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Abstract  Rationale: The novel antidepressant agent,
agomelatine, behaves as an agonist at melatonin receptors
and as an antagonist at serotonin (5-HT),c receptors.
Objectives: To determine whether, by virtue of its antag-
onist properties at 5-HT,c receptors, agomelatine elicits
anxiolytic properties in rats. Methods: Employing a
combined neurochemical and behavioural approach,
actions of agomelatine were compared to those of
melatonin, the selective 5-HT,c receptor antagonist,
SB243,213, and the benzodiazepine, -clorazepate.
Results: In unfamiliar pairs of rats exposed to a novel
environment, agomelatine enhanced the time devoted to
active social interaction, an action mimicked by cloraze-
pate and by SB243,213. In a Vogel conflict procedure,
agomelatine likewise displayed dose-dependent anxiolytic
activity with a maximal effect comparable to clorazepate,
and SB243,213 was similarly active in this procedure. In a
plus-maze procedure in which clorazepate significantly
enhanced percentage entries into open arms, agomelatine
revealed only modest activity and SB243,213 was
inactive. Further, like SB243,213, and in contrast to
clorazepate, agomelatine did not suppress ultrasonic
vocalizations emitted by rats re-exposed to an environment
associated with an aversive stimulus. Whereas clorazepate
reduced dialysate levels of 5-HT and noradrenaline in
hippocampus and frontal cortex of freely moving rats,
agomelatine did not affect extracellular levels of 5-HT and
elevated those of noradrenaline. SB243,213 acted simi-
larly to agomelatine. Melatonin, which did not modify
extracellular levels of 5-HT or noradrenaline, was
ineffective in all models of anxiolytic activity. Further-
more, the selective melatonin antagonist, S22153, did not
modify anxiolytic properties of agomelatine in either the
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social interaction or the Vogel Conflict tests.
Conclusions: In contrast to melatonin, and reflecting
blockade of 5-HT,c receptors, agomelatine is active in
several models of anxiolytic properties in rodents. The
anxiolytic profile of agomelatine differs from that of
benzodiazepines from which it may also be distinguished
by its contrasting influence on corticolimbic monoamin-
ergic pathways.

Keywords Melatonin - 5-HT,¢ receptors - Anxiety -
Anxiolytic - Conflict - Frontal cortex - Dorsal
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Introduction

The novel, clinically active antidepressant agent, agome-
latine (Valdoxan, S20098) (Lo6o et al. 2002b; Papp et al.
2003), behaves as a potent agonist at melatonin MT; and
MT,; sites (Yous et al. 1992; Ying et al. 1996; Van Reeth et
al. 2001). It also acts as a—Iless potent—antagonist at
serotonin (5-HT,c) receptors both in vitro and in vivo
(Chagraoui et al. 2003; Millan et al. 2003). Blockade of 5-
HT,c receptors, which are concentrated in the frontal
cortex (FCX), hippocampus and amygdala (Clemett et al.
2000; Lopez-Gimenez et al. 2002; Millan 2003), has been
implicated in the antidepressant profile of agomelatine
(Millan et al. 2003). Antagonist actions at 5-HT,c
receptors may also be associated with anxiolytic properties
(Deakin 1994; Griebel et al. 1997; Millan 2003).

Thus, mice genetically lacking 5-HT,c receptors dis-
play reduced anxiety (Das and Tecott 1996) while, in
several experimental models, 5-HT,c receptor agonists
and antagonists display anxiogenic and anxiolytic proper-
ties, respectively (Cervo and Samanin 1995; Kennett et al.
1996, 1997; Griebel et al. 1997; Dekeyne et al. 2000a;
Millan et al. 2001; Millan 2003). As concerns antidepres-
sants, the “atypical” agents, mianserin and mirtazapine,
which behave as potent antagonists at 5-HT,¢ receptors,
display anxiolytic properties in animals and in humans
(Rocha et al. 1994; Casacalenda and Boulenger 1998;



Millan 2003). Further, while acute administration of
selective 5-HT reuptake inhibitors elicits anxiety in
rodents via the indirect activation of 5-HT,c receptors,
their chronic administration reduces anxiety in parallel
with a down-regulation of 5-HT,¢ receptors (Bristow et al.
2000; Dekeyne et al. 2000b). This observation mirrors
their clinical utilization in the long-term treatment of
anxious states (see Millan 2003).

Potential anxiolytic properties of agomelatine are also
of interest in light of certain observations that engagement
of melatoninergic receptors is involved in the response to
anxious states. First, melatonin secretion is under the
facilitatory control of pineal [3-adrenoceptors (ARs) which
are innervated by stress-sensitive, sympathetic adrenergic
neurones (Borjigin et al. 1999). Accordingly, a diversity of
stressful and anxiogenic stimuli enhance pineal output of
melatonin (Golombek et al. 1996; Millan 2003). Second,
clinical studies suggest that treatment with melatonin
reduces pre-operative anxiety (Naguib and Samarkandi
2000). Third, there are reports that melatonin expresses
anxiolytic properties in rodents (Niles 1991; Guardiola-
Lemaitre et al. 1992; Pierrefiche et al. 1993; Golombek et
al. 1996; Kopp et al. 1999a,b, 2000; Nava and Carta
2001). It has been proposed that its actions are, at least
partially, expressed via y-amino butyric acid (GABA)-
related mechanisms: this has, however, been disputed
(preceding citations). Notwithstanding these observations,
several findings argue against a major or generalized role
of melatoninergic receptors in the control of anxious
states. Thus, as compared to the robust and broad-based
anxiolytic actions of benzodiazepines (BZPs), with few
exceptions (Golombek et al. 1993; Naranjo-Rodriguez et
al. 2000; see Millan 2003), anxiolytic actions of melatonin
are only exerted in models of exploratory behaviour, and
only at specific phases of the light/dark cycle (Golombek
et al. 1993; Pierrefiche et al. 1993; Kopp et al. 1999a,
2000). Furthermore, though BZPs suppress the nocturnal
secretion of melatonin by a reduction in the activity of the
rate-limiting enzyme for its synthesis, N-acetyltransferase
(Krueger 1991; Atsmon et al. 1996), this action is related
to their hypnotic and sedative actions rather than their
anxiolytic properties (Borjigin et al. 1999). Finally,
melatonin reduces BZP requirements in humans for
induction of sleep, but not for expression of their
anxiolytic properties (Cardinali et al. 2002).

