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Abstract

A multitude of mechanisms are involved in the control of emotion and in the response to stress. These incorporate mediators/targets as
diverse as y-aminobutyric acid (GABA), excitatory amino acids, monoamines, hormones, neurotrophins and various neuropeptides.
Behavioural models are indispensable for characterization of the neuronal substrates underlying their implication in the etiology of anxiety,
and of their potential therapeutic pertinence to its management. Of considerable significance in this regard are conflict paradigms in which the
influence of drugs upon conditioned (trained) behaviours is examined. For example, the Vogel conflict test, which was introduced some 30
years ago, measures the ability of drugs to release the drinking behaviour of water-deprived rats exposed to a mild aversive stimulus
(“punishment”). This model, of which numerous procedural variants are discussed herein, has been widely used in the evaluation of potential
anxiolytic agents. In particular, it has been exploited in the characterization of drugs interacting with GABAergic, glutamatergic and
monoaminergic networks, the actions of which in the Vogel conflict test are summarized in this article. More recently, the effects of drugs
acting at neuropeptide receptors have been examined with this model. It is concluded that the Vogel conflict test is of considerable utility for
rapid exploration of the actions of anxiolytic (and anxiogenic) drugs. Indeed, in view of its clinical relevance, broader exploitation of the
Vogel conflict test in the identification of novel classes of anxiolytic agents, and in the determination of their mechanisms of action, would

prove instructive.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Origins and characteristics of the Vogel conflict test
1.1. Conflict procedures for evaluation of anxiolytic agents

Conlflict situations, in which a subject experiences two
opposing impulses, are a common and clinically relevant
feature of many models employed for the detection of
anxiolytic agents. For example, in plus-maze and light—
dark paradigms based upon natural behaviours, rodents
oscillate between the desire to explore a novel—but threat-
ening—environment and the accompanying fear (Treit,
1985, 1994; Rodgers et al., 1997). In contrast to exper-
imental models involving such spontaneous (untrained)
behaviours, in other conflict procedures, subjects receive a
punishment (mild electric shock) leading to suppression of a
conditioned (learned) response for reinforcement (food or
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water) (Rodgers, 1997). Punishment-based conflict proce-
dures have been employed for over 40 years in the identi-
fication and characterization of anxiolytic agents. Though
numerous variations have been described, the basic para-
digm was introduced by Geller and Seifter, 1960 in which,
essentially, rats are trained to lever press for a food reward:
during the “conflict” component, responses are inhibited by
concomitant, mild electric shocks. Anxiolytic properties are
deduced for drugs which selectively enhance punished
responses in the presence of shock as compared to unpun-
ished responses emitted in its absence. Benzodiazepines and
barbiturates, clinically effective anxiolytic agents, were
initially demonstrated to exert specific anxiolytic properties
active in the Geller—Seifter test and, subsequently, many
classes of potential anxiolytic agent have been characterized
employing this procedure. However, major disadvantages
remain: (1) the necessity for long-term (months) and daily
training of subjects and (2) their repeated utilization. That is,
exposure to drugs may modify the actions of those sub-
sequently evaluated.
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1.2. General features of the Vogel conflict test

1.2.1. Procedural aspects

In light of the aforegoing comments, Vogel et al. (1971)
developed a novel conflict procedure—the Vogel conflict
test—in which male rats were water-deprived for 48 h and,
during a test session of 3 min, drinking was punished by a
mild but aversive shock delivered via the spout of the bottle
every 20 licks. Accordingly, a specific, drug-induced
increase in the number of shocks taken (equivalent to water
drunk) was considered to reflect anxiolytic properties.

Subsequently, as summarized in Table 1, procedural
variants have been introduced in which the severity of the
model has generally been limited: for example, in reducing
deprivation to 18 h or in permitting access of otherwise
water-deprived animals to water for 1 h a day over a 4-day
period prior to the test (Millan et al., 1999; Plaznik et al.,
1994a). An additional advantage of permitting limited
access to water is that the subjects learn to immediately
approach the bottle which they will be presented during the

test session. An alternative approach for habituation of rats
to the bottle consists in its presentation for a limited period
in the test cage itself prior to testing (Kennett et al., 1998;
Wada and Fukuda, 1991). Moreover, giving subjects limited
access to water daily over the training period allows it to be
extended for a longer duration, thereby enhancing stability
and reproducibility of performance.

Though certain authors have employed a preliminary
(“pre-drug”) session in which subjects showing the most
pronounced response suppression are selected, this introdu-
ces an element of bias, complicates the model, does not
appear to offer any convincing advantages and has not
systematically been adopted (Amano et al., 1993; Kataoka
et al., 1991; Shimizu et al., 1992).

In line with the original work of Vogel et al. (1971), a
comparatively low intensity of shock has generally been
utilized to suppress drinking behaviour, and several
authors have reduced its magnitude still further: notwith-
standing the risk of false positives, a low shock intensity
may increase test sensitivity to anxiolytic agents and

Table 1
Procedures modified from the original Vogel conflict test
Strain Housing  Access to water ~ Access to water  Test Day Session  Shock Shock References
(weight, g) in home cage in test cage duration intensity frequency
(min) (mA)
Holtzman (170) ? 0 for 48 h 0 Day 3 3 0.5 1/20th lick Vogel et al. (1971)
Wistar (250) Group 0 for 48 h 0 Day 3 5 0.6 1/20th lick Griebel et al. (1997b)
Wistar (240) Ind 0 for 48 h 0 Day 3 5 0.5 every bout Belcheva et al. (1997)
Wistar (260) Ind 0 for 18 h 0 Day 2 3 0.3 1/20th lick Brocco et al. (1990)
Hooded Lister Group 0 for 18 h 0 Day 2 3 0.75 1/5th lick Higgins et al. (1992)
(240)
Hooded Lister Group 0 for 24 h 0 Day 2 3 0.75 1/5th lick Jones et al. (1988)
(240)
Wistar (280) Group 1 h/day for 0 Day 5 3 0.3 1/20th lick Millan et al. (1999)
4 days
Wistar (200) Ind 1 h/day for 0 Day 5 15 0.4 4 severy 5s Plaznik et al. (1994a,b,c)
4 days
Wistar (160) Group 0 on Day 1 30 s (Day 2) Day 3 3 1.5 1/20th lick Wada and Fukuda (1991)
S-D (250) Group 0 on Day 1; 3 min (Day 2) Day 3 3 0.25 every 5 s Kennett et al. (1998)
4 h on Day 2
Wistar (280) Ind 0 on Day 1; 10 min Day 3 5 0.5 every 2 s Przegazlinski et al.
30 min on (Days 1 and 2) (1994b)
Day 2
S-D (220) Group 0 on Day 1; 5 min Day 3 10 0.16 every 2 s Hjorth et al. (1987a,b)
30 min on (Daysl and 2)
Day 2
Wistar (290) Group 0 on Day 1 12 min Day 4 12 0.20 every bout Moller et al. (1999)
(Days 2 and 3)
Wistar (200) Ind 45 min/day: 15 min/day: Day 5 15 0.4 4 severy 5s Stefanski et al. (1993a)
4 days 4 days
Wistar (300) Group 0 on Day 1 5 min Day 2 Day 3 5 0.25 1/20th lick Agmo et al. (1995)
20 min (selection
on Day 2 rats >200 licks)
S-D (200) Group 0 on Day 1 3 min on Day 2 Day 3: 2 pun. sess: 3 0.35 1/20th lick Shimizu et al. (1992)
Predrug and test
S-D (300) Group 0 on Day 1 3 min on Day 2 Day 3: 2 pun. sess: 3 2.0 1/20th lick Amano et al. (1993)

(selection
rats >300 licks)

Predrug and test

S-D = Sprague—Dawley; Ind=individually housed; Group =2-4 rats/cage and pun. sess. =punished session.
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enhance the possibility of detecting anxiogenic properties.
Test duration has also, in analogy to Vogel et al. (1971),
generally been limited to a few (3—5) minutes, with a
longer test duration not apparently offering any advan-
tages. Though the frequency of punishment has been
defined either “per lick”, in line with Vogel et al.
(1971), or “per second”, this does not appear to represent
a major difference in terms of test performance and
subject response.

In distinction to Vogel et al. (1971), who used Holtzman
rats, many authors have preferred alternative rat strains in
line with their more extensive use in other experimental
models. Surprisingly, though it seems likely that rat strain
would be an important variable, there has not been a parallel
comparison of different strains as concerns the actions of
benzodiazepines or other classes of anxiolytic agent in the
Vogel conflict test. Interestingly, with one exception (Wada
and Fukuda, 1991), all studies have employed rats heavier
than those used by Vogel et al. (1971): though the signifi-
cance of weight has likewise not been systematically eval-
uated, informal observations in this laboratory suggest that
larger animals yield more robust and less variable patterns
of data.

Finally, it is well-known that housing plays an important
role in modulating emotionality and the response to stress.
Curiously, then, in the paper of Vogel et al. (1971), it was
not explicitly stated whether rats were isolated or group-
housed during water deprivation, and both individually
housed and (more often) group-housed subjects have been
utilized in subsequent studies.

1.2.2. Specificity of drug actions

One drawback of the Vogel conflict test compared to
the Geller—Seifter procedure is the lack of a punished vs.
non-punished component which, in the former case, facil-
itates evaluation of the specificity of drug actions. In any
case, in analogy to the Geller—Seifter model and other
punishment-based procedures, it should be established for
each novel class of agent examined in the Vogel conflict
test, that their anxiolytic (or anxiogenic) actions cannot be
purely attributed to an influence upon water appetite,
motor performance, learning or nociceptive thresholds
(Pollard and Howard, 1989; Treit, 1985, 1994). This is
by no means straightforward inasmuch as all classes of
anxiolytic agent modify appetite, motor behaviour, cogni-
tion and/or nociception. Further, though specific control
experiments can be undertaken of, for example, potential
antinociceptive properties of anxiolytic agents, actions of
drugs in conventional algesiometric models, such as the
reflexive tail-flick response to noxious thermal stimuli, do
not necessarily reflect their influence upon the response to
a noxious electrical stimulus employed as punishment in
the Vogel conflict test. As a further illustration of the
difficulty of such controls, monitoring the influence of
drugs upon spontaneous locomotor activity in an open-
field apparatus may be informative but does not corre-

spond closely to the motor response necessary to obtain
reinforcement in the Vogel procedure. In this light, it is
obviously instructive to compare results in the Vogel
conflict test to those obtained in other procedures of
anxiolytic activity. However, no model for the detection
of anxiolytic properties is entirely independent of all the
above-mentioned variables.

1.3. The Vogel conflict test in mice

Recently, the Vogel conflict test has been performed in
various strains of mice (Umezu, 1999; Van Gaalen and
Steckler, 2000): this is of considerable significance in view
of the increasing exploitation of genetically modified ani-
mals in the search for new anxiolytic agents (Belzung, 2001;
Belzung and Griebel, 2001; Lesch, 2001; Weiss et al., 2000;
Wood and Toth, 2001). Indeed, in transgenic mice, it is
critical to characterize drug actions employing a battery of
contrasting and complementary models encompassing dif-
ferent aspects of anxiety.

