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Abstract

Rationale Though interoceptive properties of antidepres-
sants have been described, discriminative stimulus (DS)
properties of mirtazapine, which does not affect monoamine
reuptake, remain uncharacterized.

Objectives The objectives of the study are to train rats to
recognize a mirtazapine DS, then perform substitution
studies with other antidepressants and drugs acting at sites
occupied by mirtazapine.

Materials and methods Using a two-lever, fixed-ratio 10
schedule, rats were trained to discriminate mirtazapine
(2.5 mg/kg, i.p.) from saline.

Results Sessions, 63+8, were necessary to reach the
criterion for 14 rats that all subsequently recognized
(100%) mirtazapine at the training dose. Mirtazapine blocks
serotonin (5-HT),c receptors, and the 5-HT, antagonists,
SB242,084, SB243,213 and S32006, revealed dose-
dependent and full (>80%) substitution at doses of 2.5, 2.5,
and 0.63 mg/kg, respectively. By contrast, the 5-HT,5
antagonists, MDL100,907 and SR46349-B, the 5-HT,p
antagonist, SB204,741, and the 5-HT; antagonist, ondanse-
tron, showed no significant substitution. Though mirtaza-
pine indirectly recruits 5-HT;, receptors, the 5-HT,
agonists, buspirone and 8-OH-DPAT, did not substitute.
Mirtazapine blocks «,-adrenoceptors, but several o-
adrenoceptor antagonists (yohimbine, RX821,002 and atipa-
mezole) failed to substitute. Despite blockade by mirtazapine
of histamine H; receptors, no substitution was seen with the
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selective H; antagonist, pyrilamine. Finally, the selective
noradrenaline reuptake inhibitor, reboxetine (0.16), fully
substituted for mirtazapine, whereas the 5-HT/noradrenaline
reuptake inhibitors, duloxetine and S33005, several 5-HT
reuptake inhibitors (citalopram, fluvoxamine, and paroxe-
tine) and the dopamine reuptake inhibitors, bupropion and
GBR12,935, did not substitute.

Conclusion Mirtazapine elicits a DS in rats for which
selective antagonists at 5-HT,c receptors display dose-
dependent substitution, whereas drugs acting at other sites
recognized by mirtazapine are ineffective.

Keywords 5-HT,¢ receptor- Antidepressant - Mirtazapine -
Drug discrimination

Introduction

Compared to drug discrimination assays with psychoactive
agents like antipsychotics (see this Special Issue; Dekeyne
and Millan 2003; Goudie et al. 2004; Alici et al. 2006),
antidepressant discrimination studies remain comparatively
uncommon. This is unfortunate since discriminative stim-
ulus (DS) studies are potentially instructive in evaluating
several interesting issues: first, in determining whether a
training drug shares interoceptive effects with other classes
of clinically active antidepressant; second, in characterizing
mechanisms of action involved in the interoceptive effects
of antidepressants using substitution tests with ligands
selective for specific classes of receptor and transporter;
third, in relating DS properties of antidepressants to their
functional actions, including their influence upon mood. In
fact, despite difficulties faced in training, these questions
have been addressed in drug discrimination studies of the
selective serotonin (5-HT) reuptake inhibitor (SSRI),
citalopram, the selective noradrenaline (NA) reuptake
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inhibitor (NARI), reboxetine, and dopamine (DA) reuptake
inhibitor, bupropion (Olivier et al. 1993; Terry and Katz
1997; Millan et al. 1999a, 1999b; Dekeyne et al. 2001a,
2001b; Young and Glennon 2002; Millan and Dekeyne
2007; see Dekeyne and Millan 2003 for review). By
contrast, the poor tolerance of tricyclic agents upon long-
term administration, has complicated their use as training
drugs (Zhang and Barrett 1991; Dekeyne and Millan 2003).
Furthermore, stimulus properties of clinically employed
drugs like nefazodone and trazodone have only been
indirectly characterized: that is, used in substitution studies
but not employed as training drugs (Eckler et al. 2003).
Furthermore, drug discrimination studies with the “atypi-
cal” antidepressant, mirtazapine, which differs from all
other clinically active agents in not modifying monaomine
reuptake (Davis and Wilde 1996; Tatsumi et al. 1997;
Millan et al. 2000a; Anttila and Leinonen 2001), have never
been documented.