The above observations suggest that the 5-HT,c
antagonist actions of agomelatine (rather than its stimu-
lation of MLT,;, receptors) are more likely to be
associated with anxiolytic properties. To evaluate this
hypothesis, we examined potential anxiolytic actions of
agomelatine in two rodent models consistently responsive
to selective 5-HT,c receptor antagonists: the social
interaction and Vogel conflict tests (File and Seth 2003;
Millan and Brocco 2003). In addition, we employed two
procedures in which such agents have generally proven
inactive: the plus-maze test and ultrasonic vocalization
(USV) tests (Molewijk et al. 1995; Wall and Messier 2001;
Sanchez 2003). To confirm the potential role of 5-HT»,c
sites in the actions of agomelatine, comparative studies
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were undertaken with melatonin and with the selective 5-
HT,c receptor antagonist, SB243,213 (Wood et al. 2001).
Further, we examined the sensitivity of the anxiolytic
actions of agomelatine to blockade by the selective
melatonin (MT;/MT,) receptor antagonist, S22153
(Kopp et al. 1999b; Weibel et al. 1999). In parallel we
evaluated anxiolytic actions of the prototypical BZP,
clorazepate. Finally, inasmuch as a suppression of
corticolimbic serotonergic and adrenergic transmission is
implicated in the anxiolytic properties of BZPs (Gorman et
al. 2000; Millan 2003), we determined the influence of
agomelatine as compared to the other agents on extracel-
lular levels of 5-HT and noradrenaline (NA) in the dorsal
hippocampus and FCX of freely moving rats.

Materials and methods

Animals Unless otherwise specified, these studies employed male
Wistar rats of 200-250 g and NMRI mice of 22-25 g (Iffa Credo,
I’ Arbresle, France) housed in sawdust-lined cages with unrestricted
access to standard chow and water. There was a 12 h/12 h light/dark
cycle with lights on at 7.30 a.m. Laboratory temperature and
humidity were 2140.5°C and 60+5%, respectively. Animals were
adapted to laboratory conditions for at least a week prior to testing
and all experiments were performed during the light period of the
cycle. All animal use procedures conformed to international
European ethical standards (86/609-EEC) and the French National
Committee (décret 87/848) for the care and use of laboratory
animals.

Social interaction test As described in detail previously (Millan et al.
2001), male Sprague-Dawley rats of 240-260 g (Charles River,
Saint-Aubin-les-Elbeuf, France) were individually housed for 5 days
before testing On the test day, they were placed in weight-matched
pairs (+5 g) in opposite corners of a highly illuminated (300 lux),
open- topped arena (57x36x30 cm?) for a 10-min session. Rats of the
same pair received the same drug treatment. Analysed data were the
duration of “active” contact between the animals; i.e. the time spent
in grooming, following, sniffing, biting, jumping or crawling over or
under the other animal. If animals remained adjacent to each other
without any movement for more than 10 s, scoring was discontinued
until active social interaction resumed.

Vogel conflict test As previously described (Millan et al. 2001) the
test was conducted in polycarbonate cages (32x25x30 cm®) with a
grid floor and with the spout of a water bottle located 6 cm above the
floor. Both the grid and the spout were connected to an Anxiometer
(Columbus Instruments, Ohio, USA) used to record licks and deliver
electrical shocks. During the 3 days preceding testing, rats were
housed by four and were restricted to 1 h per day access to tap water
(from 9:00 to 10:00 a.m.). On day 4, just after water delivery, they
were isolated in cages with a grid-floor. Testing took place on day 5.
Rats were individually placed in a test cage and the test session was
initiated after the rat had made 20 licks of the spout and received a
single shock (300 pA and 0.5 s) via the spout. Over 3 min, a shock
was then delivered every 20 licks. Analysed data were the number of
licks during the test session. In one group of vehicle-treated animals,
no shock was delivered, in order to provide a baseline. The
percentage drug effect was computed as [(drug—vehicle)/(vehicle
non-shocked—vehicle)].

Plus-maze test As previously described (Millan et al. 2001), the
experiments were performed in a white-mat-painted, plus-maze
constructed of wood and elevated to a helght of 50 cm. The
apparatus comprised two open arms (50x10 cm?) and two enclosed
arms of the same dimensions, with walls 40 cm high. The two open
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arms were opposite to each other. On the test day, each rat was
placed in the central square of the maze facing one of the enclosed
arms for a 5 min session. The number of entries and time spent in
open and enclosed arms were recorded. Analysed data were the total
number of entries, the number of entries in enclosed arms, the
percentage entries in open arms and the percentage time spent in
open arms.

Ultrasonic vocalization test As previously described (Millan et al.
2001), the rats were initially placed in a chamber equipped with a
grid-floor and were exposed to six randomly distributed electric
shocks (800 pA and 8 s) over a 7-min period. Twenty-four hours
later, they were placed in the chamber for 2 min and received a
single shock. They were returned to the chamber 30 min later and
USVs recorded for 10 min. Rats emitting USVs less than 90 s in
duration were not examined further. Twenty-four hours later, the
procedure of the day before was replicated with drugs or vehicle
administered immediately after the 2-min session. Data analysed
were the total duration of USVs recorded over the 10-min session.