1.4. Clinical pertinence

In common with other conflict models responsive to
benzodiazepines, the Vogel conflict test is of rather broad
significance to clinical anxiety (Pollard and Howard, 1989;
Rodgers, 1997; Shekhar et al., 2001; Treit, 1985, 1994).
Further, the Vogel conflict test appears to be of particular
relevance to generalized anxiety disorders, a common,
undertreated yet incapacitating disorder which reveals a
chronic prognosis and which is frequently co-morbid with
depression and other psychiatric states (Culpepper, 2002;
Wittchen et al., 2002).

1.5. Multiple mechanisms for the control of anxious states

Of the remarkable diversity of mediators implicated in
the pathogenesis and treatment of anxiety (Belzung and
Griebel, 2001; Griebel et al., 1999a; Lesch, 2001; Wood
and Toth, 2001), GABAergic, glutamatergic and mono-
aminergic mechanisms have the most extensively been
characterized employing the Vogel conflict test: thus, the
principle aim of the following paragraphs is to outline
their significance in this model in relation to their global
influence upon anxious states. In addition, actions of
drugs interacting with neuropeptide receptors are outlined.
Finally, attention is briefly drawn to numerous, potential
anxiolytic mechanisms which have as yet to be examined
by use of the Vogel conflict test. To facilitate compre-
hension of drug actions, basic features of the neuro-
biology of specific neurotransmitters and their receptors
are summarized: notably, their localization, the effects of
their genetic manipulation in mice, and their interaction
with monoaminergic pathways—of which a hyperactivity
is implicated in the induction of anxious states (see
below).
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2. GABA
2.1. GABAergic pathways

This review logically commences with GABA and
GABAergic pathways, the major mode of inhibitory trans-
mission in the central nervous system (CNS). GABAergic
signalling is reinforced by benzodiazepines, anxiolytic
actions of which remain a sine qua non for the validation
of any protocol for the detection of therapeutically relevant,
anxiolytic agents (Table 2) (Gorman, 2002).

GABAergic neurons are found throughout corticolimbic
regions involved in the modulation of anxious states
wherein they exert an inhibitory influence upon the
release of many neurotransmitters mediating anxiogenic
actions: notably, upon noradrenaline and serotonin (5-HT)
derived from the locus coeruleus and raphe nuclei, respec-
tively, though the extent to which a reduction of mono-
aminergic transmission is implicated in the anxiolytic
properties of GABAergic agents remains controversial
(File et al., 1992; Mohler et al., 2002; Plaznik et al.,
1994a,b; Shekhar et al., 2002; Tao et al., 1996). Indeed,
actions of GABA postsynaptic to monoaminergic path-
ways in the hippocampus, amygdala, nucleus accumbens,
lateral septum and periaqueductal grey clearly fulfill a
crucial role in the expression of its anxiolytic properties
(Mdhler et al.,, 2002; see below). Mice deficient in
glutamate decarboxylase (GAD 65), the principle synthetic
route to GABA in the CNS, show enhanced anxiety (Kash
et al.,, 1999) and anxiolytic actions in the Vogel conflict
test and other conflict models have been demonstrated for:
(1) drugs suppressing GABA uptake into neurones and (2)
inhibitors of GABA transaminase (a rate-limiting enzyme
of GABA transformation into glutamate) (Agmo et al.,
1991; Liljequist and Engel, 1984).

Table 2

GABA exerts its inhibitory actions via chloride (Cl17)-
permeable, ionotropic GABA4 receptors and metabotropic
GABAg receptors. Heteromeric GABA( receptors (ligand-
gated chloride-channels) are not considered herein since no
information specifically pertaining to anxious states is
currently available (Zhang et al., 2001a).

2.2. GABA 4 receptors: benzodiazepines and neurosteroids

2.2.1. GABA 4 receptors and their operation

Ionotropic, pentameric GABA, receptors are found
throughout the cortex and limbic system, and in both
adrenergic and serotonergic neurones (Celada et al., 2001;
Shekhar et al., 2002; Tao et al., 1996): their levels are
modified both by anxiety (Goddard et al., 2001) and by
anxiolytic agents themselves (Tanay et al., 2001). The
majority of corticolimbic sites comprise ternary associa-
tions of two a subunits, two PR subunits and a single v,
subunit—the significance of the four (1, 2, 3 and 5)
subtypes of o subunit is indicated below (Fritschy and
Mohler, 1995; Mohler et al., 2001, 2002; Pirker et al.,
2000). Their activation results in rapid neuronal hypopola-
rization via the opening of Cl™ permeable ion channels.
Anxiolytic properties of the GABA, receptor agonist,
muscimol, in the Vogel conflict test upon injection into
the dorsal raphe nucleus or lateral septum support a role of
GABA, sites both presynaptic (Celada et al., 2001; Tao et
al., 1996; Wirtshafter and Sheppard, 2001) and postsynap-
tic to serotonergic pathways in the expression of anxiolytic
properties (Drugan et al., 1986; Higgins et al., 1992).

The operation of GABA, receptors can be positively
modulated by several allosteric sites (Hevers and Liiddens,
1998; MacDonald and Olsen, 1994), including those for
barbiburates such as phenobarbital (Amin, 1999), and for a
further injectable anesthetic, propofol (Krasowski et al.,

Actions of drugs interacting with GABAergic receptors in the Vogel conflict test

Receptor Activity Prototypical ligand Effect Loci Sample references

GABA ) Transaminase inhibitor v acetylen-GABA + ND Agmo et al. (1991)

GABA ) Reuptake inhibitor SKF100,330 + ND Agmo et al. (1991)

GABAA AGO Muscimol + Lateral Septum, DRN Drugan et al. (1986)
ANT Picrotoxin - ND Agmo et al. (1991)
Inverse AGO FG7142 - ND Mizoule et al. (1985)
oo =oa3 AGO Zolpidem + Hippoc, amygdala, DRN Depoortere et al. (1986)
BZP AGO Diazepam + Hippoc, amygdala, DRN, Acc Dekeyne et al. (2000a,b)
BZP PAG Bretazenil + Hippocampus Griebel et al. (1999a)
ax=a3 AGO, oy PAG SL651,498 + ND Griebel et al. (2001)
Neurosteroid AGO Allopregnanolone + ND Wieland et al. (1991)
Neurosteroid ANT Pregnenolone 1A NR Czlonkowska et al. (1999)
Barbiturate site Phenobarbital + Amygdala Shibata et al. (1989)
“Propofol” site Propofol + ND Matsuo et al. (1997)

GABAg AGO Baclofen + ND Agmo et al. (1991)
ANT &-amino-valeric acid 1A NR Shephard et al. (1992)

+=anxiolytic; — =anxiogenic; IA=inactive; ND=not determined; NR=not relevant; AGO =agonist; PAG=partial agonist; ANT = antagonist;

BZP=benzodiazepine; Acc=nucleus accumbens; DRN =dorsal raphe nucleus and Hippoc =hippocampus.
Structures indicated under “Loci” are those for which evidence is available: it should not be inferred that they are the only sites involved.
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1998) which elicit pronounced anxiolytic actions in the
Vogel conflict test and other procedures (Matsuo et al.,
1997; Shibata et al., 1989; Umezu, 1999). However, of
particular current interest are those for benzodiazepines
(Mohler et al., 2002; Rudolph et al., 1999) and neurosteroids
(Falkenstein et al., 2000; Hevers and Liiddens, 1998).

2.2.2. Benzodiazepines

Benzodiazepines act at the juncture of o and +y, subunits
of GABA receptors to enhance agonist potency, as well as
the duration and (in certain cases) intensity of the hyper-
polarization which they elicit (MacDonald and Olsen,
1994; Mohler et al., 2002; Stell and Mody, 2002). Robust
anxiolytic actions in the Vogel conflict test are consistently
seen with conventional agents, such as diazepam, chlordia-
zepoxide and clorazepate (Barrett and Gleeson, 1991;
Flores and Pellon, 2000), as well as with chemically
distinct and highly potent triazolams, such as alprazolam
(Soderpalm et al., 1989) (Fig. 1). Partial benzodiazepine
receptor agonists, such as imidazenil, bretazanil and pago-
clone, are also effective anxiolytic agents in this paradigm
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Fig. 1. Actions of the benzodiazepine, chlordiazepoxide, and of the triazolo-
benzodiazepine, alprazolam, in the Vogel conflict test. The open symbol
indicates that, in the presence of punishment, the number of responses
emitted is significantly suppressed. Drug treatment is associated with a
dose-dependent and significant elevation in responses (¥*P<0.05). Data
sources as follows: chlordiazepoxide (Millan et al., 2001) and alprazolam
(M. Brocco, unpublished observation).

(Griebel et al., 1999a; Sorbera et al., 2001). Microinjection
studies with these and other agents have revealed multiple
sites of action in the Vogel conflict test (and other proce-
dures) both at the level of serotonergic cell bodies (impli-
cating an inhibitory influence upon 5-HT release in their
actions) and at limbic structures, including the amygdala,
hippocampus, lateral septum and nucleus accumbens (Hig-
gins et al., 1988, 1991; Kataoka et al., 1991; Nazar et al.,
1999; Shibata et al., 1989; Stefaski et al., 1993a).

Intriguingly, a point mutation (replacement of arginine by
a histidine residue) in the o; subunit, which is particularly
enriched in the cerebellum, basal ganglia, thalamus and
cortex (Mohler et al., 2002; Pirker et al., 2000), interfered
with the amnesic and sedative actions of diazepam (though
not barbiturates), whereas its anxiolytic (and myorelexant)
properties were maintained (McKernan et al., 2000; Rudolph
et al,, 1999). Conversely, genetic disruption of the a,
subunit, which is concentrated in the cortex and hippo-
campus (Pirker et al., 2000), suppressed the anxiolytic
actions of diazepam—whereas pentobarbital was still effec-
tive, again consistent with its interaction with a distinctive
site (Amin, 1999). However, elimination of a3 subunits did
not modify the anxiolytic profile of diazepam despite the fact
that they are the only subtype expressed in serotonergic
perikarya (Crestani et al., 2001; Mohler et al., 2002; Pirker
et al., 2000). This observation is inconsistent with findings
indicating that an inhibitory influence of benzodiazepines
upon serotonergic neurones mediates their anxiolytic profile
(see further below). Nevertheless, it is possible that the use of
mice presenting a different genetic background and of other
anxiolytic models—such as the Vogel conflict test—would
have yielded an alternative pattern of data. Further, indica-
tive of differences between conclusions of such genetic
approaches and pharmacological analyses, the preferential
oy subunit antagonist, B-carboline-3-carboxylate t-butyl
ester, did interfere with anxiolytic effects of benzodiazepines
in rats (Belzung, 2001; Griebel et al., 1999a,b).