Accordingly, the purpose of the present report was to
evaluate the DS properties of mirtazapine. The facilitatory
influence of mirtazapine upon ascending dopaminergic and
adrenergic pathways provides a functional substrate for its
beneficial influence in depressed states and can be
attributed to antagonism of 5-HT,c receptors and ota)-
adrenoceptors (ARs) which exert a tonic, inhibitory
influence upon dopaminergic and adrenergic projections
(Millan et al. 2000a; Di Matteo et al. 2002; Devoto et al.
2004; Invernizzi and Garattini 2004; Dekeyne et al. 2008).
Blockade of 5-HT,( receptors improves anxious states and
exerts a favorable influence on sexual function and sleep
architecture which are perturbed in depressive states (Davis
and Wilde 1996; Kent 2000; Anttila and Leinonen 2001;
Millan 2006; Dekeyne et al. 2008). Mirtazapine also
behaves as an antagonist at 5-HT, 4 receptors, blockade of
which may also exert a beneficial influence upon mood,
anxious symptoms, and sleep (Davis and Wilde 1996; Kent
2000; Anttila and Leinonen 2001; Millan 2006; Dekeyne et
al. 2008). Furthermore, antagonism of 5-HT, 5 receptors by
mirtazapine reduces the stress-induced activation of the
hypothalamus—pituitary—adrenal axis by braking hypotha-
lamic liberation of corticotropin-releasing factor (Schule et
al. 2002; Fabricio et al. 2005; Millan 2006). While the
antagonist actions of mirtazapine at 5-HT,g receptors are of
unclear significance (Millan et al. 2000a), an interesting
difference between mirtazapine and monoamine reuptake
inhibitors consists in its pronounced antagonist properties at
5-HTj receptors (Anttila and Leinonen 2001) which counter
nausea and gastrointestinal side effects (Pedersen and
Klysner 1997; Olivier et al. 2000; Costall and Naylor
2004; Ramamoorthy et al. 2008). Furthermore, while
mirtazapine has no affinity for 5-HT,, receptors, it may
indirectly activate postsynaptic 5-HT;, receptors via an
increase in 5-HT release (De Boer 1996; Berendsen and
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Broekkamp 1997; Haddjeri et al. 1998; Rauggi et al. 2005).
Indeed, in a cross-familiarization procedure in rats, pre-
exposure to the prototypical 5-HT; o agonist, 8-OH-DPAT,
interfered with a conditioned taste aversion (CTA) elicited
by mirtazapine (Berendsen and Broekkamp 1997). None-
theless, a role of enhanced 5-HT release and 5-HT;4
receptors in the actions of mirtazapine has been questioned
(Bengtsson et al. 2000; Millan et al. 2000a; Whale et al.
2000; Nakayama et al. 2004). Finally, in addition to modest
antagonist properties at o;-adrenoceptors (ARs), mirtaza-
pine potently blocks histamine H; receptors, an action
related to a variety of central, cardiovascular and autonomic
side effects including obesity and somnolence (Glassman
1998; Anttila and Leinonen 2001; Rogoz et al. 2002;
Kroeze et al. 2003; Sommer et al. 2003), though its sedative
effects are counteracted by the arousing effect of enhanced
noradrenergic transmission (Kent 2000; Szegedi and
Schwertfeger 2005; Schmid et al. 2006).

In light of these observations concerning the distinctive
multi-receptorial profile of mirtazapine (Table 1), the
present study examined the mechanisms underlying its
interoceptive properties following training with a standard,
two-lever, food-reinforced, drug versus saline discrimina-
tion procedure.

Materials and methods

Animals Thirty male Wistar rats (Iffa-Credo, L’Arbresle,
France), weighing 180-200 g upon arrival, were housed
singly in sawdust-lined cages with free access to water and
restricted access to food (10-11 g/day) in order to maintain
their weight at 80% of free-feeding values. Laboratory
temperature was 21+£1.0°C and humidity 60+5%. There
was a 12/12 h light—dark cycle with lights on at 07:00 hours.
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.

Drug discrimination procedure Employing a procedure
extensively described in our previous work (e.g. Millan
and Dekeyne 2007), rats were trained to discriminate
mirtazapine (2.5 mg/kg, i.p.) from saline, using a two-
lever, fixed-ratio 10, food-reinforced procedure. Each 15-
min daily session (5 days/week) commenced 15 min after
injection. Drug (D) or saline (S) sessions alternated
irregularly (DSSDS-SDDSS-SDSDD-DSDSD, etc). Dur-
ing each session, correct responding was defined as no
more than 13 presses on both levers to obtain the first
reinforcement. The discrimination criterion was ten con-
secutive sessions with correct responding, and animals
failing to reach the criterion after 100 sessions were not



Psychopharmacology (2009) 203:329-341 331
Table 1 Distinctive multi-receptorial profile of mirtazapine as compared to drugs representative of other classes of antidepressants

Drug SERT NAT DAT 5-HT) A 5-HT,a 5-HTap 5-HT,e 5-HT; a @ H,
Mirtazapine <5 <5 <5 53 7.5 7.7 7.9 7.7 6.5 7.2 8.5
S32006 <5 <5 <5 <5 5.9 8.0 8.3 <5 <5 <5 <5
Reboxetine 6.8 8.3 <5 <5 <5 5.8 <5 <5 <5 <5 <5
Desipramine 6.4 9.1 <5 53 <5 6.2 6.5 <5 7.1 5.5 7.2
Duloxetine 9.5 8.7 6.2 <5 6.2 6.5 6.4 <5 5.5 5.6 <5
S33005 8.7 6.6 <5 <5 <5 <5 <5 <5 <5 <5 <5
Paroxetine 9.4 7.0 <6 ND <6 5.3 53 <6 ND ND <5
Citalopram 8.8 5.4 <5 <5 5.4 5.8 53 <5 <5 <5 <5
Fluvoxamine 8.3 <6 <6 <5 54 <6 <5 <5 ND ND <5
Bupropion <5 <5 6.5 <5 5.0 <5 <5 <5 <5 <5 <5
GBR12,935 <5 6.2 8.4 6.7 6.8 6.3 <5 <5 <5 <5 7.5

Drugs listed above were evaluated in the present study for their potential substitution for a discriminative stimulus elicited by mirtazapine. They
display contrasting patterns of interaction at native, rat serotonin (5-HT), noradrenaline and dopamine transporters, at native, rat 5-HT;, and 5-
HT, A receptors, native, rat o; and x,-adrenoceptors, native guinea pig histamine H; receptors and cloned, human 5-HT,g, 5-HT,c and 5-HTj3
receptors. All drugs are clinically-active agents except S32006 and S33005 which show broad-based activity in rodent models, and GBR12,935
which is included as a “positive” reference for dopamine reuptake sites. Values are pK;s determined under identical conditions in our laboratory