Determination of dialysate levels of monoamines The protocol
employed is described in detail elsewhere (Gobert et al. 2000).
Briefly, the influence of drugs on levels of 5-HT and NA in single
dialysate samples of the dorsal hippocampus and FCX was
determined employing high performance liquid chromatography
plus coulometric detection in freely moving rats implanted 1 week
prior to study with a guide cannula at the following coordinates.
Dorsal hippocampus: AP=-3.6 from bregma, L=+1.2 and H=-2.3
from dura and FCX, AP=+2.2 from bregma, L=+0.6 and H=—0.2
from dura. Samples were taken every 20 min. Basal monoamine
levels were monitored over 1 h, then drugs injected, and samples
taken for a further 140 min. Changes were expressed relative to
basal values (defined as 100%). The detection limits for 5-HT and
NA were, in each case, 0.1-0.2 pg/sample.

Spontaneous locomotion in rats As previously described (Millan et
al. 2001), rats were individually placed for 12 min in transparent
polycarbonate cages (45x30x20 cm®) equipped with two rows of
photocells 4 cm above the floor and 24 c¢cm apart. Analysed data
were locomotion counts over the 12 min session, with a count
corresponding to the consecutive interruption of two infrared beams.

Drugs All drugs were suspended in a few drops of Tween 80 and
administered IP In models of potential anxiolytic properties, and of
the influence of drugs on motor behaviour, animals were
administered with drug or vehicle 30 min before testing and full
dose-response curves were undertaken for all drugs. In the
antagonism studies performed in the social interaction and Vogel
conflict tests, S22153 or vehicle was administered 15 min before
agomelatine or vehicle. Melatonin and clorazepate dipotassium were
obtained from Sigma (Saint Quentin-Fallavier, France). Agomela-
tine, SB243,213 (5-methyl1-1[(2-[(2-methyl-3-pyridyl)oxyl]-5-pyr-
idil] carbamoyl]-6-trifluoromethylindoline) hydrochloride and
S22153 (N-[2-(5-ethyl-benzo[b] thien-3-yl)ethyl] acetamide), were
synthesized by Servier chemists.

Fig. 1 Actions of agomelatine,
melatonin, clorazepate and
SB243,213 in the social inter-
action procedure in rats. VEH
vehicle. Data are means+SEMs.
n=5 per value. For ANOVA, see
Results. Asterisks indicate sig-
nificance of differences to re-
spective vehicle values in Dun-
nett’s test. *P<0.05
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Statistics In all behavioural studies, dose-effects were analysed
employing one-way analyses of variance (ANOVA) followed by
Dunnett’s test. Where computable (USV and motor procedures),
Inhibitory Dosesos (IDsos) plus 95% confidence limits (CL) were
calculated. In the dialysis studies, ANOVA with dose as between
factor was performed over 20-140 min.

Results

Social interaction test (Fig. 1, Table 1) At doses of 2.5 mg/
kg and 10.0 mg/kg, agomelatine elicited a significant
increase in the time devoted to active social interaction in
pairs of unfamiliar rats introduced into a novel environ-
ment (Fig. 1). A further increase in dose resulted in an
inflection of the dose—response curve. Though melatonin
tended to increase the time of social interaction at a dose
of 40.0 mg/kg, this effect did not attain statistical
significance (Fig. 1). Further, at the highest dose tested,
melatonin resulted in a significant decrease in active social
interaction. Clorazepate induced a significant elevation in
active social interaction at a dose of 10.0 mg/kg (Fig. 1).
SB243,213 significantly increased social interaction at
doses of 0.63 mg/kg and 2.5 mg/kg (Fig. 1). For both
clorazepate and SB243,213, a further increase in doses
resulted in a loss of effect. ANOVAs were as follows:
agomelatine, F(5,28)=5.3, P<0.01; melatonin, F(6,46)
=5.9, P<0.001; clorazepate, F(3,20)=5.3, P<0.01 and
SB243,213, F(5,32)=3.3, P<0.05.

Vogel conflict test (Fig. 2, Table 1) Agomelatine (2.5—
80.0 mg/kg) elicited a dose-dependent increase in
punished responses in the Vogel conflict test (Fig. 2). In
contrast, over a similar dose-range, melatonin was
inactive. Clorazepate (5.0-20.0) displayed dose-dependent
activity with a maximal effect similar to that of
agomelatine. SB243,213 (10-40.0 mg/kg) also dose-
dependently increased punished responses in this proce-
dure. ANOVA were as follows: agomelatine, F(4,46)=6.2,
P<0.001; melatonin, F(4,47)=1.5, P>0.05; clorazepate, F
(4,56)=3.2, P<0.05 and SB243,213, F(3,34)=6.1, P<0.01.