In any case, these important studies of mice possessing
disabled GABA, receptor subunits provide a possible
explanation as to why the dose-separation for induction of
anxiolytic vs. motor effects—in the Vogel conflict test and
other models—is low for zolpidem and zopiclone (Doble,
1999), hypnotics displaying preferential agonist activity at
oy VS. a, subunits (Carlson et al., 2001; Griebel et al.,
1999a,b; Stephens et al., 1990; Ueki et al., 1987). Moreover,
the modest anxiolytic actions of abecarnil may be a conse-
quence of its weak efficacy at «, as compared to a; and a3
subunits (Pribilla et al., 1993), while marked anxiolytic
properties of the novel ligand, L838,417 (7-tert-butyl-3-
(2,5-difluorophenyl)-6(1-methyl-1H-1,2,4-triazol-5-ylme-
thoxy) [1,2,4]triazolo[4,3-b]pyridazine), in the absence of
motor sedation, may reflect its agonist properties at o, o3
and as, but not o sites (McKernan et al., 2000). Finally,
SL651,498 (6-fluoro-9-methyl-2-phenyl-4-(pyrrolidin-1-yl-
carbonyl)-2,9-dihydro-1H-pyrido [3,4-b]indol-1-one), a full
agonist at o; and as, but not at o sites, displayed potent
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anxiolytic actions in the Vogel conflict test and other models
in the relative absence of sedative and amnesic actions
(Griebel et al., 2001).

2.2.3. Neurosteroids

Neurosteroids are generated in situ in the brain from
cholesterol: they also accumulate and are transformed from
endocrine sources. Non-genomic actions of neurosteroids
lead to rapid alterations in neuronal excitability and reflect—
amongst other mechanisms—the modulation of activity at
GABA,4 receptors (Falkenstein et al., 2000; Lambert et al.,
1995; Zinder and Dar, 1999). The term ‘“epalon” was
proposed for (endogenous and synthetic) neurosteroids
which act via such a GABAergic mechanism, of which the
first to be described was the general anesthetic, alphaxolone
(Gasior et al., 1999; Lan and Gee, 1997; Vanover et al.,
2000). Cerebral pools of cholesterol (primarily glial) are
converted via pregnenolone (an antagonist at neurosteroid
sites) into progesterone, then into its reduced derivatives,
allopregnanolone (3 a-hydroxy-5 a-pregnan-20-one) and
pregnanolone (or 3 a-hydroxy-5 B-pregnan-20-one). The
latter agonists at neurosteroid sites enhance the frequency
and duration of opening of the GABA, receptor-coupled
CI™ channel. The synthesis of neurosteroids is accelerated by
stress suggesting recruitment of a counter-regulatory, anx-
iolytic mechanism (Purdy et al., 1991; Stréhle et al., 2002).
Further, it has been speculated that the anxiolytic effects of
long-term antidepressant administration (vide infra) involve
(independently of 5-HT transporters) an induction of allo-
pregnanolone synthesis (Guidotti and Costa, 1998; Stréhle et
al., 2002). Central application of endogenous neurosteroids
is associated with anxiolytic properties in the Vogel conflict
test (Carboni et al., 1996; Crawley et al., 1986; Czlonkowska
et al., 1999; Wieland et al., 1991, 1997), in line with their
anxiolytic actions at non-sedative doses in other procedures
(Britton et al., 1991; Gasior et al., 1999). Interestingly, their
actions appear to complement those of benzodiazepines
consistent with an implication of contrasting GABA 4 recep-
tor subunits. Indeed, while the significance of o, p and y
receptor subunits to the actions of neurosteroids remains
uncertain (Lambert et al., 1995), in contrast to benzodiaze-
pines, genetic disruption of the ay-subunit of GABA 4 recep-
tors, which is well-represented in the hippocampus,
interferes with anxiolytic actions of neurosteroids (Wisden
et al., 1992; Mihalek et al., 1999).

2.3. GABAp receptors

In contrast to GABA, receptors, G protein-coupled
GABAg receptors underlie the slow component of central
GABAergic inhibition. Though they modulate the activity of
adenylyl cyclase, a suppression of activity at voltage-
dependent, P/Q and N-type Ca®" channels is implicated in
their presynaptic actions at GABAergic terminals and other
classes of neurone, while engagement of K™ channels under-
lies their hyperpolarizing properties at postsynaptic elements

(Billinton et al., 2001). GABAg receptors, which are hetero-
dimers comprised of two proteins termed GABApg; and
GABAGg,, respectively, are concentrated in the lateral sep-
tum, nucleus accumbens, periaqueductal grey, mammillary
bodies, hippocampus, amygdala, locus coeruleus and raphe
nuclei (Bischoff et al., 1999; Liang et al., 2000; Lu et al.,
1999; Margeta-Mitrovic et al., 1999). The inhibitory influ-
ence of GABAg receptors upon the release of NA, glutamate
and cholecystokinin (CCK) is consistent with a role in the
control of anxious states (Bonanno and Raiteri, 1994;
Waldmeier et al., 1994), an assumption supported by their
inhibitory influence-together with GABA , receptors-upon
serotonergic cell bodies of raphe nuclei (Varga et al., 2002;
Wirtshafter and Sheppard, 2001).

It is, thus, surprising that mice lacking GABAg receptors
do not display alterations in anxiety and that the GABAg
receptor agonist, baclofen, does not invariably elicit anxio-
lytic actions in rodents (Schuler et al., 2001). This paradox
probably reflects the role of GABAg autoreceptors, activa-
tion of which suppresses release of GABA onto postsynaptic
GABA, receptors (Andrews and File, 1993; Dalvi and
Rodgers, 1996). Nevertheless, baclofen elicited a robust
increase in responding in the rat Vogel conflict test (Shep-
hard et al., 1992; Ketelaars et al., 1988).

3. Excitatory amino acids
3.1. Glutamatergic transmisison

Glutamatergic projections of corticolimbic structures
play a crucial role, in interaction with GABAergic, mono-
aminergic and other networks, in the response to stress:
correspondingly, glutamatergic mechanisms are implicated
in the emotional symptoms of anxious states as well as other
psychiatric and neurological disorders (Millan, 2002b;
Moghaddam, 2002; Schwendt and Jezova, 2000; Shors et
al., 1997). It is, thus, important to consider the actions of
drugs interacting with individual classes of ionotropic and
metabotropic glutamatergic receptors (Table 3).

3.2. Ionotropic NMDA/glycineg receptors

For their operation in the mature CNS, heteromeric N-
methyl-p-aspartate (NMDA) receptors (which consist of two
NR1 subunits, and two or three NR2 subunits), require
occupation of both a glutamate binding site (on NR2 sub-
units) and of a “co-agonist” glycineg (GLYp) site (on NR1
subunits) (Danysz and Parsons, 1998; Millan, 2002b; Ozawa
et al., 1998). The high level of NMDA receptors in the
hippocampus, frontal cortex and other limbic regions (op
cit.), their reciprocal interaction with monoaminergic path-
ways (Babar et al., 2001; Millan 2002a,b; Morrow et al.,
2000), the similarities in behavioural effects of NMDA
receptor antagonists and GABA receptor agonists (Willetts
et al.,, 1990), and functional interactions amongst NMDA
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Table 3

Actions of drugs interacting with excitatory amino acid receptors and with nitric oxide synthase in the Vogel conflict test

Receptor Activity Prototypical ligand Effect Loci Sample references

NMDA Recognition Site ANT CGP37849 + Hippoc, PAG Przegalinski et al. (1996)
OCB Dizocilpine + ND Jessa et al. (1996)
GLYg AGO Glycine 1A NR Chojnacka-Wojcik et al. (1996)
GLYg PAG D-Cycloserine + Hippocampus Klodzinska and

Chojnacka-Wojcik (2000)

GLYg ANT 5-7 dichloro-kynurenate + ND Plaznik et al. (1994a)

AMPA ANT LY326,325 +IA ND Kotlinska and Liljequist (1998b)

MTB mGIuR T (mGlu 5) ANT MPEP + Hippocampus Tatarczynska et al. (2001)
mGluR II AGO LY354,740 + Hippocampus Tatarczynska et al. (2001)
mGluR 1II AGO L-SOP + Hippocampus Tatarczynska et al. (2001)

NO Synthesis Inhibitor L-NAME + ND Dunn et al. (1995)

OCB = open channel blocker; MTB = metabotropic; NO =nitric oxide; VDCC = voltage-dependent Ca® * channel; MPEP = 2-methyl-6-(phenylethynyl)pyridine

and L-SOP=L-serine-O-phosphate. For other abbreviations, see Table 2.

receptors and benzodiazepines in the control of anxious states
(De Souza et al., 1998; Przegalinski et al., 2000; Sharma and
Kulkarni, 1993; Smith and Dudek, 1996), are observations
which collectively encourage interest in glutamate recogni-
tion site antagonists, open channel blockers (which bind to
the cation-permeable channel) and GLY g receptor ligands as
potential anxiolytic agents.

The Vogel conflict test and other conflict paradigms have
been successfully used in characterizing anxiolytic properties
of glutamate recognition site antagonists and open channel
blockers (Bennett and Amrick, 1986; Dunn et al., 1989;
Wiley et al., 1998; Willetts et al., 1993). Microinjection
studies suggest that they act in the periaqueductal grey and
hippocampus, though other structures such as the amygdala
may also be implicated (Carobrez et al., 2001; Molchanov
and Guimardes, 2002; Plaznik et al., 1994b; Przegalinski et
al., 1996; Sajdyk and Shekhar, 1997). Notably, anxiolytic
actions of glutamate recognition site antagonists are main-
tained in the Vogel conflict test and other conflict procedures
upon chronic administration (Jessa et al., 1996; Wiley et al.,
1992). Several studies have emphasized the specificity of the
anxiolytic actions of glutamate recognition site antagonists
and open channel blockers in the Vogel conflict test (Jessa et
al., 1996; Plaznik et al., 1994b,c; Przegalinski et al., 1996;
Wiley et al., 1998). However, a periaqueductal grey micro-
injection study did not see a clear separation between their
modulation of punished responses vs. ‘““non-specific” effects
(Molchanov and Guimaraes, 2002) and the therapeutic mar-
gin for doses displaying anxiolytic actions as compared to
those perturbing motor function and eliciting undesirable
effects is low, in particular for open channel blockers (Danysz
and Parsons, 1998; Jessa et al., 1996; Millan, 2002b; Plaznik
et al., 1994b; Przegalinski et al., 1996; Wiley et al., 1998).