(Millan et al. 2000a, 2000b, 2001b; Millan 2006; Dekeyne et al. 2008; Millan MJ et al. unpublished observation).
SERT 5-HT transporter, NAT NA transporter, DAT DA transporter, ND not determined

used further. Thereafter, test sessions were undertaken
every Wednesday and Friday, while training sessions were
pursued on the other days. Only rats responding appropri-
ately on the two most recent training days were tested,
whereas the others underwent an additional training
session. In the course of testing, responses on the selected
lever—i.e., the lever for which ten responses were emitted
first—were reinforced for the remainder of the session.
Tested drugs were administered instead of mirtazapine,
15 min before the beginning of the session. The order of
drug and dose testing was irregular, and rats were never
retested with the same dose of a drug. The data recorded
during the test sessions were lever selection (i.e., the per-
centage of rats selecting “mirtazapine” lever) and response
rate (i.e., the total number of presses on both levers).

Data analysis Lever selection data were expressed as the
percentage of rats selecting the drug lever and were
compared by Fisher exact probability tests to control values
(0%). In line with previous studies (e.g., Millan and
Dekeyne 2007), “full” substitution was defined as >80%
“mirtazapine” lever selection. Response rates in the
presence of drugs were compared by paired ¢ tests to those
acquired during the preceding saline sessions.

Drug dosing The training dose of mirtazapine was based
upon a broad-based pharmacological characterization in
this laboratory, including dialysis studies of its influence
upon release of NA and DA in frontal cortex, and
behavioral observations of its actions in diverse rodent
models of potential anxiolytic and antidepressant properties
(Millan et al. 2000a; Dekeyne and Millan 2006; Millan MJ,

Brocco M and Dekeyne A, unpublished observation).
Inasmuch as no differences in active doses were observed
between (acute) s.c. and i.p. administration, the latter route
was preferred for this chronic work to avoid any potential
problems of cutaneous toxicity upon repeated injection of
mirtazapine. For all drugs tested, at least two doses were
examined. Doses were not increased further in the event that
response rates were significantly suppressed or that one or
more of the tested animals failed to select a lever. In addition,
dose ranges were not extended further when a biphasic
dose—response curve for lever selection was obtained, even
in the absence of a parallel decrease in response rate. Drug
dose ranges were selected on the basis of our extensive
internal in vivo data base and relevant literature studies (see
“Introduction” and “Discussion” sections for citations).

Drug sources and structures All drug doses are expressed
in terms of the base. Owing to solubility limits, and the risk
of cutaneous toxicity, mirtazapine and certain other drugs
(SB204,741, SB242,084, SB243,213, pyrilamine, and
WB4101) were prepared as suspensions in sterile water
plus a few drops of Tween 80 and were injected i.p. in
volumes of 1.0 ml/kg i.p. All other drugs were dissolved in
sterile water, plus a few drops of lactic acid (85%) if
necessary and the pH adjusted to >5.0. Drug structures,
salts and sources were as follows. SR46349-B (1(Z)-[2-
(dimethyl amino)ethoxyimino]-1-(2-fluorophenyl)-3-(4-
hydroxyphenyl)-2(E)-propene) hemifumarate was a generous
gift of Sanofi Winthrop (Montpellier, France). Bupropion
HCI was obtained from Burroughs Wellcome (NC, USA).
Fluvoxamine maleate was obtained from Tocris Cookson
(Bristol, UK). GBR12935 (1-[2-(diphenylmethoxy)ethyl]-3-
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(phenylpropyl) piperazine) diHCl, 8-OH-DPAT (8-hydroxy-
2-(di-n-propylamino)-tetralin) HBr, RX821,002 (2-[2-(2-
methoxy-1,4-benzodioxanyl)]imidazoline) HCI and
WB4101 (2-(2,6-dimethoxyphenoxyethyl) aminomethyl-
1,4-benzodioxane) HCI were obtained from Research Bio-
chemicals International (Natick, MA, USA). Buspirone
HCI, prazosin HCI, pyrilamine maleate, and yohimbine
HCl were puchased from Sigma (St Quentin-Fallavier,
France). Atipamezole HCI, citalopram HBr, duloxetine
camphosulfonate, MDL100,907 (R(+)--(2,3-dimethoxy-
phenyl)-1-[2-(4-fluorophenylethyl)]-4-piperidine-methanol)
base, mianserin HCl, mirtazapine, ondansetron HCI, parox-
etine HCI, reboxetine methane sulfonate, S32006 (N-
pyridin-3-yl-1,2-dihydro-3H-benzo[e]indole-3-carboxamide)
base, S33005 ((—)1-(1-dimethylaminomethyl 5-methoxy
benzocyclobutan-1-yl) cyclohexanol) HCI, SB204,741 (1-
(1-methylindol-5-y1)-3-(3-methylisothiazol-5-yl)urea) base,
SB242,084 (6-chloro-5-methyl-1-[6-(2-methyl pyridin-3-
yloxy) pyridin-3-yl carbamoyl] indoline) HCI, and
SB243,213 (5-methyl-N-[6-(2-methylpyridin-3-yloxy)pyri-
din-3-yl]-6-(trifluoromethyl) indoline-1-carboxamide) HCI
were all synthesized by Servier chemists (G. Lavielle and
J.-L. Péglion).