Lack of influence of the selective melatonin antagonist,
S§22153, on the actions of agomelatine (Fig. 3) The
selective melatonin antagonist, S22153, was used at a dose
(20.0 mg/kg) previously demonstrated to abolish the
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Table 1 Summary of overall functional profiles of drugs on acute
administration in models predictive of anxiolytic properties as
compared to their influence on extracellular level of 5-HT and NA.
Yes active and No inactive; HIPP hippocampus; F'CX frontal cortex;
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USV ultrasonic vocalizations; PM plus-maze; S/ social interaction;
5-HT serotonin; NA noradrenaline and SSRI selective 5-HT reuptake
inhibitor; — no effect; | or 1 decrease or increase, respectively

Drug Class Vogel usv PM SI HIPP/FCX
S5-HT NA

Agomelatine Melatonin agonist/5-HT,c antagonist Yes No Yes® Yes - 10
Melatonin Melatonin agonist No No No No - b
Clorazepate Benzodiazepine Yes Yes Yes Yes ! l
Chlordiazepoxide Benzodiazepine Yes Yes Yes Yes ! l
Diazepam Benzodiazepine Yes Yes Yes Yes 1 l
SB243,213 5-HT,c antagonist Yes No No Yes - i
SB242,084 5-HT,¢ antagonist Yes No No Yes - i
SB206,553 5-HT,¢ antagonist Yes No No Yes - 1
Citalopram SSRI No No No No¢ 1 -

A significant effect of agomelatine was observed only on % entries into open arms of the plus-maze procedure

bSee also Millan et al. 2003

“Anxiogenic. In addition to drugs examined herein, to facilitate comparisons, data are summarized for several other agents previously
studied in these procedures under identical conditions, including the selective serotonin reuptake inhibitor (SSRI), citalopram (Dekeyne et

al. 2000a; Gobert et al. 2000; Millan et al. 2000a, 2001)

influence of melatonin on circadian rhythms (Weibel et al.
1999). In the social interaction procedure, S22153 was
inactive alone and failed to modify the action of
agomelatine (2.5 mg/kg). Two-way ANOVA was as
follows: influence of agomelatine, F£(1,20)=18.9,
P<0.001; influence of S22153, F(1,20)=1.1, P>0.05 and
interaction, £(1,20)=0.3, P>0.05. In the Vogel conflict test,
S22153 (20.0 mg/kg), which was ineffective alone, did not
modify the action of agomelatine (80.0 mg/kg). Two-way
ANOVA was as follows: influence of agomelatine, F(1,62)
=43.2, P<0.001; influence of S22153, F(1,62)=1.1,
P>0.05 and interaction, F(1,62)=1.1, P>0.05.

Plus-maze test (Fig. 4, Table 1) Agomelatine evoked a
dose-dependent increase in the percentage of entries into
open arms of the plus-maze, with a slight inflection of the
dose-response curve at the highest dose tested (80.0 mg/
kg). Statistical significance was obtained at doses of
40.0 mg/kg and 80.0 mg/kg. Correspondingly, a signifi-
cant decrease of entries in enclosed arms was observed at a
dose of 80.0 mg/kg. Biphasic dose-response curves were
obtained for percentage of time spent in open arms and for
total entries, though no dose of agomelatine actually
resulted in a statistically significant change. Melatonin

5

Fig. 2 Actions of agomelatine,
melatonin, clorazepate and
SB243,213 in the Vogel Conflict
test in rats. VEH vehicle. Data
are means+SEMs. n=6—19 per
value. For ANOVA, see Results.
The open asterisks indicate the
significance of differences to
vehicle non-punished value, in
Student’s #-test. The closed as-
terisks indicate the significance
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(10.0-120.0 mg/kg) did not elicit a statistically significant
change in percentage open arm time or entries, or in
enclosed arms or total entries. Clorazepate (0.63—40.0 mg/
kg) evoked a dose-dependent and significant elevation in
percentage entries and time in open arms, in number of
entries into enclosed arms, and in total entries. However,
for total entries, its dose-response curve inflected at the
highest dose evaluated. Over a broad dose-range (0.16—
40.0 mg/kg), SB243,213 had no significant effect on either
time or percentage entries in open arms, though it slightly
and non-significantly decreased both enclosed arms and
total entries at the highest dose. ANOVA were as follows:
for % entries in open arms, agomelatine, F(4,44)=5.5,
P<0.01; melatonin, F(4,41)=1.0, P>0.05; clorazepate, F
(4,42)=9.1, P<0.001 and SB243,213, F(5,42)=0.5,
P>0.05. For % time in open arms, agomelatine, F(4,44)
=2.2, P>0.05; melatonin, F(4,41)=2.2, P>0.05; cloraze-
pate, F(4,42)=15.8, P<0.001 and SB243,213, F(5,42)=0.4,
P>0.05. For entries in enclosed arms, agomelatine, F(4,44)
=2.8, P<0.05; melatonin, F(4,41)=0.3, P>0.05; cloraze-
pate, F(4,42)=4.7, P<0.01 and SB243,213, F(5,42)=1.0,
P>0.05. For total entries, agomelatine, F(4,44)=1.9,
P>0.05; melatonin, F(4,41)=0.8, P>0.05; clorazepate, F
(4,42)=9.5, P<0.001 and SB243,213, F\(5,42)=0.7,
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Fig. 3 Lack of influence of the melatonin receptor antagonist,
S22153, on the anxiolytic properties of agomelatine in the social
interaction test and the Vogel conflict test in rats. Data are means
+SEMs. VEH vehicle. Social interaction procedure: doses were
2.5 mg/kg and 20.0 mg/kg, IP for agomelatine and S22153,
respectively, n=6 per value. Vogel conflict procedure: doses were

P>0.05.