The latter observation underpins interest in antagonists
(and partial agonists) at the GLYg sites. They have, in fact,
produced rather variable results in conflict models, though
the balance of evidence suggests significant anxiolytic prop-
erties in the absence of a generalized disruption of behaviour
(Corbett and Dunn, 1991; Danysz and Parsons, 1998; Wiley
et al., 1998). Accordingly, several studies documented dose-

dependent anxiolytic actions of the partial GLYg receptor
agonists, aminocyclopropyl carboxylic acid and p-cycloser-
ine, in the Vogel conflict test, the effects of which were
largely maintained upon long-term administration (Przega-
linski et al., 1999; Skolnick et al., 1992). That anxiolytic
actions of partial GLY g receptor agonists reflect a reduction
in activity at GLYg sites is suggested by the following
observations: (1) GLYg sites display substantial occupation
by endogenous ligands in vivo—and they may even be
saturated under conditions of stress (Millan, 2002b); (2)
glycine lacks anxiolytic properties in the Vogel conflict test
and other conflict procedures (Chojnacka-Wojcik et al.,
1996; De Souza et al., 1998; Schmitt et al., 1995); (3) active
dose-ranges of D-cycloserine and aminocyclopropyl carbox-
ylic acid in the Vogel conflict test correspond to those at
which their antagonist actions are expressed in other models
(Danysz and Parsons, 1998); (4) glycine and/or NMDA
inhibit the anxiolytic actions of aminocyclopropyl carboxylic
acid and p-cycloserine (Klodzinska and Chojnacka-Wojcik,
2000; Teixeira and Carobrez, 1999); (5) mice with genet-
ically disturbed function at GLYp receptors show reduced
anxiety (Kew et al., 2000) and (6) in analogy to open channel
blockers and glutamate recognition site antagonists, pure
GLYg receptor antagonists manifest anxiolytic properties in
several procedures. Such actions have been reported with the
Vogel conflict test for 5,7-dichlorokynurenate (Corbett and
Dunn, 1991, 1993), upon i.c.v. administration, as well as for
the highly selective GLYy receptor antagonist, L.701,324 (7-
chloro-4-hydroxy-(3-phenoxy)-phenylquinolin-2[ 1H]-one)
(Kotlinska and Liljequist, 1998a) though, in one study,
possibly reflecting a different route of administration or
procedural variables, Karcz-Kubicha et al. (1997) failed to
demonstrate anxiolytic actions of the latter agent. Paralleling
studies of glutamate recognition site antagonists, NMDA
receptors in the hippocampus were suggested to mediate the
anxiolytic actions of GLYp receptor partial agonists in the
Vogel conflict test, and data from other paradigms suggest
that the periaqueductal grey is also involved in their anxio-
lytic properties (De Souza et al., 1998; Przegalinski et al.,
1996).
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In line with a functional interelationship between gluta-
matergic and GABAergic systems in the control of anxious
states, the benzodiazepine receptor antagonist, flumazenil,
attenuated the anxiolytic actions of the glutamate recogni-
tion site antagonist, CGP37849 (p,L~(E)-2 amino-4-methyl-
phosphono-3-pentanoic acid), and of the GLYp receptor
partial agonist, aminocyclopropyl carboxylic acid, in the
Vogel conflict test—and other procedures (Klodzinska and
Chojnacka-Wojcik, 2000; Kuribara et al., 1990; Przegalinski
et al., 2000; Sharma and Kulkarni, 1993). The precise
substrates underlying such interactions would be of interest
to determine, though they presumably reflect (indirect)
disinhibition of GABA receptors.

3.3. Ionotropic AMPA receptors

Heteromeric, ionotropic a-amino-3-hydroxy-5-methyli-
soxazole-4-propionic acid (AMPA) receptors (assembled
from various combinations of GluR1-4 subunits) are
enriched in corticolimbic structures, and are also localized
in monoaminergic cell clusters (Lees, 2000; Ozawa et al.,
1998). Anxiolytic actions of AMPA receptor antagonists in
conflict procedures in both mice and pigeons underpin the
potential utility of the Vogel conflict test for evaluation of
their anxiolytic potential (Benvenga et al., 1995; Turski et al.,
1992). In fact, the AMPA receptor antagonist NBQX (2,3-
diox0-6-nitro-1,2,3,4-tetrahydrobenzo[ f]quinoxaline-sul-
phonamide) was ineffective in a Vogel conflict test in rats, but
doses and testing times were not ideal for detection of activity
(Czlonkowska et al., 1997). Indeed, Kotlinska and Liljequist
(1998b) reported a significant increase in punished responses
in a Vogel conflict test with the highly selective AMPA
receptor antagonist, LY326,325 ((—)-(35,4aR,6R,8aR)-6-
[2-(1H-tetrazol-5-yl)ethyl]decahydroisoquinoline-3-carbox-
ylic acid), at doses which failed to modify locomotor func-
tion. Mechanisms underlying anxiolytic actions of AMPA
receptor antagonists remain to be elucidated. However, the
hippocampus, periaqueductal grey, septum and amygdala are
likely sites of action (Matheus and Guimaraes, 1997; Menard
and Treit, 2000; Sajdyk and Shekhar, 1997). In addition to
interactions with GABAergic mechanisms in these struc-
tures, AMPA receptor antagonists may exert their anxiolytic
properties by suppressing the stress-induced activation of
raphe-derived serotonergic and locus coeruleus-derived adre-
nergic pathways (Fedele et al., 1997; Rasmussen et al., 1996):
the latter action may, moreover, account for the inhibitory
influence of AMPA receptor antagonists upon benzodiaze-
pine withdrawal (Izzo et al., 2001).

3.4. Metabotropic glutamate receptors

Metabotropic glutamate receptors are functional homo-
dimers (Kunishima et al., 2000) which can be divided into
three classes, all of which are found in corticolimbic regions,
being particularly prominent in the hippocampus: I (mGlul
and mGlu5) which are positively coupled to phopspholipase

C (PLC), and II and III which are negatively coupled to
adenyl cyclase (Briauner-Osborne et al., 2000; Conn and Pin,
1997; Schoepp et al., 1999). Class II and III receptors
localized presynaptically on glutamatergic terminals sup-
press the release of glutamate, which is known to be
enhanced by stress: further, postsynaptic class I and III
receptors counter the excitatory actions of co-localized,
ionotropic NMDA and AMPA receptors (Karreman and
Moghaddam, 1996). On the other hand, excitatory group I
receptors presynaptic to glutamatergic pathways are facili-
tatory to glutamate release and their activation postsynapti-
cally reinforces the depolarizing influence of NMDA and
AMPA sites. From this schema, one might anticipate that
stimulation of group II/III sites, or blockade of group I sites,
would mimic the anxiolytic actions of NMDA and AMPA
receptor antagonists. This appears to be the case, based on
studies of conflict models of anxiolytic properties (Benvenga
et al., 1999; Chojnacka-Wojcik et al., 1996; Helton et al.,
1998; Spooren et al., 2000; Tatarczynska et al., 2001).
Indeed, the group Il metabotropic glutamate receptor agonist,
LY354,740 ((+)2-aminobicyclo[3.1.0]hexane-2,6 dicarbox-
ylic acid), is active in the rat Vogel conflict test upon systemic
administration and positive effects of other such agents have
been documented upon their introduction into the CA; region
of the dorsal hippocampus (Tatarczynska et al., 2001). A
group III metabotropic glutamate receptor agonist was sim-
ilarly active in a rat Vogel conflict test upon injection into this
region (Tatarczynska et al., 2001), a result requiring corrob-
oration with more selective ligands (cf. Chojnacka-Wojcik et
al., 1997). Group I metabotropic glutamate receptor antago-
nists likewise possessed anxiolytic actions in the Vogel
conflict test upon systemic or intrahippocampal application
(Klodzinska et al., 2000; Tatarczynska et al., 2001). For all
these drugs, anxiolytic actions appear to be specific and not
to reflect potential perturbation of cognitive function, motor
performance or drinking behaviour (op cit.).

4. Nitric oxide

Nitric oxide (NO) is generated throughout the CNS from
L-arginine by the actions of several isoforms of NO synthase
(NOS) (Millan, 1999; Wiesinger, 2001): the neuronal form,
NOS-1 or nNOS, is enriched in several corticolimbic
structures, including the hippocampus and amygdala (Brais-
sant et al., 1999; Egberongbe et al., 1994). It shows a broad
pattern of reciprocal interactions with monoaminergic neu-
rones (Millan, 2002a; Segieth et al., 2001; Szabo, 1996).
Numerous G-protein coupled receptors modulate the activ-
ity of nNOS (Christopoulos and El-Fakahany, 1999), but
most interest has focussed on the activation of nNOS by
NMDA receptors following an increase in intracellular Ca® *
and stimulation of Ca® *-calmodulin (Millan, 1999; Wie-
singer, 2001). Indeed, inhibitors of NOS elicit several
effects analogous to those of NMDA receptor antagonists
(Harkin et al., 1999; Millan, 1999), including anxiolytic
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actions in the Vogel conflict test (Dunn et al., 1995).
Confirming their specificity, the anxiolytic effects of NOS
inhibitors are attenuated by L-arginine (Dunn et al., 1995).

5. Serotonin
5.1. Serotonergic pathways

Serotonergic neurones originating in the median raphe
nucleus, which projects to the dorsal hippocampus, septum,
accumbens and hypothalamus, and in the dorsal raphe
nucleus, which heavily innervates the frontal cortex, ventral
hippocampus and amygdala, fulfil a complex and crucial role
in the control of various types of anxious state (Table 4)
(Baumgarten and Grozdanovic, 1997; Deakin and Graeff,
1991; Graeff et al., 1996). Serotonergic pathways are gen-
erally activated by exposure to anxiogenic stimuli and stress,
and the Vogel conflict test is accompanied by an increase in
5-HT release in the hippocampus (Adell et al., 1997; Beau-
four et al., 2001b; Matsuo et al., 1996; Rueter et al., 1997;
Wright et al., 1992). The 5-HT precursor, 5-hydroxytrypto-
phan (5-HTP), displays dose-dependent pro and anticonflict
properties in the Vogel conflict test, probably due to the
recruitment of different classes of 5-HT receptor (Hjorth et
al., 1987a). It provides, thus, an appropriate point of depar-
ture for a discussion of the roles of distinct 5-HT receptor
types in this procedure (Barrett and Vanover, 1993).

5.2. 5-HT,; 4 receptors

5.2.1. Anti-conflict actions

Inhibitory 5-HT;s autoreceptors are localized on the
dendrites of serotonergic cell bodies, while postsynaptic 5-
HT, 5 receptors are enriched in the hippocampus, septum,
amygdala, periaqueductal grey, entorhinal cortex and frontal
cortex-in the latter structure, they exert a long-loop inhib-
itory influence upon the raphe (Barnes and Sharp, 1999;
Celada et al., 2001; Chopin and Briley, 1987; Olivier et al.,

Table 4
Actions of serotoninergic agents in the Vogel conflict test

2001). Human volunteers with low levels of 5-HT; 5 recep-
tors are more likely to be anxious (Tauscher et al., 2001).
Further, mice lacking 5-HT; 5 receptors generally show an
anxiogenic phenotype, possibly reflecting deficient activity
at postsynaptic 5-HT 4 sites inasmuch as 5-HT release does
not appear to be modified. Dependent upon the genetic
background, the anxiety presented by 5-HT;, knock-out
mice may reflect a perturbation in the operation of benzo-
diazepine/GABA 4 receptors (including a down-regulation of
o, subunits) in the amygdala and hippocampus (File et al.,
2000; Griebel, 1999b; Gross et al., 2002; Olivier et al., 2001;
Pattij et al., 2002; Sibille and Hen, 2001; Sibille et al., 2000).