Results

Acquisition of a mirtazapine-induced discriminative stimulus
From the 30 rats initially recruited for this drug discrimina-
tion study, five rats failed to reach the discrimination
criterion of ten consecutive sessions of correct responding
(Fig. 1). A further 11 failed to show dose-dependent

100

~
(3]
1

% Correct responding
N (4}
a o

-@- mirtazapine (2.5 mg/kg, i.p.)

0 T T T T T T T T T T T T T T T T T T T 1
2 4 6 8 10 12 14 16 18 20
Blocks of 5 training sessions

Fig. 1 Acquisition of the mirtazapine-mediated discriminative stim-
ulus in rats. Data are percentage of correct responses (appropriate
“mirtazapine” or “saline” lever selection) over blocks of five sessions
during acquisition of a discriminative stimulus with mirtazapine at a
training dose of 2.5 mg/kg, i.p.. Data are for rats (N=14) which
fulfilled the discrimination criteria and subsequently exhibited dose-
dependent substitution for mirtazapine itself (Fig. 2)
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substitution for mirtazapine itself (indeed, four out of 11
selected saline lever at the training dose of 2.5 mg/kg, and
the other seven chose the “mirtazapine” lever at a ~64-lower
dose). The total of 14 rats which fulfilled all criteria for
successful training reached the discrimination criterion after
a 63+8 sessions (mean+SEM). Throughout the studies,
during training sessions, no changes in response rates (with
absolute individual values ranging between 1,550 and 2,100)
were observed in the presence of mirtazapine compared to
saline.

Substitution with mirtazapine itself The selected popula-
tion of rats (N=14) dose-dependently recognized the
mirtazapine cue, with 0% and 100% selecting the mirtaza-
pine lever at doses of 0.04 and 2.5 mg/kg, i.p., respectively
(Fig. 2). As observed during “drug” training sessions,
mirtazapine had no effect upon response rate.

Substitution with 5-HT>¢ receptor antagonists The 5-HT,c
receptor antagonists, SB242,084 and SB243,213, displayed
dose-dependent and full (80%) substitution for mirtazapine
over comparable dose ranges, without modifying response
rate (Fig. 2). These effects were mimicked by S32006, a
novel, selective 5-HT,¢ receptor antagonist (Dekeyne et al.
2008), which moreover expressed its actions more potently
than mirtazapine itself and the two other compounds, as
indicated by a leftward shift in the dose-response curve.

Lack of significant substitution with antagonists at 5-HT >,
5-HT,p, and 5-HT; receptors The 5-HT,, antagonists,
MDL100,907 and SR46349-B, displayed maximal ob-
served substitution of 60% at doses of 0.16 and 2.5 mg/kg,
s.c., respectively (Fig. 3). Both drugs displayed U-shaped
dose-response curves. On the other hand, 0% “mirtazapine”
lever selection was obtained with the selective 5-HT,g
antagonist, SB204,741, at doses of 2.5 and 10.0 mg/kg, i.p.
None of these compounds significantly modified response
rates over the dose ranges tested. The prototypical 5-HT;
antagonist, ondansetron, produced a biphasic dose-response
curve for “mirtazapine” lever selection with a maximum of
60% substitution attained at an intermediate dose of
0.63 mg/kg, s.c.

Lack of significant substitution with 5-HT;, agonists 8-
OH-DPAT, which behaves as an agonist at 5-HT;4
receptors, produced 60% substitution for mirtazapine at a
dose of 0.01 mg/kg (Table 2). A further increase in doses to
0.04 and 0.16 mg/kg yielded less marked “mirtazapine”
lever selection (40% and 0%), together with a decrease in
response rates. At the dose of 0.16 mg/kg, half of the
animals were unable to select a lever, and the other half
revealed a significant decrease of response rates. With
another 5-HT;, receptor agonist, buspirone, maximal
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Fig. 2 Substitution for the discriminative stimulus elicited by
mirtazapine with mirtazapine itself, and with selective 5-HT,c
receptor antagonists. N=14 per value for mirtazapine, and N=5 per
value for other compounds. Upper panel, lever selection. Data are
percentage of animals selecting the “mirtazapine” lever. Asterisks
indicate significance of differences (¥ P<0.05; Fisher exact probability
test) versus control values (0%). Lower panel, response rate. Data are
means+=SEMs of percentage of control values obtained during the
most recent saline-training session

observed substitution was 60% at the highest dose tested
(2.5 mg/kg) which significantly decreased response rate.

Lack of significant substitution with antagonists and o, at
aj-adrenoceptors The o,-AR antagonist, yohimbine
(0.16-2.5 mg/kg) exhibited a “plateau” of 40% “mirtaza-
pine” lever selection (Table 3). The more selective &,-AR
antagonists, RX821,002 and atipamezole, displayed biphas-
ic dose—response curve with maximal observed substitution
of 60% and no more than 20% substitution, respectively.
Over the dose ranges evaluated, these o,-AR antagonists
did not significantly influence response rates. Concerning
a1-AR antagonists, prazosin or WB4101 produced biphasic
dose-response curves for lever selection with maximal
observed substitution of 60% at doses of 0.16 and 2.5 mg/

kg, s.c. for prazosin and of 40% for the dose of 2.5 mg/kg,
i.p., of WB4101. A further increase of the dose of prazosin
yielded 0% “mirtazapine” lever selection together with a
marked—though not significant—decrease in response rate.
Similarly, at 10.0 mg/kg, WB4101 yielded no substitution
(0%) for the four out of seven animals able to select a lever,
and there was a significant decrease in response rate.