Ultrasonic vocalization test (Fig. 5, Table 1) Administered
over a dose-range equivalent to that evaluated in the Vogel
procedure (0.63—-80.0 mg/kg), no significant activity of
agomelatine or melatonin was detected in the USV model,
although dose-dependent tendencies for a decrease in USV
duration were observed with both compounds. In contrast,
clorazepate decreased this response at a dose of 40.0 mg/
kg. Over a broad dose-range (0.16-40.0 mg/kg),
SB243,213 failed to decrease the duration of USV.
ANOVA were as follows: agomelatine, F(4,41)=2.2,
P>0.05; melatonin, F(4,39)=1.0, P>0.05; clorazepate,
F(4,29)=3.7, P<0.05 and SB243,213, F(5,34)=0.2, P>0.05

Dialysis levels of serotonin and noradrenaline in the
dorsal hippocampus and frontal cortex (Figs 6, 7, §8)
Agomelatine dose-dependently (10.0-80.0 mg/kg) ele-
vated extracellular levels of NA in the dorsal hippocampus
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80.0 mg/kg and 20.0 mg/kg, IP for agomelatine and S22153,
respectively, n=11 per value. For ANOVA, see Results. Asterisks
indicate significance of differences of vehicle/agomelatine to
vehicle/vehicle and of S22153/agomelatine to S22153/vehicle
values in Dunnett’s test. *P<0.05

§22153

of freely moving rats. ANOVA were as follows. 10.0 mg/
kg, F(1,10)=3.2, P>0.05; 40.0 mgkg, F(1,13)=5.0,
P<0.05 and 80.0 mg/kg, F(1,9)=27.8, P<0.01. In distinc-
tion, melatonin (40.0 mg/kg and 80.0 mg/kg) failed to
modify levels of NA either in the FCX (Millan et al. 2003)
or in the hippocampus (Fig. 6). ANOVA was as follows.
Melatonin, hippocampus, 80.0 mg/kg, F(1,10)=3.0,
P>0.05. Neither agomelatine nor melatonin affected levels
of 5-HT in the hippocampus and FCX (Fig. 6). ANOVA
were as follows. Agomelatine, dorsal hippocampus; 5-HT,
10.0 mg/kg, F(1,10)=0.1, P>0.05; 40.0 mg/kg, F(1,12)
=0.1, P>0.05 and 80.0 mg/kg, F(1,9=4.6, P>0.05.
Agomelatine, frontal cortex; 5-HT, 40.0 mg/kg, F(1,10)
=0.5, P>0.05. Melatonin, dorsal hippocampus, 5-HT,
80.0 mg/kg, F(1,9)=0.3, P>0.05 and melatonin, frontal
cortex; 5-HT, 40.0 mgkg, F(1,10)=0.9, P>0.05. In
contrast to agomelatine, clorazepate dose-dependently
(0.63-20.0 mg/kg) and markedly decreased dialysis levels
of NA and 5-HT both in the hippocampus and in the FCX
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Fig. 4 Actions of agomelatine, melatonin, clorazepate and SB243,213 in the plus-maze test in rats. VEH vehicle. Data are means+tSEMs.
n=6-8 per value. Asterisks indicate significance of differences to respective vehicle values in Dunnett’s test. *P<0.05



Fig. 5 Actions of agomelatine, 3007

melatonin, clorazepate and
SB243,213 in the ultrasonic
vocalization test in rats. VEH
vehicle. Data are means+SEM.
n>6 per value. For ANOVA, see
Results. The asterisk indicates
significance of differences to
vehicle values in Dunnett’s test.
*P<0.05
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(Figs 7, 8). Clorazepate, dorsal hippocampus, 5-HT:
0.63 mg/kg, F(1,9)=1.8, P>0.05; 2.5 mgkg, F(1,11)
=18.3, P<0.01; 10.0 mg/kg, F(1,11)=28.2, P<0.01 and
20.0 mg/kg, F(1,10)=45.4, P<0.01 and clorazepate, dorsal
hippocampus, NA: 0.63 mg/kg, F(1,10)=0.7, P>0.05;
2.5 mg/kg, F(1,11)=0.7, P>0.05; 10.0 mgkg, F(1,11)
=32.0, P<0.01 and 20.0 mg/kg, F(1,10)=24.5, P<0.01.
Clorazepate, frontal cortex, 5-HT: 0.63 mg/kg, F(1,11)
=0.3, P>0.05; 10.0 mg/kg, F(1,12)=70.7, P<0.001 and
20.0 mg/kg, F(1,10)=47.7, P<0.01 and clorazepate, frontal
cortex, NA: 0.63, F(1,11)=0.2, P>0.05; 10.0 mg/kg,
F(1,12)=17.2, P<0.01 and 20.0 mgkg, F(1,10)=20.5,
P<0.01. Mimicking the effect of agomelatine, SB243,213
provoked a significant and dose-dependent increase in
extracellular levels of NA, but not of 5-HT, in the FCX
(0.63-10.0 mg/kg) and hippocampus (1020 mg/kg) (Figs

400 160.0 VEH 0416 063 25 100 400

Dose (mgl/kg, i.p.)

7, 8). SB243,213, dorsal hippocampus, 5-HT: 10.0 mg/kg,
F(1,11)=0.1, P>0.05; 15.0 mg/kg, F(1,11)=1.8, P>0.05
and 20.0 mg/kg, F(1,12)=1.1, P>0.05 and SB243,213,
dorsal hippocampus, NA: 10.0 mg/kg, F(1,11)=0.9,
P>0.05; 15.0 mg/kg, F(1,11)=6.7, P<0.05 and 20.0 mg/
kg, F(1,12)=29.8, P<0.01. SB243,213, frontal cortex, 5-
HT: 0.63 mg/kg, F(1,9)=0.3, P>0.05; 2.5 mg/kg, F(1,10)
=0.3, P>0.05 and 10.0 mg/kg, F(1,11)=2.2, P>0.05 and
SB243,213, frontal cortex, NA: 0.63 mg/kg, F(1,9)=0.3,
P>0.05; 2.5 mg/kg, F(1,10)=13.5, P<0.01 and 10.0 mg/
kg, F(1,11)=25.5, P<0.01.