In line with these remarks, 5-HT;, receptor partial
agonists and agonists evoke anxiolytic actions in conflict
models (Barrett, 1992; Chojnacka-Wojcik and Przegalinski,
1991; Hascoét et al., 1994; King et al., 1997; Mansbach et
al., 1988; Stanhope and Dourish, 1996). Similarly, numerous
studies have shown that 5-HT 5 receptor agonists of varying
efficacy-though not, with one exception, antagonists-are
active in the Vogel conflict test in rats (Amano et al., 1993;
Barrett, 1992; Dekeyne et al., 2000b; Griebel et al., 2000;
Shimizu et al., 1987; Stefanski et al., 1992, 1993a; Umezu,
1999; Vanover et al., 1999) (Fig. 2). Paralleling clinical
observations, the anticonflict actions of buspirone become
progressively more pronounced upon long-term exposure
(Schefke et al., 1989). Anxiolytic properties of the novel
antipsychotic agent, S16924 ((R)-2-{1-[2-(2,3-dihydro-
benzo[1,4] dioxin-5-yloxy)-ethyl]-pyrrolidin-3yl}-1-(4-fluo-
rophenyl)-ethanone), in the Vogel conflict test have been
attributed to engagement of 5-HT, 5 receptors (Millan et al.,
1999) (Fig. 3).

5.2.2. Significance of pre and postsynaptic 5-HT;, re-
ceptors

The respective roles of (pre- and postsynaptic) 5-HT 5
receptors in the control of behaviour in the Vogel conflict test
and other paradigms is a complex question to which the
answer depends upon the model (type of anxiety), serotoner-
gic tone, rearing, test experience, gender, the level of stress,

Receptor Activity Prototypical ligand Effect Loci Sample references
“5-HT” Precursor 5-Hydroxytryptophan + ND Hjorth et al. (1987a,b)
5-HT A AGO 8-OH-DPAT + DRN, Hippoc Engel et al. (1984)
PAG Buspirone + DRN, Hippoc Dekeyne et al. (2000b)
ANT WAY'100,635 1A /+ ND Dekeyne et al. (2000b)
5-HTsp AGO CGS12066B 1A ND Higgins et al. (1992)
ANT SB224,289 1A ND Brocco, M. (unpub. obs.)
5-HT,p AGO DOI 1A ND Brocco, M. (unpub. obs.)
ANT MDL100,907 + ND Brocco, M. (unpub. obs.)
5-HT, AGO BW723C86 + ND Kennett et al. (1998)
ANT SB215,505 VN ND Kennett et al. (1998)
5-HT,c AGO Ro-60-0175 1A ND Kennett et al. (2000)
ANT SB242,084 + ND Millan et al. (2001)
5-HT; ANT Ondansetron IA/+ Hippoc, Acc Filip et al. (1992)

For abbreviations, see Table 2.
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Fig. 2. Actions of serotonergic agents in the Vogel conflict test. S15535 (4-
(benzodioxan-5-yl)1-(indan-2-yl)piperazine) is a low efficacy (partial)
agonist at 5-HT; 5 receptors, MDL100,907 (2,3-dimethoxyphenyl-1-[2-(4-
piperidine)-methanol] is a selective antagonist at 5-HT,5 receptors and
SB206,553 (N-3-pyridinyl-3,5 dihydro-5-methylbenzo(1,2-b:4,5-b' )dipyr-
role-1(2H)carboxamide) is an antagonist at 5-HT,c (and 5-HT,p) receptors.
Data sources as follows: S15535 (Dekeyne et al., 2000b); MDL100,907
(M. Brocco, unpublished observation) and SB206,553 (Dekeyne et al.,
2000b).

the drug under study as well as its dose, duration and site of
administration (Blanchard et al., 1992; Crespi et al., 1992; De
Vry, 1995; Menard and Treit, 1999; Olivier et al., 2001).
Many authors argue that engagement of 5-HT; 5 auto-
receptors is associated with anxiolytic properties in the

Vogel conflict test and other procedures. First, local admin-
istration of 5-HT; 5 receptor agonists into the dorsal raphe
nucleus and (less prominently) the median raphe nucleus
elicits anxiolytic effects (Andrews et al., 1994; Carli and
Samanin, 1988; Carli et al., 1989; Cervo et al., 2000; Eison
et al., 1986; Higgins et al., 1992; Schreiber and de Vry,
1993). Second, parenteral injections of selective 5-HTa
ligands of modest efficacy sufficient to engage pre but not
postsynaptic populations show pronounced anxiolytic
actions even superior to those of full agonists (Cervo et
al., 2000; Dekeyne et al., 2000b; De Vry, 1995; Millan et al.,
1997; Prezgalinski et al., 1992, 1994b, 1995). Third, post-
synaptic administration of 5-HT 5 receptor agonists into the
hippocampus and amygdala can elicit anxiogenic actions
(Andrews et al., 1994; Gonzalez et al., 1996; Hodges et al.,
1987; Nunes-de-Souza et al., 2002). Though such anxio-
genic effects have not been seen for the Vogel conflict test,
they may reflect activation of 5-HT 5 receptors inhibitory to
GABAergic neurones in the amygdala and hippocampus
(Halasy et al., 1992; Koyama et al., 1999; Matsuyama et al.,
1997). Fourth, destruction of serotonergic neurones elicits
an anxiolytic-like profile in the Vogel conflict test which
often interferes with the anxiolytic actions of 5-HT;,
receptor agonists (Carli et al., 1989; Cervo and Samanin,
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Fig. 3. Actions of the antidepressant agent, mirtazapine, and of the
antipsychotic agent, S16924, in the Vogel conflict test. Data sources as
follows: mirtazapine (M. Brocco, unpublished observation) and S16924
(Millan et al., 1999).
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1995; Eison et al., 1986; Nazar et al., 1999; Schreiber and
De Vry, 1993; Soderpalm et al., 1992, 1997). Interestingly,
the anxiolytic effects of 5,7-dihydroxytryptamine and 5-
HT A receptor agonists in the Vogel conflict test were
susceptible to blockade by GABA, and benzodiazepine
receptor antagonists (Fernondez-Guasti and Lopez-Rubal-
cava, 1998; Nazar et al., 1999; Soderpalm and Engel, 1991;
Soderpalm et al.,, 1992, 1997). This indicates that the
anxiolytic effects of 5-HT; 4 autoreceptor stimulation reflect
either: (1) the removal of an inhibitory influence of post-
synaptic 5-HT 4 receptors (or another 5-HT receptor type,
such as 5-HT,p sites) upon GABAergic interneurones (see
above); (2) release of a positive allosteric modulatory of
GABA, sites, such as neurosteroids (Soderpalm et al.,
1997) and/or (3) suppression of the 5-HT,¢ receptor-medi-
ated interference with GABAergic transmission in the
hippocampus (Huidobro-Toro et al., 1996; see below).
Notwithstanding the above comments, studies of the
Vogel conflict test (Chojnacka-Wojcik and Przegalinski,
1991; Commissaris et al., 1981; Kataoka et al., 1991;
Przegalinski et al., 1992, 1994b; Shimizu et al., 1992;
Stefanski et al., 1993a) and certain other procedures indicate
that microinjection of 5-HT;, receptor agonists into the
hippocampus, septum and/or amygdala elicits anxiolytic
actions, and that elimination of serotonergic neurones does
not markedly compromise their actions upon systemic
administration (Groenink et al., 2000; Kostowski et al.,
1989; Menard and Treit, 1998; Schreiber and De Vry,
1993; Zangrossi et al., 1999). Further, local application of
5-HT; A receptor agonists to postsynaptic sites in the peri-
aqueductal grey suppresses aversive effects of periaqueduc-
tal grey stimulation (a model of panic-attacks), though
systemic administration of 5-HT;5 receptor agonists is
ineffective, perhaps due to the accompanying acceleration
of corticolimbic noradrenaline release (Beckett and Marsden,
1997; Canto-de-Souza et al., 2002; Jenck et al., 1999;
Nogueira and Graeff, 1995). A role of postsynaptic 5-HT 5
sites in mediating actions of agonists in the Vogel conflict test
would be coherent with the interpretation of knock-out
studies that a loss of this population underlies the anxiogenic
phenotype of mice lacking 5-HT; o receptors (vide supra).

5.2.3. Multiple roles of 5-HT; 4 receptors

These observations elicit several general comments. First,
in analogy to benzodiazepines, it is by no means unreason-
able that both pre and postsynatptic 5-HT;, receptors
mediate anxiolytic actions. Engagement of 5-HT;, autore-
ceptors suppresses serotonergic transmission thereby indi-
rectly relieving the stimulation of anxiogenic, postsynaptic
5-HT,c (and other subtypes of) 5-HT receptor. Inasmuch as
postsynaptic 5-HT,, receptors are inhibitory to neuronal
activity, their activation interferes with the excitatory actions
of co-localized 5-HT,c receptors (Millan et al., 1992).
Second, 5-HT | receptors display a complex pattern of
reciprocal interactions with GABAergic neurones at both
pre and postsynaptic levels: it is, thus, possible that even a

single population, such as postsynaptic sites in the hippo-
campus, both favours (inhibition of GABA release) and
suppresses (reinforcement of GABAergic neuronal inhibi-
tion) anxious states. Third, dependent on serotonergic tone,
there may be an optimal degree of efficacy which elicits
robust anxiolytic actions by fully and partially engaging pre
and postsynaptic sites, respectively. Fourth, it is the global
influence of drugs upon systemic administration which is of
key significance to their clinical utilization.

In this regard, in analogy to the parenteral application of
drugs in the Vogel conflict test, buspirone and other 5-HT o
receptor agonists of modest efficacy consistently display
anxiolytic activity in patients with generalized anxiety dis-
orders—though their utility alone for treatment of other
anxiety conditions remains uncertain (Apter and Allen,
1999; Broocks et al., 2000; Laakman et al., 1998; Oshima
et al., 2001; Pecknold, 1997; Rickels et al., 1997). Thus,
together with the benzodiazepines, 5-HT, 5 receptor partial
agonists represent the second major class of anxiolytic agents
for which their actions in the Vogel conflict test and other
conflict models are paralleled by clinical efficacy in man.