Lack of significant substitution with a histamine H;
antagonist Blockade of H; sites with pyrilamine yielded a
dose-dependent increase in substitution for mirtazapine,
with an effect of 40% reached at the highest dose tested
(20.0 mg/kg, i.p.). This dose significantly reduced response
rates, precluding a further increase in doses (Table 3).

Substitution patterns with selective NA, mixed 5-HT/NA,
and selective 5-HT reuptake inhibitors The NARI, rebox-
etine, dose-dependently and fully substituted at a dose of
0.16 mg/kg, s.c. (Fig. 4). By contrast, the tricyclic
antidepressant, desipramine, which inhibits NA reuptake
among other activities, showed only 40% substitution at a
dose that markedly, though not significantly, decreased
response rate. A higher dose could not be tested owing to
pronounced sedation leading to an inability to respond. The
SNRI, duloxetine, displayed a maximal observed substitu-
tion of only 40% at 0.63 mg/kg, s.c. A further increase of
dose yielded 20% “mirtazapine” lever selection in parallel
with a decrease in response rate, which reached statistical
significance at the highest dose tested (10.0). A further
SNRI, S33005, likewise showed no substitution for
mirtazapine, exerted no significant influence upon response
rate when evaluated at high doses relative to those active in
preclinical models of potential antidepressant activity
(Millan et al. 2001a). The SSRIs, paroxetine and fluvox-
amine, both failed to substitute for mirtazapine, up to the
doses of 2.5 and 10.0 mg/kg, s.c., and citalopram displayed
only 40% substitution at the highest dose tested (10.0 mg/kg).
These SSRIs did not significantly affect response rates at
the doses evaluated.

Lack of significant substitution with DARIs Bupropion
displayed only 40% substitution for mirtazapine at the
highest dose tested (40.0 i.p.), and another DARI,
GBR12,935, completely failed to substitute up to a dose
of 10.0 mg/kg, i.p. (Table 4). Over the dose ranges
evaluated, these compounds did not affect response rates.

Discussion
Establishment of a specific DS with mirtazapine The

present study demonstrated that the atypical, multi-recepto-
rial antidepressant, mirtazapine, elicits a DS in rats employ-
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Fig. 3 Lack of significant substitution for the discriminative stimulus
elicited by mirtazapine with 5-HT3, 5-HT,,, and 5-HT,p receptor
antagonists. Left panels, influence of the 5-HT, 4 receptor antagonists,
MDL100,907 and SR46349-B. Middle panels, influence of the 5-
HT,p receptor antagonist SB204,741. Right panels, influence of the 5-

ing a two-lever, food-reinforced, drug versus saline dis-
crimination procedure. By comparison to other classes of
psychotropic drugs like antipsychotics (Goudie et al. 2004;
Prus et al. 2006; Cole et al. 2007), the mirtazapine DS
proved difficult to train in terms of the long acquisition
duration (almost 5 months), the particularly high number of
animals which failed to show dose-dependent substitution
for mirtazapine itself (11 out of 25), and the prolonged
testing period (almost 18 months) required before DS
properties of mirtazapine could be characterized using
substitution tests. This challenging procedure is reminiscent
of difficulties confronted in training animals to recognize
other antidepressants like SSRIs and NARIs employing a
similar training procedure (Olivier et al. 1993; Dekeyne et
al. 2001b; Dekeyne and Millan 2003). Nonetheless, a
sufficient number of subjects did reliably achieve the

100 - 100 -
50 4 50
ot 0-

1004

50

0.16 0.63 2.5 10.0 mgkg,s.c.

25 10.0 mg/kag, i.p. 0.16 0.63 2.5 mg/kg, s.c.

SB204,741

Ondansetron

150 -
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50 1

2.5 10.0 mg/kg, i.p.

SB204,741

0.16 0.63 2.5 mg/kg,s.c.

Ondansetron

HT; receptor antagonist, ondansetron. N=5 per value. Upper panels,
lever selection. Data are percentage of animals selecting the
“mirtazapine” lever. Lower panels, response rates. Data are means+
SEMs of percentage of control values obtained during the most recent
saline-training session

criterion requisite for thorough testing, and the finding that
mirtazapine provoked a “salient” interoceptive stimulus
herein is consistent with its ability to elicit a CTA in mice,
albeit over a far shorter exposure period of 5 days
(Berendsen and Broekkamp 1997). Moreover, underpinning
the specificity of its DS properties, mirtazapine dose-
dependently and fully substituted for itself over a dose
range corresponding to those active in other procedures,
such as expression of potential antidepressant and anxio-
lytic properties, and elevations in extracellular levels of DA
and NA in the frontal cortex of freely moving rats
(O’Connor and Leonard 1986; Andrews et al. 1994; Millan
et al. 2000a; Millan 2003, 2006; Rauggi et al. 2005).