Motor behaviour (Fig. 9) Agomelatine elicited a dose-
dependent reduction in spontaneous locomotor activity in
rats. These actions were statistically significant at doses of
40.0 mg/kg and 80.0 mg/kg, respectively. Similarly,
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Fig. 6 Influence of agomelatine and melatonin on extracellular
levels of serotonin (5-HT) and noradrenaline (NA) in the dorsal
hippocampus, and of 5-HT in the frontal cortex, of freely moving
rats. The upper panels represent the actions of agomelatine and the
lower panels represent the actions of melatonin. Data are means
+SEMs. n=5-9 per value. Basal levels of 5-HT and NA in the dorsal

hippocampus were 0.70+0.06 and 0.53+0.03 pg/20 ul, respectively.
Basal levels of 5-HT in the frontal cortex were 0.61+0.03 pg/20 pl.
For ANOVA, see Results. The asterisks indicate significance of
differences between drug-treated and vehicle-treated groups.
*P<0.05
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Fig. 7 Influence of clorazepate and SB243,213 on extracellular
levels of serotonin (5-HT) and noradrenaline (NA) in the dorsal
hippocampus of freely moving rats. The upper panels represent the
actions of clorazepate and the lower panels represent the actions of
SB243,213. Data are means+SEMs. n=5-8 per value. For ANOVA,
see Results. Asterisks indicate significance of drug-treated groups
versus vehicle-treated groups. *P<0.05
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Fig. 8 Influence of clorazepate and SB243,213 on extracellular
levels of serotonin (5-HT) and noradrenaline (NA) in the frontal
cortex of freely moving rats. The upper panels represent the actions
of clorazepate and the Jlower panels represent the actions of
SB243,213. Data are means+SEMs. n=5-8 per value. For ANOVA,
see Results. Asterisks indicate significance of drug-treated groups
versus vehicle-treated groups. *P<0.05

melatonin, clorazepate and SB243,213 all elicited dose-
dependent reductions in locomotor activity in rats.
ANOVA were as follows: agomelatine, F(4,38)=13.8,
P<0.001; melatonin, F(4,35)=10.9, P<0.001; clorazepate,
F(5,34)=9.2, P<0.001 and SB243,213, F(4,29)=5.7,
P<0.01

Discussion

Anxiolytic profile of agomelatine as compared with
clorazepate and SB243,213 In each model examined,
clorazepate displayed significant anxiolytic activity, in line
with extensive studies of the broad-based and robust
anxiolytic properties of BZPs in rodents and pigeons
(Sanger 1985; Miczek et al. 1995; Kleven and Koek 1999;
Menard and Treit 1999; Millan and Brocco 2003).
Nevertheless, the comparatively low potency of cloraze-
pate in the USV procedure—exerted only at a dose which
compromises motor function—coincides with previous
work indicating that BZPs display modest activity in this
model (Molewijk et al. 1995; Millan 2003).

Blockade of 5-HT,¢ sites in the amygdala and hippo-
campus is associated with anxiolytic properties (Millan
2003) and the novel 5-HT,c receptor antagonist,
SB243,213, displayed significant anxiolytic properties in
the social interaction test. This observation corroborates
the findings of Wood et al. (2001) and parallels the actions
of other 5-HT,c receptor antagonists in this model
(Kennett et al. 1996, 1997; Griebel et al. 1997; Dekeyne
et al. 2000a; Millan et al. 2001; Millan and Brocco 2003).
Wood et al. (2001) likewise reported significant activity of
SB243,213 in a Geller—Seifter conflict paradigm. Howev-
er, its effect was not dose-dependent and less pronounced
than that of the BZP, diazepam. Moreover, SB243,213
showed only modest activity as compared with previous
studies of other 5-HT,c antagonists such as SB206,553
and SB242,084 (op. cit.). It is, thus, of particular interest
that in the Vogel protocol, a related punishment-based
conflict procedure (Dekeyne et al. 2000a; Millan et al.
2001; Millan and Brocco 2003), SB243,213 elicited a
dose-dependent and robust increase in punished responses.
On the other hand, reproducing findings with other 5-
HT,c receptor antagonists (Sanchez and Merk 1999;
Millan et al. 2001; Millan 2003), SB243,213 was
ineffective in the USV procedure. This is not surprising
since the USV paradigm mimics “panic-like states” which
are abrogated by activation rather than blockade of 5-HT,¢
sites, probably localized in the periaqueductal grey
(Deakin 1994; Molewijk et al. 1995; Graeff et al. 1996;
Jenck et al. 1998; Millan 2003). Finally, anxiolytic actions
of 5-HT,c antagonists in the plus-maze model have
generally proven weak and variable (Griebel et al. 1997;
Millan et al. 2001; Millan 2003), corresponding to the lack
of efficacy of SB243,213 herein.

Agomelatine shared the anxiolytic profile of SB243,213
in that it was active in the social interaction and Vogel
paradigms, but not in the USV procedure. By analogy to
SB243,213, doses of agomelatine required to increase
punished responses in the Vogel procedure were substan-
tially higher than those active in the social interaction
model. This observation probably reflects a difference in
“test sensitivity” inasmuch as relatively high doses of
anxiolytic agents, irrespective of their mechanistic class,
are needed to obtain robust and significant effects in the
Vogel procedure (Graeff et al. 1996; Menard and Treit
1999; Millan and Brocco 2003). On the other hand,
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inasmuch as Sprague-Dawley rats were employed for the
social interaction procedure as compared to Wistar rats for
the Vogel test, a possible strain difference cannot be
excluded: though we are not aware of data directly
supporting this possibility, strain and genetic differences in
the response of rats to anxiety and stress have been well
documented (Belzung 2001; Clément et al. 2002; Millan
2003). It is also conceivable that the population of 5-HT,¢
receptors which transduces anxiolytic properties in the
Vogel test may differ to that involved in the social
interaction procedure (Millan 2003). Interestingly, in
contrast to SB243,213, agomelatine was effective in the
plus-maze model. However, significant anxiolytic activity
was seen only for two parameters (% entries in open arms
and number of entries in enclosed arms) and for two and
one doses, respectively, so this action would benefit from
further evaluation in related models of anxiolytic activity.

