poniewiera et al. 2010a).

It is worth mentioning that in our study, the TRP-free diet
produced some changes in mice, e.g., statistically significant
loss of body weight and hair loss on the back were observed.
These effects did not result from possible differences in
food consumption, since the amount of food consumed was

calculated daily and no significant differences between mice
fed on the TRP-free diet and the control diet were observed.

We also measured the locomotor activity of mice, since
changes in exploratory locomotor activity of animals induced
by tested compounds can often provide false positive or false
negative results in the TST. In our study, we did not observe
any significant changes in the locomotor activity of mice
induced by PCPA or the TRP-free diet, although a non-
significant tendency to decrease locomotor activity was ob-
served after PCPA treatment. In our previous studies, we
observed a decrease in the locomotor activity of mice induced
by PCPA (Pałucha-Poniewiera et al. 2010a; b). Furthermore,
MTEP, used at a dose of 3 mg/kg, did not influence any
spontaneous locomotor activity of animals, which is in line
with the previous results (Belozertseva et al. 2007; Halberstadt
et al. 2011; Pałucha et al. 2005). Thus, it seems that the behav-
ioral effects in the TSTwere associated with antidepressant-like
action, but not with changes in the mobility of animals.

To further investigate the role of the serotonergic system in
the antidepressant-like effect of MTEP, we combined sub-
effective doses of MTEP and the SSRI, citalopram, in the
TST in mice. The dose–response curves of the antidepressant-
like activity of both compounds had been performed before
the experiment in order to choose sub-effective doses of the
drugs. Co-administration of non-active doses of MTEP
(0.1 mg/kg) and citalopram (1 mg/kg) did not influence the
immobility time of mice in the TST. However, MTEP used at a
higher, yet still sub-effective dose of 1 mg/kg, co-administered
with citalopram (1mg/kg), produced significant antidepressant-
like activity in this test. Such a dose-dependent effect
suggests the synergistic action of the SSRI and the mGlu5
receptor antagonist, indicating that both compounds act at
different targets and the stimulation of which leads to
the same final results.

The locomotor activity study showed that citalopram and
MTEP, given alone or combined at doses used in the TST, did
not change the behavior of mice, ensuring the specificity of
the antidepressant-like effect of combination citalopram and
MTEP.

We also investigated the possible role of selected serotonin
receptors in the antidepressant-like action of MTEP. 5-HT1A,
5-HT1B, 5-HT2A, and 5-HT4 receptors were chosen in the
studies, since they play a crucial role in the regulation of
serotonergic neurotransmission and in themechanism of action
of several ADs, including SSRIs, monoamine oxidase (MAO)
inhibitors, and tricyclics (O'Neill et al. 1996; Middlemiss
et al. 2002; Hensler 2006; Lucas et al. 2010). Furthermore,
their blockade has been shown to antagonize the action of
the SSRIs in the TST in mice (O'Neill et al. 1996; Miyata
et al. 2004).

We showed that the pretreatment of mice with the 5-HT1A
receptor antagonistWAY100635, 5-HT1B receptor antagonist
SB224289 or 5-HT4 receptor antagonist GR125487, did not
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block the antidepressant-like activity of MTEP in the TST,
while the 5-HT2A/2C receptor antagonist ritanserin, dose-
dependently reversed the MTEP-induced decrease in the im-
mobility time of mice in this test, suggesting the possible role
of 5HT2A/2C receptors in this action. On the other hand,
two-way ANOVA showed that ritanserin, used at a dose of
0.5 mg/kg, produced a decrease in exploratory locomotor
activity. Additionally, mice co-administered with ritanserin
(0.5 mg/kg) and MTEP (3 mg/kg) were also less active then
the control animals. It might suggest the possibility of a false
positive result in the TST. However, we suppose that this
small decrease in locomotor activity did not influence the
behavior of mice in the TST, since ritanserin, when given
alone, did not induce any changes in the immobility time of
mice in the TST, when compared to the control animals,
although it decreased exploratory activity when used at the
same dose.

The mechanism involving activation of the serotonergic
system in the antidepressant-like effect of MTEP in the TST
is unknown. Direct effects of MTEP on the serotonergic
receptors, transporters or metabolism are highly unlikely.
MTEP has been described as a selective mGlu5 receptor
NAM (Cosford et al. 2003). Wide-range counterscreening in
a large number of in vitro assays showed no activity of MTEP
in functional assays at iGlu receptors (including NMDA
NR2B receptors (at >300 μM), AMPA and kainate) and
mGlu receptors (mGlu1, mGlu2, mGlu3, and mGlu7)
(10 μM)). However, as far as we know, MTEP and its metab-
olites have been not tested against all glutamate and mono-
aminergic transporters and receptors (Busse et al. 2004;
Cosford et al. 2003) and thus, the direct effects of MTEP on
the serotonergic system cannot be definitely excluded.