Substitution with antagonists at 5-HT ¢ versus 5-HT,5 and
5-HT,, receptors Mirtazapine possesses marked antagonist

Table 2 Lack of significant

substitution for mirtazapine Drug Dose Percent0 rats selecting Percent response rate n/N
with the 5-HT; o agonists, “mirtazapine” lever
8-OH-DPAT and buspirone
8-OH-DPAT 0.0025 0 100+4 5/5
0.01 60 156+20 5/5
0.04 40 80+12 5/5
0.16 0 5+4% 3/6
Buspirone 0.01 20 102+6 5/5
Doses are in mg/kg, s.c. 0.04 40 9244 5/5
N Number of rats selecting a 0.16 40 100£13 5/5
lever, N number of tested rats 0.63 20 80+16 5/5
*P<0.05 (paired 7 test) versus 2.5 60 23+£5% 5/6

control (saline) training session
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Table 3 Lack of significant

substitution for mirtazapine Drug Class Dose Percent rats selecting Percent response rate n/N
with antagonists at «;-adreno- “mirtazapine” lever
ceptors, x,-adrenoceptors and
histamine H; receptors Yohimbine x,-AR antagonist 0.04 0 116+6 5/5
0.16 40 103+6 5/5
0.63 40 112+7 5/5
2.5 40 124+3 5/5
RX821,002 ®,-AR antagonist 0.01 20 119+8 5/5
0.04 60 107+4 5/5
0.16 0 123426 5/5
0.63 0 88+4 5/5
Atipamezole -AR antagonist 0.04 20 102+8 5/5
0.16 20 1017 5/5
2.5 0 98+13 5/5
Prazosin «;-AR antagonist 0.04 20 108+2 5/5
0.16 60 80+16 5/5
0.63 60 91+9 5/5
2.5 0 5614 5/5
WB4101* «;-AR antagonist 0.63 0 95+2 5/5
Doses are in mg/kg, s.c. 2.5 40 68i9* 515
n Number of rats selecting a ] 10.0 0 5+3 47
lever, N number of tested rats Pyrilamine® H; antagonist 2.5 0 103+3 5/5
*P<0.05 (paired ¢ test) versus 10.0 20 94+7 5/5
control (saline) training session 20.0 40 43+14%* 5/8
*Doses are in mg/kg, i.p.
NA reuptake inhibitors
= Reboxetine -~ Duloxetine -+ Paroxetine
1001 - Desipramine 1007 -©- S33005 100 7 -+Citalopram
0 ~*Fluvoxamine
£3 *
°
90
$5 509 50 50
o ©
2 £
) U S S — 0 — 0 : g ¥
0.01 0.04 0.16 0.63 2.5 10.0 0.16 0.63 2.5 10.0 063 25 10.0
150+ 1504 150 1
2
s
§ 1004 3 . & 5\5 100 1001 F’k’
o
o
o 50 50 50
1]
2
0 1] 0

0.01 0.04 0.16 0.63 2.5 10.0

0.16 0.63 2.5 10.0

063 25 10.0

Dose (mg/kg, s.c.)

Fig. 4 Substitution patterns for the discriminative stimulus elicited by
mirtazapine with mixed serotonin/noradrenaline reuptake inhibitors
(SNRIs) compared to selective noradrenaline (NA) and serotonin
reuptake inhibitors (SSRIs). Lefi panels, NA reuptake inhibitors:
significant substitution with reboxetine compared to desipramine.
Middle panels, SNRIs: lack of significant substitution with duloxetine
and S33005. Right panels, SSRIs: lack of significant substitution with

paroxetine, citalopram and fluvoxamine. N=5 per value. Upper
panels, lever selection. Data are percentage of animals selecting the
“mirtazapine” lever. Lower panels, response rates. Data are means+
SEMs of percentage of control values obtained during the most recent
saline-training session. The asterisk indicates significant decrease in
response rate (*P<0.05; paired ¢ test) compared to the control saline
session
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Table 4 Lack of significant substitution for mirtazapine with the dopamine reuptake inhibitors, bupropion and GBR12,935

Drug Dose % Rats selecting “mirtazapine” lever % Response rate /N
Bupropion 2.5 20 135+7 5/5
10.0 20 121+11 5/5
40.0 40 107+4 5/5
GBR12,935 25 20 103+12 5/5
10.0 20 86+17 5/5

Doses are in mg/kg, s.c. (bupropion) or i.p. (GBR12,935)
n Number of rats selecting a lever, N number of tested rats

properties at 5-HT,c receptors, which contribute to its
aforementioned functional actions (Millan et al. 2000a;
Millan 2005). Accordingly, blockade of 5-HT,c sites is a
strong candidate for implication in its interoceptive
properties. Indeed, three 5-HT,c receptor antagonists—
including the recently described urea derivative, S32006
(Dekeyne et al. 2008)—substituted for mirtazapine at doses
corresponding to those which elevate DA and NA levels in
frontal cortex, and that display antidepressant and anxio-
lytic properties in rodents (Kennett et al. 1997; Gobert et al.
2000; Wood et al. 2001; Dekeyne et al. 2008). A role of 5-
HT,c receptors is supported by the observation that
mirtazapine blocks the DS properties of the selective 5-
HT,c agonist, Ro60,0175. Furthermore, it also abrogates
the DS elicited by the SSRI, citalopram, which is mediated
via 5-HT,¢ receptors (Millan et al. 2000a; Dekeyne et al.
2001b). Interestingly, mirtazapine and S32006 both behave
as inverse agonists at constitutively active 5-HT,c recep-
tors, and SB243,213 is an inverse agonist at 5-HT,c
receptors coupled to phospholipase A2, though not phos-
pholipase C (Wood et al. 2001; Berg et al. 2006; Chanrion
et al. 2008; Dekeyne et al. 2008). However, since the
neutral antagonist, SB242,084, likewise substituted for
mirtazapine, the significance of inverse agonist properties
of mirtazapine to its DS (and other in vivo) actions remains
to be clarified. In this context, however, it is worth noting
that attempts to train rats with SB242,084 (2.5 mg/kg, i.p.)
were unsuccessful, so further efforts with an inverse agonist
like S32006 may be justified (Dekeyne and Millan 2003;
Dekeyne et al. 2008).