Though agomelatine exerted a suppressive influence on
spontaneous motor activity, agomelatine induced increases
in active social interaction, of punished responses in the
Vogel test and of open-arm entries in the plus-maze can
hardly be attributed to a decrease in motor function.
Further, melatonin similarly suppressed motor behaviour,
yet failed to reveal anxiolytic properties. Indeed, the
inhibitory influence of high doses of agomelatine on motor
function is more likely to underlie an apparent “loss” of
anxiolytic actions (dose-response curve inflection) in the
social interaction and plus-maze paradigms.

Serotonergic transmission Extending our studies of the
inhibitory influence of diazepam and chlordiazepoxide on
corticolimbic release of 5-HT (Dekeyne et al. 2000a;
Millan et al. 2001), clorazepate reduced levels of 5-HT
both in the dorsal hippocampus and in the FCX. This
GABA 4 receptor-mediated, suppressive influence of BZPs
on serotonergic transmission is strongly implicated in their
anxiolytic properties (Graeff et al. 1996; Menard and Treit
1999; Millan 2003). In contrast to BZPs, 5-HT,¢ receptor
antagonists do not modulate 5-HT release in corticolimbic
structures (Gobert et al. 2000; Millan et al. 2000b) and,
accordingly, SB243,213 failed to modify extracellular
levels of 5-HT in FCX or dorsal hippocampus. Though it
has been proposed that high doses of melatonin modulate
cerebral 5-HT release under certain conditions, data
remain fragmentary (Chuang and Lin 1994; Yoshioka et

Dose (mg/kg, i.p.)

al. 2000) and no effect of melatonin on extracellular levels
of 5-HT was observed herein. In line with this lack of
influence of SB243,213 and melatonin on 5-HT levels,
they were not affected by agomelatine. In distinction to
BZPs, then, modulation of 5-HT release is not involved in
the anxiolytic properties of agomelatine (Table 1). In light
of evidence that mechanisms underlying the anxiolytic
profile of agomelatine differ to those harnessed by
clorazepate, it is of interest that agomelatine does not
generalize to a discriminative stimulus elicited by a further
BZP, diazepam, in rats (Wiley et al. 1998).

Adrenergic transmission The present study extends our
previous observations of the inhibitory influence of
chlordiazepoxide on dialysis levels of NA in the FCX
(Millan et al. 2001) in demonstrating a similar suppressive
influence of clorazepate both in this structure and in the
dorsal hippocampus. These observations support the
notion that a reduction of adrenergic transmission
participates in the anxiolytic actions of BZPs (Tanaka et
al. 2000; Millan 2003). In distinction to clorazepate,
SB243,213 elevated extracellular levels of NA in the FCX
and dorsal hippocampus, actions reflecting relief of the
tonic, excitatory influence of 5-HT,c receptors on
GABAergic interneurones in the locus coeruleus (Gobert
et al. 2000; Millan et al. 2000b). In contrast to melatonin,
via blockade of 5-HT,c receptors, agomelatine also
enhanced extracellular levels of NA in hippocampus,
mimicking its elevation of NA levels in the FCX (Millan
et al. 2003). These observations reveal, then, a fundamen-
tal difference in the neurochemical actions of agomelatine
versus BZPs of relevance to their contrasting profiles of
anxiolytic activity. The increase in extracellular levels of
NA evoked by agomelatine may be related, by analogy to
other drugs acting as 5-HT,c antagonists, to its lack of
efficacy in the USV model (vide supra) inasmuch as panic
attacks have been linked to an abrupt acceleration of the
corticolimbic release of NA (Gorman et al. 2000; Millan
2003). On the other hand, in distinction to BZPs, a
reinforcement of cortical adrenergic transmission by
agomelatine and 5-HT,c receptor antagonists may exert
a positive influence on cognitive-attentional function and
depressed mood (Foote and Aston-Jones 1995; Millan et
al. 2000b).
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Mechanisms underlying anxiolytic properties of agomela-
tine: importance of 5-HT,c receptor blockade As men-
tioned above, the anxiolytic and neurochemical profile of
agomelatine resembles that of SB243,213 and other 5-
HT,c receptor antagonists (Gobert et al. 2000; Millan
2003; Millan et al. 2003). Several other lines of evidence
also support a role of 5-HT,¢ receptor blockade rather than
agonist properties at melatoninergic sites in the anxiolytic
actions of agomelatine. First, agomelatine displays antag-
onist properties at native, rat and cloned, human 5-HT,¢
receptors in vitro (Millan et al. 2003). Second, active doses
of agomelatine herein correspond well to those at which it
expresses its 5-HT,¢ antagonist properties in other models
in vivo (Chagraoui et al. 2003; Millan et al. 2003). Third,
though agomelatine possesses antagonist properties at 5-
HT,p receptors, their blockade is unlikely to be involved
in its anxiolytic actions inasmuch as SB243,213 has low
affinity for these sites, while the selective 5-HT,¢ versus
5-HT,p antagonist, SB242,084, is active in the social
interaction and Vogel procedures (Kennett et al. 1997;
Millan et al. 2001). Moreover, selective 5-HT,p antago-
nists are ineffective in these procedures and stimulation of
5-HT,p sites is associated with anxiolytic properties
(Kennett et al. 1998; Millan 2003).