5.3. 5-HTp receptors

Postsynaptic 5-HT g receptors are localized in the hippo-
campus, frontal cortex and many other corticolimbic struc-
tures, while presynaptic 5-HT ;g receptors on serotonergic
terminals play a role complementary to dendritic 5-HT 5
autoreceptors in the inhibition of 5-HT release (Bruinvels et
al., 1994; De Groote et al., 2002; Millan et al., 2000a). It
might, thus, be anticipated, that 5-HT;g receptor agonists
(which reduce 5-HT release as effectively as 5-HT; 5 recep-
tor agonists) would mimic the anxiolytic effects of their 5-
HT, 5 counterparts. Remarkably, there is virtually no evi-
dence to support this supposition. Thus, anxiogenic actions
of 5-HT receptor agonists have been seen in paradigms of
exploratory behaviour (Lin and Parsons, 2002; Moret and
Briley, 2000) while it has been reported that 5-HT g receptor
antagonists possess anxiolytic properties (Chopin et al.,
1994). Moreover, in the Vogel conflict test, 5-HT, g receptor
agonists are ineffective both upon application into the dorsal
raphe nucleus and upon systemic administration (Higgins et
al., 1992; M. Brocco, unpublished observation). Further,
though 5-HT 5 receptors were claimed to mediate anxiolytic
actions of (mCPP) (1-(3-chlorophenyl) piperazine) in the
Vogel conflict test (Chojnacka-Wojcik and Klodzinska,
1992), selective 5-HT;p receptor antagonists were not at
that time available, so this interpretation remains question-
able. Underpinning these observations, the phenotype of 5-
HT,p receptor knockout mice tends towards a decrease in
anxiety (Belzung, 2001; Malleret et al., 1999; Ramboz et al.,
1996; Zhuang et al., 1999). These findings elicit two general
comments. First, as for 5-HT; 5 knock-out mice, populations
lacking 5-HT sites show rno alterations in 5-HT release, so
the influence upon anxious state may largely reflect events
postsynaptic to serotonergic neurones. Second, despite the
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historical preoccupation with presynaptic sites, postsynaptic
5-HT,g and 5-HT; 4 receptors may well be of considerable
importance. Indeed, in line with recent studies of GABA A
receptor subunits (Mdhler et al., 2002; see above), the
primordial significance of a suppression of 5-HT release
for anxiolytic properties of serotonergic ligands and benzo-
diazepines should perhaps be reappraised.

5.4. 5-HT), receptors

5.4.1. 5-HT,, receptors

Though 5-HT, 4 receptors are concentrated in entorhinal
cortex, amygdala, nucleus accumbens, hippocampus, and are
also found in raphe nuclei, the locus coeruleus and the
ventrotegmental area, surprisingly little attention has been
afforded to their role in the modulation of anxious states
(Cornea-Hébert et al., 1999; Lopez-Giménez et al., 1997,
Millan, 2002a; Xu and Pandey, 2000). 5-HT,A receptor
agonists exert an excitatory influence upon corticolimbic
adrenergic and mesocortical dopaminergic pathways: fur-
ther, they may enhance 5-HT output in the frontal cortex (Liu
et al., 2000; Martin-Ruiz et al., 2001; Millan et al., 2000a). In
addition, via the protein kinase C (PKC)-mediated phosphor-
ylation of GABA 4 receptors, 5-HT, 4 receptors interfere with
the actions of GABA in the frontal cortex (Feng et al., 2001).
One might, thus, suspect an anxiogenic role of 5-HT,a
receptors under certain conditions and, indeed, activation
of 5-HT,, receptors facilitates the induction of aversion
from the periaqueductal grey (Nogueira and Graeff, 1995).
Correspondingly, certain studies have reported anxiolytic
actions of selective 5-HT,4 receptor antagonists (Graeff et
al., 1998; Mora et al., 1997; Motta et al., 1992) including,
albeit at relatively high doses, the Vogel conflict test (Griebel
et al., 1997a; M. Brocco, unpublished observation) (Fig. 2).
Further, the anxiolytic actions of the antipsychotic agent,
amperozide, in the Vogel conflict test may reflect its antag-
onist properties at 5-HT, 5 receptors (Engel et al., 1989). On
the other hand, there is evidence for a presynaptic, tonic,
excitatory influence of 5-HT,, receptors upon cortical and
hippocampal GABAergic neurones (Abi-Saab et al., 1999;
Cozzi and Nichols, 1996; Jakab and Goldman-Rakic, 2000;
Martin-Ruiz et al., 2001; Shen and Andrade, 1998; Xu and
Pandey, 2000). Thus, reports of anxiogenic actions of 5-
HT,, receptor antagonists, principally in models of
untrained behaviours (Setem et al., 1999), might reflect a
reduction in GABA release.

The balance of opposing presynaptic (facilitatory) and
postsynaptic (inhibitory) influences of 5-HT,, receptors
upon GABAergic transmission may, then, account for
above-mentioned, contrasting reports of anxiolytic or anxio-
genic actions of 5-HT,4 receptor antagonists, as well as
studies where they proved to be essentially inactive (Gleeson
etal., 1989; Griebel et al., 1997a; Setem et al., 1999). Though
5-HT, A receptors may be of lesser significance than their 5-
HT,c (see below) counterparts, the balance of evidence
supports anxiolytic properties of 5-HT, 5 receptor antagonists

and there is a preliminary report of anxiolytic actions of a
selective 5-HT, 4 receptor antagonist in man (Connell et al.,
1995).

5.4.2. 5-HT,p receptors

Though levels of 5-HT,g sites in the central nervous
system are low, they have been identified in the amygdala,
lateral septum and hypothalamus (Duxon et al., 1997a). In
contrast to 5-HT, 5 and (see below) 5-HT,¢ sites, anxiolytic
actions of the 5-HT,p receptor agonist, BW723C86 («-
methyl-5-(2-thienylmethoxy)-1H-indole-3-ethanamine),
have been reported in a Vogel conflict test (Duxon et al.,
1997b; Kennett et al., 1996a, 1998). 5-HT,p sites in the
medial amygdala transduce the actions of BW723C86 in
the social interaction test, but the population of 5-HT,p
sites mediating its anxiolytic actions in the Vogel conflict
test remains to be located (Duxon et al., 1997b).

5.4.3. 5-HT>¢ receptors

The high density of 5-HT,c receptors in the frontal cortex,
hippocampus, amygdala, hypothalamus, periaqueductal grey
and septum, provides a solid anatomical foundation for their
implication in the control of anxious states (Clemett et al.,
2000). 5-HT, receptors also exist in raphe nuclei suggesting
that they modulate serotonergic transmission, though the
functional role of this population remains unclear (Barnes
and Sharp, 1999; Clemett et al., 2000). In the hippocampus,
activation of 5-HTc receptors, via a Ca® * and PKC-depend-
ent mechanism, interferes with the operation of GABA4
receptors (Huidobro-Toro et al., 1996). This action may be
involved in the anxiogenic actions of 5-HT,c receptor
agonists which have generally been observed in procedures
based on spontaneous behaviours (Gibson et al., 1994;
Dekeyne et al., 2000a; Mora et al., 1997; Setem et al.,
1999). Moreover, in analogy to other conflict models, selec-
tive 5-HT,¢ receptor antagonists display anxiolytic actions in
the Vogel conflict test (Dekeyne et al., 2000a; Gacsalyi et al.,
1997; Griebel et al., 1997a; Kennett et al., 1995, 1996b,
1997; Koks et al., 2001; Martin et al., 1998; Millan et al.,
2001; Stefaski et al., 1992; Wood et al., 2001) (Fig. 2).
Blockade of 5-HT, receptors likely accounts for the anx-
iolytic properties of the antidepressant agents, mianserin and
mirtazapine (Fig. 3) (Bjertnaes et al., 1982; Mason et al.,
1987; M. Brocco, unpublished observation). The above
findings coincide with reports of diminished anxiety in mice
lacking 5-HT,c receptors (Heisler et al., 1998a,b). Never-
theless, it should be pointed out that 5-HT,¢ receptors may
not fulfil a unitary role in the control of anxious states: for
example, populations in the dorsomedial hypothalamus and
dorsal periaqueductal grey may inhibit non-conditioned
aversive stimuli (Deakin, 1991; Deakin and Graeff, 1991;
Graeff et al., 1996; Jenck et al., 1990, 1999; Martin et al.,
1998). Indeed, definitive resolution of the therapeutic sig-
nificance of 5-HT,¢ receptors to the control of anxiety will
only come upon eagerly awaited trials of (selective) 5-HT,¢
receptor antagonists (Martin et al., 2002).



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 79

5.5. 5-HT}; receptors

5-HTj; sites are ligand-gated, cation-permeable, pentame-
ric ion channels (Dubin et al., 1999; Millan, 2002a). They
have been visualized in the entorhinal cortex, hippocampus,
septum, amygdala and hypothalamus (Doucet et al., 2000;
Miquel et al., 2002). One sub-population is localized on
GABAergic neurones (Jakab and Goldman-Rakic, 2000;
Morales and Bloom, 1997), underlying their facilitatory
influence upon GABA release (Diez-Ariza et al., 1998;
Ropert and Guy, 1991; Shen and Andrade, 1998). This action
is inconsistent with potential anxiolytic actions of 5-HTj3
receptor antagonists. Indeed, as comprehensively reviewed
by Bentley and Barnes (1995) and Olivier et al. (2000),
despite positive effects in models based on exploratory
behaviour, in conflict paradigms including the Vogel conflict
test, the effects of 5-HTj receptor antagonists are generally
modest, drug-dependent, expressed over a limited dose-range
and only seen where parameters are adjusted to elicit only a
low level of response suppression (Artaiz et al., 1995; Filip et
al., 1992; Jones et al., 1988; Olivier et al., 2000; Piper et al.,
1988; Stefanski et al., 1992). Where active, the amygdala,
hippocampus and, possibly, the nucleus accumbens have
been implicated in the anxiolytic properties of 5-HT; receptor
antagonists (Costall et al., 1989; Higgins et al., 1991;
Malgorzata et al., 1992; Stefanski et al., 1993b). Notably,
this variable and modest activity of 5-HT; receptor antago-
nists in the Vogel conflict test and other conflict models
resembles their ambivalent efficacy in clinical trials (Olivier
et al., 2000).

6. Noradrenaline
6.1. Adrenergic pathways

Adrenergic projections originating in the locus coeruleus
and other cell clusters heavily innervate all corticolimbic

regions involved in the control of emotivity (Table 5).

Table 5

Correspondingly, the marked activation of adrenergic path-
ways evoked by diverse anxiogenic stimuli is accompanied
by behavioural and autonomic manifestations of fear
(Bremner et al., 1996a,b; Charney and Deutch, 1996;
McQuade et al., 1999; Schulz et al., 2002; Shekhar et al.,
2002; Sullivan et al., 1999; Tanaka et al., 2000). Indeed, the
locus coeruleus integrates numerous neurochemically dis-
tinct inputs transducing the effects of, and controlling the
response to, anxiogenic stimuli (Kawahara et al., 2000;
Lapiz et al., 2001; Singewald and Sharp, 2000).