In fact, S32006 also possesses high affinity for 5-HT,g
receptors, but their blockade is unlikely to be involved in
the interoceptive effects of mirtazapine since SB242,084
and SB243,213 are both highly selective antagonists at 5-
HT,c versus 5-HT,p receptors—and all other sites tested.
Moreover, the selective 5-HT,p receptor antagonist,
SB204,741 (Cussac et al. 2002), showed no substitution
to mirtazapine at doses active in other behavioral proce-
dures like modulation of sleep architecture (Kantor et al.
2004). In addition, though 5-HT,p receptor blockade
reduces the locomotor actions of 3,4-methylenedioxyme-
thamphetamine (ecstasy; MDMA; Doly et al. 2008), and 5-

@ Springer

HT,p receptor stimulation is associated with anxiolytic
properties (Kennett et al. 1996), there is no evidence that
antagonism of central 5-HT,g receptors greatly affects
mood. A role of 5-HT,, receptor blockade in the DS
properties of mirtazapine also appears unlikely inasmuch as
SB242,084, SB243,213, and S32006 all possess low
affinity for 5-HT, receptors, and the highly selective
antagonist at 5-HT,, receptors, MDL100,907 and
SR46349-B, failed to significantly substitute for mirtaza-
pine. Nonetheless, it would be interesting to evaluate
whether mirtazapine substitutes for a DS elicited by
MDL100,907 itself and whether it blocks the interoceptive
actions of the agonist, DOI, which are elicited via
stimulation of 5-HT,A receptors (Schreiber et al. 1994;
Dekeyne et al. 2002).

Lack of a major role for 5-HT; and 5-HT,; 4 receptors in the
DS properties of mirtazapine Inasmuch as ondansetron did
not substitute for mirtazapine, antagonist properties at 5-
HTj; receptors do not appear to be a salient component of its
interoceptive effects. Notably, DS properties of 5-HT;
receptor inactivation do not appear to be robust, since it
proved impossible to generate a DS with ondansetron itself
(Olivier et al. 2002). It has been argued that indirect
recruitment of 5-HT;, receptors participates in the func-
tional and clinical profile of mirtazapine (see Introduction).
Notably, pre-exposure to 8-OH-DPAT blunted a CTA
provoked by mirtazapine while, reciprocally, pre-exposure
to mirtazapine attenuated a CTA to 8-OH-DPAT (Berendsen
and Broekkamp 1997). Nonetheless, it remains controver-
sial whether mirtazapine elevates extracellular levels of 5-
HT, and in the present study, neither 8-OH-DPAT nor a
further 5-HT;, agonist, buspirone, showed significant
substitution to mirtazapine at doses active in other models
(Millan 2003). Notably, higher doses of 8-OH-DPAT
preferentially activate post- versus presynaptic 5-HTp
receptors, yet they were not associated with greater
substitution.

Lack of implication of a - and o-adrenoceptors, and of H;
receptors, in the DS properties of mirtazapine We recently
characterized the DS properties of potent and highly
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efficacious o,-AR agonist, S18616, which were blocked by
mirtazapine in line with its antagonist properties at x,-ARs
(Millan et al. 2000a; Dekeyne and Millan 2006). However,
in the present study, the o,-AR antagonists, yohimbine,
RX821,002, and atipamezole, all failed to fully substitute
for mirtazapine suggesting that «,-AR blockade is not a
predominant component of its interoceptive profile. The
lack of substitution with yohimbine is of particular note in
view of its modest 5-HT; 5 agonist properties (Winter and
Rabin 1993; Millan et al. 2000b). Blockade of inhibitory
«,-autoreceptors/heteroceptors facilitates noradrenergic
(and dopaminergic) transmission, contributing to antide-
pressant actions and favoring arousal and motor activation
(Millan et al. 2000a; Devoto et al. 2004; Invernizzi and
Garattini 2004). Accordingly, o;-AR blockade may explain
the lack of decrease in response rates during “mirtazapine”
training and testing sessions in countering its histamine H;
receptor-mediated sedative actions (Szegedi and Schwertfeger
2005; Schmid et al. 2006). Nonetheless, the lack of
substitution with pyrilamine suggests that H; receptor
blockade does not fulfill a pronounced role in the DS
properties of mirtazapine. By contrast to o,-ARs, the
affinity of mirtazapine for «;-ARs is less pronounced and,
though involved in its cardiovascular—autonomic (and
sedative) effects, blockade of «;-ARs does not play a
major role in the influence of mirtazapine upon mood
(Snoddy and Tessel 1985; Rogoz et al. 2002; Dekeyne and
Millan 2006; Millan 2006). Not surprisingly, then, selective
antagonists at «;-ARs, prazosin, and WB4101, did not
significantly substitute for mirtazapine. This is an interest-
ing distinction to the NARIs, reboxetine and nisoxetine, of
which the DS effects were blocked by prazosin and
WB4101 demonstrating a prominent role of «;-ARs in
their interoceptive effects (Snoddy and Tessel 1985;
Dekeyne and Millan 2006).