An indication that MTEP may influence the action of the
serotonin transporter is illustrated in a study by Stachowicz
et al. (2007), who showed that the rise of the 5-HT level in rat's
prefrontal cortex after MTEP administration was not accom-
panied by the rise in 5-HIAA, indicating a possible dysfunc-
tion of the membrane transporter. It is worth mentioning that
the similar action of another mGlu5 antagonist, MPEP, on the
dopamine transporter was observed by Page et al. (2001) in
striatal synaptosomes. However, there are no data concerning
any influence ofMTEP on a direct blockade of the serotonergic
transporters.

Furthermore, binding assays revealed the affinity of MTEP
on MAOA. However, it rather did not play a role in the action
of MTEP in our experiments, since MTEP was shown to
displace [125I]RTI-55 from MAOA with IC50=30 μM, while
the brain concentration ofMTEP after a dose of 3 mg/kg, IP, 1 h
post-administration was only 1.4±0.2 μM (Cosford et al. 2003).

Another possible explanation for the role of the serotoner-
gic system in the antidepressant-like effects of MTEP comes
from the study by Stachowicz et al. (2007), which showed a
dose-dependent increase in serotonin release in the prefrontal

cortex in rats after acute, peripheral MTEP administration and
the involvement of serotonergic receptors in the anxiolytic-
like effects of this drug. Interestingly, the anxiolytic-like ac-
tivity of MTEP in the conflict drinking Vogel test in rats was
also dependent on 5HT2A/2C, but not on the activation of
5HT1A receptors (Stachowicz et al. 2007). This might suggest
similar mechanisms of antidepressant and anxiolytic actions
of MTEP.

A functional interaction between the serotonergic 5HT2A
receptor and mGlu5 receptor has also been demonstrated by
Halberstadt et al. (2011), who showed that an increase in
locomotor activity, induced by a high dose of mGlu5 antago-
nist, MPEP (20 mg/kg) was blocked by the selective 5HT2A
antagonist, M100907 (0.1 mg/kg) in C57BL/6J mice.
Furthermore, it has been demonstrated that gene deletion of
mGlu5 receptors increased the behavioral response to the 5-
HT2A agonist, DOM (2,5-dimethoxy-4-methylamphetamine)
(Halberstadt et al. 2011).

Biochemical studies applying the technique of in vivo mea-
surements of receptor-activated phosphoinositide hydrolysis,
indicate the possible interaction between the 5HT2A and
mGlu5 receptors at the level of the second messenger systems'
activation. Both receptors are positively coupled to phospholi-
pase C, through Gq/11 proteins, and induce phosphoinositide
hydrolysis (Barnes and Sharp 1999; Conn and Pin 1997). The
study by Molinaro et al. (2009) showed that the stimulation of
[3H] inositol monophosphate formation by 5HT2A agonist,
DOI, was partially reduced by MPEP (3 mg/kg), suggesting
that a component of the action of DOI was mediated by the
endogenously released glutamate acting at mGlu5 receptors.

It is worth noting that there is strong evidence for the
functional interaction between other glutamatergic receptors,
namely mGlu2/3 receptors, and serotonergic 5HT2A recep-
tors, based on electrophysiological, behavioral and biochem-
ical studies (Marek et al. 2000; 2006; Molinaro et al. 2009;
Winter et al. 2004; Zhai et al. 2003). The study by González-
Maeso et al. (2008) also sheds light onto the molecular nature
of this interaction, which refers to the heterodimeric complex
formed by 5-HT2A andmGlu2 receptors. The similar complex
of mGlu5 and 5HT2A receptors cannot be excluded, since
both receptors are not only functionally linked, but they are
also localized in the similar brain areas. Immunocytochemical,
in situ hybridization and receptor autoradiography studies sug-
gest that 5HT2A receptor is located on neurons and local
(GABAergic) interneurons in various brain areas including
the cerebral cortex, i.e., it has been found in cortical pyramidal
(projection) neurons, which are known to be glutamatergic (for
review, see Barnes and Sharp 1999). mGlu5 receptors are also
highly expressed in several limbic structures, including the
cerebral cortex (Romano et al. 1995; Shigemoto et al. 1993).

Altogether, our study shows the involvement of the sero-
tonergic system in the antidepressant-like activity of mGlu5
NAM, MTEP, in the TST in mice. 5HT2A receptor may be
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involved in this process. However, more studies are needed to
clarify the mechanism of this interaction.
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