6.2. ay-Adrenoceptors

6.2.1. a,-Adrenoceptor agonists

Three subtypes of a,-adrenoceptors are known, o, cop
and oy, all of which couple negatively to adenyl cyclase
(Hieble et al., 1995). Of these, ayg-adrenoceptors are largely
restricted to the thalamus, and a,c-adrenoceptors are partic-
ularly dense in the basal ganglia. On the other hand, o;a-
adrenoceptors are widely distributed in corticolimbic
regions and operate as inhibitory o,-AR autoreceptors on
adrenergic neurones and as inhibitory heteroceptors on
serotonergic neurones (Hein et al., 1999; Kable et al.,
2000; Millan et al., 2000a; Nicholas et al., 1996). In man,
anxiolytic properties of a,-adrenoceptor agonists, such as
clonidine, are most pronounced in the peri-operative envi-
ronment where sedative, haemostabilizing and analgesic
actions are also desirable (Ahmed and Takeshita, 1996;
Bitsios et al., 1998; Millan, 2002a; Thomson et al., 1998).
In the Vogel conflict test, anxiolytic actions of a,-adreno-
ceptor agonists have been seen, but they are expressed over
a narrow dose-range (Gower and Tricklebank, 1988; La
Marca and Dunn, 1994; MacDonald et al., 1988; Millan et
al., 2000a,b; Soderpalm, 1989; Séderpalm et al., 1995a,b)
paralleling observations in other conflict models (Cole et al.,
1995; Fontana et al., 1990; Soderpalm, 1989). These bipha-
sic actions may reflect: (1) anxiogenic actions of high doses
mediated via aj-adrenoceptors (see below); (2) the onset of
motor disruption—indeed, the lack of dissociation of anx-

Actions of drugs interacting with o/3-adrenoceptors, or with “D,-like” dopamine receptors, in the Vogel conflict test

Receptor Activity Prototypical ligand Effect Loci Sample references
a;-AR AGO ST587 1A NR Soéderpalm and Engel (1990)
ANT Prazosin 1A NR Przegalinski et al. (1994a,b)
ar-AR AGO S18616 + ND Millan et al. (2000b)
PAG Clonidine + ND Séderpalm and Engel (1988)
ANT Atipamezole 1A NR M. Brocco (unpublished observation)
B2-AR AGO Clenbuterol 1A NR Soderpalm and Engel (1990)
P12-AR ANT Betaxolol 1A NR Przegalinski et al. (1994a,b)
B12-AR ANT Propranolol 1A NR Soderpalm and Engel (1990)
D,/D, AGO Apomorphine + ND Hjorth et al. (1986)
D,/Ds AGO Quinpirole + ND Siemiatkowski et al. (2000)
D,/Ds AGO $32504 + ND M. Brocco (unpublished observation)
D,/Ds ANT Haloperidol 1A NR Millan et al. (1999)
D;>D, ANT Nafadotride + ND Rogoz et al. (2000)

Note that anxiolytic properties of the a,-AR antagonist, yohimbine, and of the B;,-AR partial agonist, pindolol, likely reflect direct activation of 5-HT;

receptors (see text). For abbreviations, see Table 2.
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iolytic and sedative dose-ranges is unsurprising inasmuch as
both these actions implicate oy 4-adrenoceptors inhibitory to
adrenergic and serotonergic pathways (Millan, 2002a); (3) a
hitherto-unexplored role of postsynaptic a,-adrenoceptors
or (4) contrasting actions of a,-adrenoceptor subtypes (see
below).

6.2.2. o,-Adrenoceptor antagonists

The ay-adrenoceptor antagonist, yohimbine, is well-
known to provoke anxiety in man, most strikingly in patients
susceptible to panic attacks (Bremner et al., 1996a,b; Charney
etal., 1983; Krystal et al., 1992). Such anxiogenic actions are
consistent with its pronounced induction of corticolimbic
release of noradrenaline and 5-HT (Millan et al., 2000d),
though the significance of a,-adrenoceptor blockade to the
anxiogenic actions of yohimbine has been questioned (Cole
et al., 1995; Johnston and File, 1988; Redfern and Williams,
1995). Moreover, while anxiogenic actions of yohimbine
have been seen in conflict models, most studies, including
those of the Vogel conflict test, have reported anxiolytic
actions (Gower and Tricklebank, 1988; La Marca and Dunn,
1994; Soderpalm and Engel, 1989, 1990; Soderpalm et al.,
1995a,b). The most likely explanation for these paradoxical
findings is a role of 5-HT; 4 receptors, at which yohimbine
shows agonist properties (Millan et al., 2000d; Soderpalm et
al., 1995a,b). A similar explanation likely accounts for the
variable actions of other a,-adrenoceptor antagonists, such as
idazoxan (Krystal etal., 1992; Schmidt et al., 1999; Venault et
al., 1993) in these procedures (Hieble et al., 1995; Millan et
al., 2000a). Indeed, the highly-selective a,-adrenoceptor
antagonists, RX821,002 (2-(2,3-dihydro-2-methoxy-1,4-
benzodioxin-2-yl)-4,5-dihydro-1-H-imidazole) and atipame-
zole, do not show anxiolytic actions in a Vogel conflict test
(M. Brocco, unpublished observation). Irrespective of the
underlying reasons, it must be acknowledged that the Vogel
conflict test does not reveal the clinically pertinent anxio-
genic properties of yohimbine, possibly since they are more
closely related to a “panic-like”-state than to “generalized”
anxiety.

6.2.3. a,-Adrenoceptor subtypes

Both pharmacological and knock-out strategies support a
key role of the a; p-adrenoceptor subtype in the modulation of
anxiety (Millan et al., 2000c; Schramm et al., 2001). These
findings correspond to its above-mentioned high density in
corticolimbic structures (Nicholas et al., 1996), alterations in
its levels in the hippocampus, amygdala and periaqueductal
grey upon exposure to stress (Nukina et al., 1987; Tejani-Butt
et al., 1994) and the suppressive influence of a,-adreno-
ceptors upon cerebral and sympathetic release of noradrena-
line and upon corticolimbic release of 5-HT (Hein et al.,
1999; Kable et al., 2000; Millan et al., 2000b,c). Though ;-
adrenoceptors have been been suggested to, on the contrary,
fulfill a “pro-stress” role, their significance in the modulation
of anxious states remains to be directly evaluated (Sallinen et
al., 1998, 1999; Schramm et al., 2001).

6.3. aj-Adrenoceptors

Multiple (a4, o1p and oyp) classes of postsynaptic o -
adrenoceptor are positively coupled to phospholipase C and
they are all localized (albeit with contrasting patterns) in
corticolimbic regions (Day et al., 1997; Nicholas et al.,
1996). Despite certain reports of anxiolytic actions of -
adrenoceptor antagonists, they are ineffective in the Vogel
conflict test (La Marca and Dunn, 1994; Séderpalm and
Engel, 1988, 1990; Soderpalm et al., 1995a). In fact, based
on studies with the Vogel conflict test, it has been suggested:
(1) that stimulation of a;-adrenoceptors underlies anxio-
genic actions of high doses of clonidine and (2) that, in an
opposite fashion, activation of o;-adrenoceptors potentiates
the anxiolytic actions of benzodiazepines (Soderpalm and
Engel, 1990; Soderpalm et al., 1995a,b). In view of the
major influence of a;-adrenoceptors upon attentional and
cognitive processes, their significance to mood disorders
and the existence of multiple a;-adrenoceptors subtypes,
their role in the control of anxious states would justify
additional clarification (Arnsten, 1997; Aston-Jones et al.,
1999; Day et al., 1997; Hieble et al., 1995).

6.4. -Adrenoceptors

Interest in B-adrenoceptors (of which the three subtypes
couple positively to adenyl cyclase) is underpinned by: (1)
the high concentration of P;- and P,-adrenoceptors in the
cortex, amygdala, hippocampus, periaqueductal grey and
other limbic regions (Nicholas et al., 1996); (2) the
utilization of B-adrenoceptor blockers in the treatment of
performance anxiety (Tyrer, 1992); (3) the facilitatory
influence of PB;- and P,-adrenoceptors upon release of
noradrenaline and, probably, 5-HT, in the frontal cortex
and subcortical structures (Gobert and Millan, 1999; Mur-
ugaiah and O’Donnell, 1995; Tsuiki et al., 2000) and (4)
the critical role of PB-adrenoceptors in the amygdala,
hippocampus and frontal cortex in the modulation of
emotion and cognition (Huang and Kandel, 1996; Roo-
zendaal et al., 1999; Zhang et al., 2001b). In fact,
anxiolytic properties of B-adrenoceptor antagonists cannot
be demonstrated in conflict paradigms in rodents (Durel et
al., 1986; Fontana et al., 1989; Soéderpalm and Engel,
1990) and the Vogel conflict test is no exception inasmuch
as their systemic and intrahippocampal administration is
ineffective (Przegalinski et al., 1994a, 1995). This insensi-
tivity to -adrenoceptor antagonists may reflect the facts
that: (1) P-adrenoceptor antagonists do not themselves
modify central adrenergic transmission and (2) their anx-
iolytic properties in man are largely exerted in the periph-
ery (Durel et al., 1986; Tyrer, 1992). It should be pointed
out that anxiolytic properties of the B-adrenoceptor partial
agonist, pindolol—which accelerates clinical actions of
antidepressant agents (Stein et al., 2001; Ziegenbein et
al., 2000)—in the Vogel conflict test are mediated by its
agonist properties at 5-HT;, autoreceptors (Cao and
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Rodgers, 1997; Gobert and Millan, 1999; Przegalinski et
al., 1994a, 1995; Millan et al., 2000d).

7. Dopamine (Table 5)
7.1. Dopaminergic pathways

Mesocortical and mesolimbic dopaminergic pathways,
both of which originate in the ventrotegmental area, play an
important role in the control of mood. Though they have
been most intensely studied within the perspective of
depression and schizophrenia, these disorders frequently
reveal comorbid anxious symptoms which are also a major
feature of Parkinson’s disease (Le Moal and Simon, 1991;
Penn et al., 1994; Shiba et al., 2000). Both social phobias
and panic attacks may be associated with alterations in
central dopaminergic transmission (Grant et al., 1998;
Mizuki et al., 1997; Pitchot et al., 1992; Roy-Byrne et al.,
1986; Schneier et al., 2000; Tiihonen et al., 1997) while, in
rodents, fear elicits a (benzodiazepine-reversible) activation
of ventrotegmental area-derived dopaminergic pathways to
the amygdala (Coco et al., 1992; Greba et al., 2001; Suzuki
et al., 2002), nucleus accumbens (Kalivas and Duffy, 1995;
McCullough and Salamone, 1992; Pezze et al., 2001) and,
most sensitively, frontal cortex (Beaufour et al., 2001a;
Broersen et al., 2000).