Substitution by the NARI, reboxetine, in comparison to
other antidepressant agents In view of the aforementioned
observation that prazosin blocks DS properties of rebox-
etine, but not those of mirtazapine, it is of special interest
that reboxetine substituted for mirtazapine. One possible
neurochemical substrate would be their common elevation
in levels of NA, an action exerted by reboxetine at doses
similar to those active herein (Dekeyne et al. 2001a; Millan
et al. 2001b; Dekeyne and Millan 2003). Obviously,
downstream of NA, postsynaptic ARs must be involved in
mediating DS properties. One possibility would be (3-ARs
in view of the intriguing observation of Crissman and
O’Donnell (2002) that mirtazapine generalizes to a DS
elicited by intracerebral administration of the (3;-AR
agonist, isoproterenol. Unfortunately, systemically active
agonists at 3; and (3,-ARs are not currently available for
substitution studies with mirtazapine under the current

conditions (Millan and Dekeyne 2007). Despite substitution
with reboxetine to the mirtazapine DS, no substitution was
seen for mirtazapine to a reboxetine DS suggesting, in line
with aforementioned findings with prazosin, that their
interoceptive properties are not identical (Millan and
Dekeyne 2007). In addition, by contrast to reboxetine,
desipramine, which displays high affinity for NA trans-
porters (Tatsumi et al. 1997; Millan et al. 2001a, 2001b),
did not substitute for mirtazapine. One likely reason for this
difference to reboxetine is the broad profile of interactions
of desipramine with other receptors (Millan 2006). This
may interfere with interoceptive properties mediated by
suppression of NA reuptake. Similarly, as argued previous-
ly (Dekeyne and Millan 2003; Millan and Dekeyne 2007),
the potent actions of the SNRIs, duloxetine and S33005, at
5-HT transporters may compromise any substitution to
mirtazapine via reduced NA reuptake. Thus, together with
substitution of mirtazapine to the 3;-AR agonist, isopro-
terenol, generalization of reboxetine to mirtazapine, sup-
ports a role of adrenergic mechanisms in its DS properties.
In this context, it is of note that increased NA levels is an
action shared with 5-HT, receptor antagonists. However,
since other agents that elevate NA levels do not substitute
for reboxetine, this issue justifies additional exploration.
The interoceptive actions of mirtazapine can unambigu-
ously be differentiated from antidepressants increasing
extracellular 5-HT, since no substitution was observed with
three SSRIs, and mirtazapine itself did not substitute to DS
induced by citalopram (Dekeyne et al. 2001b). Moreover,
inasmuch as the DARIs, bupropion and GBR12,935, failed
to substitute for the mirtazapine DS, a role of increased DA
availability does not contribute to its interoceptive effects.

Comparison of the interoceptive effects of mirtazapine
versus mianserin Though this is the first study to examine
DS properties of mirtazapine, previous work has focused on
the interoceptive profile of its chemically related predeces-
sor, mianserin, which potently blocks muscarinic receptors
(Kelley et al. 1995): indeed, mianserin elicited a DS in rats
for which the selective muscarinic antagonist, scopolamine,
substituted. It is instructive to consider substitution/antag-
onism profiles of mianserin compared to mirtazapine versus
various training drugs (Table 5). First, despite its affinity
for NA transporters, mianserin did not substitute for
reboxetine, and neither mianserin nor mirtazapine general-
ize to citalopram (Dekeyne et al. 2001b; Millan and
Dekeyne 2007). Second, in line with a CTA study of
Walker et al. (2005), mirtazapine and mianserin block DS
actions of 5-HT,¢ receptor agonists (Gommans et al. 1998;
Bourson et al. 1996; Dekeyne et al. 1999). Third, both
mianserin and mirtazapine abolished a DS elicited by the
o,-AR agonist, S18616 (Dekeyne and Millan 2006).
Fourth, mianserin antagonized a DS elicited by the 5-
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HT,5 agonist, DOI (Yamamoto et al. 1991; Smith et al.
1990, 2002; Schreiber et al. 1994) and substituted for the 5-
HT,, receptor antagonist, MDL100,907 (Dekeyne et al.
2002; Dekeyne A and Millan MJ, unpublished observa-
tion). Finally, mianserin shared the DS properties of the 5-
HT, 5 agonist, flesinoxan (Herremans et al. 1999). Thus,
while mirtazapine and mianserin reveal similarities and
differences in interoceptive properties, 5-HT,c receptor
antagonism is a common component of their DS effects.

Concluding comments The present study demonstrates that
mirtazapine can induce stimulus control of behavior in rats.
In line with its distinctive mechanism of action and its lack
of cross-substitution with SSRIs, DS properties of mirtaza-
pine do not simply reflect “antidepressant-like” effects per
se. However, substitution of the NARI, reboxetine, to
mirtazapine indicates a possible role for elevated extracel-
lular levels of NA, an effect likewise elicited by 5-HT,c
receptor antagonists, which generalized to mirtazapine.
Indeed, 5-HT,c receptor blockade plays a prominent role
in the interoceptive properties of mirtazapine. Nonetheless,
it remains possible that mirtazapine elicits a “compound”
DS—that is, composed of multiple stimulus elements—by
analogy to atypical agents like the antipsychotics, clozapine
and quetiapine, that interact with an array of targets
(Hoenicke et al. 1992; Kelley and Porter 1997; Goudie et
al. 2004; Prus et al. 2006; Cole et al. 2007). Accordingly, as
previously proposed for antipsychotics, further insights into
the DS actions of mirtazapine may be acquired in
substitution studies with mirtazapine to selective ligands
acting at sites potentially implicated in its interoceptive
profile (Prus et al. 2006; Goudie et al. 2004; Cole et al.
2007). Furthermore, as for other classes of ligand that
interact with multiple receptors and display complex
mechanisms of action, it is conceivable that other (higher
or lower) doses of mirtazapine may yield differing patterns
of substitution (see above citations). Thus, despite the
primary role of 5-HT,c blockade, additional investigation
would be of interest to further characterize the precise
mechanisms underlying DS effects of mirtazapine.
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