Arguing against a role of melatonin receptors, adminis-
tered at a dose which blocks the chronobiotic actions of
agomelatine and other melatonin agonists (Weibel et al.
1999; Kopp et al. 1999b), the MT;/MT, antagonist,
S22153, failed to modify the anxiolytic properties of
agomelatine. Moreover, melatonin did not display anxio-
lytic properties in the models employed herein, though its
suppression of social interaction at a high dose presumably
reflects sedative rather than anxiogenic properties (see
above). While actions of melatonin in the social interac-
tion and USV procedures have not previously been
documented, melatonin has been reported to show anxi-
olytic activity in a plus-maze procedure in rats (Golombek
et al. 1993). However, this action was only expressed at
night and, in line with the present findings, it was inactive
during the day. Similarly, while Naranjo-Rodriguez et al.
(2000) documented anxiolytic actions of low doses of
melatonin (0.5-2.0 mg/kg) in a rat Vogel conflict proce-
dure, these studies were likewise performed during the
dark part of a reversed 12 h light/dark cycle. Procedural
variables, such as a short period of water deprivation, may
account for these surprising results inasmuch as no other
reports of anxiolytic actions of melatonin in conflict
models are available (Millan and Brocco 2003).

General discussion Several general aspects of this study
require brief commentary.

First, the major aim was to characterize the role of 5-
HT,c receptor blockade in the potential anxiolytic actions
of agomelatine. It would be of interest to extend the
present work to certain (unusual) procedures in which
anxiolytic properties of melatonin and other agonists at
MT,/MT, receptors have been expressed: for example, the
anxious behaviour associated with “sickness” in rats
(Kopp et al. 1999a,b, 2000; Nava and Carta 2001).

Second, while the present evidence support a role of 5-
HT,c receptor blockade in the anxiolytic actions of
agomelatine (Table 1), their localization was not ad-
dressed. It is likely that populations in the hippocampus
and amygdala are involved: this remains, however, to be
demonstrated (Kennett et al. 1997; Menard and Treit 1999;
Wood et al. 2001; Millan 2003).

Third, in the present and other (Millan, M.J. et al. 2003;
unpub. obs.) procedures of 5-HT,c receptor-mediated
activity in vivo, agomelatine was generally approximately
5-fold less potent than SB243,213. This modest difference
in potency may seem surprising inasmuch as the affinity of
agomelatine is some 100-fold lower than that of
SB243,213 for cloned, human 5-HT,c receptors (Wood
et al. 2001; Millan et al. 2003). One possibility is that the
relative affinities of agomelatine and SB243,213 at
cerebral rat 5-HT,c- sites are different from those
determined at heterologously expressed h5-HT,¢ sites. In
this light, it is important to note that several, species-
specific isoforms of 5-HT,¢ receptors have been described
which display contrasting pharmacological profiles (Mill-
an 2003). It might also be contended that the melatoni-
nergic properties of agomelatine potentiate its 5-HT,c
receptor-mediated effects in vivo. However, this argument
is countered by the lack of influence of the melatoninergic
antagonist, S22153, on the actions of agomelatine (Fig. 3
and Millan et al. 2003). It should also be noted that
SB243,213 is less potent in vivo than might be expected
from a comparison with the first-generation and chemi-
cally related 5-HT,c receptor antagonist, SB200,646:
though SB243,213 is 100-fold more potent than the latter
agent, they are of similar potency in vivo (Kennett et al.
1994; Wood et al. 2001; Millan M.J. et al., unpublished
data). Finally, though it might be argued that bioactive
metabolites may contribute to in vivo actions of
agomelatine and SB243,213, there is currently no evi-
dence for this possibility and pharmacokinetic factors are
generally of lesser importance for parenteral routes of
injection (as used herein) than for oral administration.
Thus, the question of the relative potencies in vivo of
agomelatine relative to SB243,213 and other 5-HT,c
receptor antagonists requires further elucidation.

Finally, the suprachiasmatic nucleus, a major site of
action of melatonin (Ying et al. 1996; Liu et al. 1997),
possesses a high concentration of 5-HT,¢ receptors (Roca
et al. 1993). Their activation participates in the influence
of light on pineal secretion of melatonin (Kennaway and
Moyer 1998, 1999; Kennaway et al. 2001; Hay-Schmidt et
al. 2003). Whether antagonist properties of agomelatine at
5-HT,c sites controlling melatonin release are relevant to
its influence on anxious states remains to be evaluated.

Conclusions In conclusion, the novel melatonin agonist/5-
HT,c receptor antagonist, agomelatine, displayed a pattern
of anxiolytic activity resembling that of the selective 5-
HT,c receptor antagonist, SB243,213 (Table 1). Further,
in the models examined herein, melatonin was inactive
and anxiolytic actions of agomelatine were resistant to the
MT;/MT, antagonist, S22153. Thus, under the present



conditions, 5-HT,¢ receptor blockade underlies the anxi-
olytic properties of agomelatine. Accordingly, the anxio-
lytic profile of agomelatine differed from that of the BZP,
clorazepate, from which it could also be distinguished by
its lack of inhibitory influence on corticolimbic release of
5-HT and NA. It will be important to determine the
relevance of these observations to the therapeutic utility of
agomelatine in the treatment of depressive and, potentially,
anxious states (Loo et al. 2002b), both of which are
associated with altered activity at cerebral populations of
5-HT,c receptors (Deakin 1994; Millan 2003). Under-
pinning interest in this question, agomelatine was recently
found to suppress anxious symptoms in depressed patients
(Loo et al. 2002a) though studies in “pure” anxious
subjects remain to be undertaken.
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