Dopamine acts via closely related dopamine D,, D3 and
D, receptors, and via closely related dopamine D; and Ds
receptors. The current discussion is confined to dopamine
D, and Dj sites inasmuch as information concerning dop-
amine D4, D and Ds receptors and the Vogel conflict test is
unavailable.

7.2. Dopamine D,-like receptors

Dopamine “D,-like” receptors, all of which couple
negatively to adenylyl cyclase, comprise dopamine D,
receptors, dopamine Dj receptors and dopamine D, recep-
tors. Dopamine D, receptors are widely distributed through-
out the brain, notably in the frontal cortex, nucleus
accumbens, amygdala and septum. Though they are only
found at lower concentrations, dopamine Dj sites are,
nevertheless, detectable in the nucleus accumbens, hippo-
campus and hypothalamus (Jackson and Westlind-Daniels-
son, 1994; Joyce, 2001; Shafer and Levant, 1998).
Dopamine D, and, less prominantly, dopamine D5 receptors
function as autoreceptors on dopaminergic neurones. There
are preliminary reports of anxiolytic actions of dopaminer-
gic receptor agonists in man (Mizuki et al., 1997). The
dopamine D,-like receptor agonists, apomorphine, quinpir-
ole and 3-(3-hydroxyphenyl)-N-propylpiperidine (3-PPP),
all increase punished responses in the Vogel conflict test
(Hjorth et al., 1986, 1987b). Though these agents do not
differentiate dopamine D,, D3 and D, receptors (Joyce,
2001; Vallone et al., 2000), the novel dopamine receptor

agonist, S32504 ((+)-trans-3,4,4a,5,6,10b-hexahydro-9-car-
bamoyl-4-propyl-2H-naphth[1,2-b]-1,4-oxazine), which is
devoid of activity at dopamine D, receptors, reproduces
their anxiolytic effects in the Vogel conflict test model (M.
Brocco, unpublished observation). Further, anxiolytic
actions of S32504 are blocked by selective antagonists at
dopamine D, but not D3 (or D4) receptors (M.J. Millan,
unpublished observation). These data indicate that activation
of dopamine D, receptors underlies anxiolytic actions of
dopamine “D,-like” receptor agonists: see Gendreau et al.
(1998, 2000). Though dopamine D, knock-out mice do not
show any marked alteration in anxious states, any potential
change might be masked by their pronounced reduction of
spontaneous locomotor behaviour (Sibley, 1999; Wadding-
ton et al., 2001). Highly sensitive dopamine D, autorecep-
tors in the ventrotegmental area may participate in the
anxiolytic properties of dopamine D, receptor agonists
inasmuch as they are seen at Jow doses (Bartoszyk, 1998;
Borowski and Kokkinidis, 1996; Hjorth et al., 1986; Munro
and Kokkinidis, 1997; Rogers et al., 2000). This interpreta-
tion is consistent with anxiolytic actions in the Vogel
conflict test of 3-PPP which, as a low efficacy dopamine
receptor partial agonist, preferentially stimulates pre- vs.
postsynaptic populations of dopamine D, receptors (Hjorth
et al., 1987b). However, the precise mechanism of anxio-
lytic action of dopamine D, receptor agonists requires
further evaluation and a role of postsynaptic dopamine D,
sites in the frontal cortex, which are excitatory to GABAer-
gic interneurons, might also be evoked (Espejo, 1997;
Grobin and Deutch, 1998; Ravard et al., 1990).

Despite certain reports of anxiogenic actions of DA-
depletion and dopamine D,-like receptor antagonists
(Espejo, 1997; Timothy et al., 1999), which would be
consistent with above-discussed findings, they are inactive
in the Vogel conflict test (M. Brocco, unpublished observa-
tion; Millan et al., 1999). Moreover, there have also been
reports of anxiolytic actions of dopamine “D,-like” receptor
antagonists in conflict and other procedures (Cavazzuti et al.,
1999; Pich and Samanin, 1986; Rodgers et al., 1994). It is
possible then, that blockade of dopamine Dj receptors
underlies such actions. This contention is supported by: (1)
the anxiolytic phenotype of dopamine D3 knock-out mice
(Accili et al., 1996; Blednov et al., 2001; Steiner et al., 1998;
Vallone et al., 2002); (2) the anxiogenic effects of dopamine
Dj; receptor agonists in others models (Gendreau et al., 2000;
Kahaya et al., 1996) and (3) anxiolytic actions of preferential
dopamine Dj receptor antagonists in the Vogel conflict test
and other procedures (Bartoszyk, 1998; Rodriguez-Arias et
al., 1999; Rogoz et al., 2000). However, such findings await
corroboration with highly selective antagonists.

8. Neuropeptides

Notwithstanding the crucial importance of GABAergic,
glutamatergic and monoaminergic mechanisms, there is
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increasing interest in the significance of neuropeptides-
with which they reciprocally interact-in the pathogenesis
and control of anxious states (Griebel, 1999a). Certain of
these mechanisms have been evaluated in the Vogel conflict
test, as summarized in Table 6.

Cholecystokinin, which acts via CCK; and CCK, recep-
tors, is localized throughout the corticolimbic system
wherein it interacts with monoaminergic and GABAergic
mechanisms (Noble and Roques, 1999; Tanganelli et al.,
2001). The actions of CCK are of particular interest inas-
much as CCK, receptor agonists possess anxiogenic (pan-
icogenic) actions in animals and in man, though antagonists
have not proven effective in therapeutic trials (Lines et al.,
1995; Singh et al., 1991). Indeed, in analogy to their
inconsistent actions in other conflict models, CCK, and
CCK; receptor antagonists are inactive in the Vogel conflict
test (Charrier et al., 1995; Costall et al., 1991; Griebel et al.,
1997b; Singh et al., 1991). Moreover, mice lacking CCK,
receptors do not reveal marked changes in anxious behav-
iour (Daugé et al., 2001).

Corticotropin releasing factor (CRF) and vasopressin
fulfil synergistic roles in the induction of hypophyseal
secretion of adrenocorticotropic hormone (ACTH) and both
play a broader role at the cerebral level in the control of
mood and in the etiology of affective disorders (Aguilera
and Radadan-Diehl, 2000; Chen et al., 2000; Steckler and
Holsboer, 1999). Though a role of CRF, sites in the
induction of anxiety should not be ignored, pharmacological
studies and observations of transgenic mice with altered
activity of CRF and CRF; receptors demonstrate that
activation of CRF; sites elicits anxious states: in addition
to actions in the amygdala and other limbic structures,
engagement of adrenergic pathways may be involved in
their induction of anxiety (Steckler and Holsboer, 1999;
Karolyi et al., 1999; Sajdyk et al., 1999, Valentino and Van
Bockstaele, 2001). Correspondingly, mice lacking CRF,
receptors fail to show anxiogenic effects of social defeat
in a Vogel conflict test (Contarino et al., 1999). Further,
CREF itself is anxiogenic in the Vogel conflict test (Britton et
al., 1985) while several non-peptidergic CRF; antagonists
exert robust anxiolytic properties in this procedure (Griebel

Table 6

et al., 1998, 2002b; Millan et al., 2001). Of several types of
Vasopressin receptor, Vasopressing, receptors co-localized
with VP itself in the amygdala and hippocampus appear to
be involved in the induction of anxious states (Lolait et al.,
1995; Hernando et al., 2001; Vaccari et al., 1998) and mice
lacking Vasopressiny, may be anxiogenic (Lolait et al.,
2000). Correspondingly, a selective Vasopressiny, antago-
nist was recently shown to possess anxiolytic properties in
the Vogel conflict test (Griebel et al., 2002a; Serradeil-Le
Gal et al., 2002).

Neuropeptide Y, which exerts its actions via five receptor
types, is highly expressed in several corticolimbic struc-
tures: it exerts its anxiolytic actions in at least three regions,
the amygdala, the dorsolateral septum and the periaqueduc-
tal grey (Heilig et al., 1994; Kask et al., 2002). Interestingly,
mice overexpressing Neuropeptide Y display an anxiolytic
profile in the Vogel conflict test (Palmiter et al., 1998;
Thorsell et al., 2000). In addition to its intrinsic anxiolytic
actions in the Vogel conflict test, Neuropeptide Y blocks the
anxiogenic properties of CRF in this procedure (Britton et
al., 1997, 2000; Heilig et al., 1994; Kask et al., 2002).
Activation of Neuropeptide Y, receptors is primarily
involved in these actions. Indeed, there is evidence from
the Vogel conflict test and other models that Neuropeptide
Y, receptors can elicit either anxiogenic or anxiolytic effects
from diverse cerebral structures (Heilig et al., 1989; Kask et
al., 2002; Sajdyk et al., 2002).

Though corticolimbic pools of galanin, in interaction
with adrenergic pathways, certainly play an important role
in the modulation of anxious states, their precise role
remains uncertain (Bartfai et al., 1992; Millan, 2002a). This
probably reflects contrasting actions at specific loci and via
distinct (3) subtypes of receptor (Branchek et al., 2000).
Indeed, while i.c.v. injection of galanin acted anxiolytically
in the Vogel conflict test, its introduction into the amygdala
was associated with anxiogenic properties (Bing et al.,
1993; Moller et al., 1999).

Finally, glucagon-like peptide 1, cleaved from pre-pro-
glucagon, is enriched in many corticolimbic regions as well
as the locus coeruleus and raphe nuclei (Merchenthaler et
al., 1999). Suggesting an anxiogenic role, its administration

Actions of ligands at neuropeptide receptors and at adenosine receptors, in the Vogel conflict test

Receptor Activity Prototypical ligand Effect Determined loci Sample references
CCK, ANT Lorglumide 1A NR Griebel et al. (1997b)
CCK, ANT PD135,158 1A NR Griebel et al. (1997b)
CRFl(z) CRFIQ) AGO CRF - ND Britton et al. (1985)
CRF, CRF; ANT CP154,526 + ND Millan et al. (2001)
VP, ANT SR149,415 + ND Griebel et al. (2002a,b)
Galanin AGO Galanin + — Amygdala Bing et al. (1993)
Glucagon-like peptide AGO GLP - ND Moller et al. (2002)

Y, AGO NPY + ND Kask et al. (2002)

Y, AGO NPY 336 1A NR Heilig et al. (1989)

CCK =cholecystokinin; CRF = corticotropin-releasing factor; VP =vasopressin; NK =neurokinin and NPY =neuropeptide Y. For other abbreviations, see

Table 2.
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into the amygdala elicited anxiety in the Vogel conflict test
(Mohler et al., 2002).

9. General discussion

9.1. Mechanisms as yet to be evaluated in the Vogel conflict

test

Knock-out studies in mice have revealed a surprisingly
large number of anxiogenic and anxiolytic phenotypes,
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suggesting the implication of many unsuspected mecha-
nisms in the control of emotion and anxious states (Belzung
and Griebel, 2001; Lesch, 2001). While caution should be
exercised in the interpretation of such findings, especially
when awaiting confirmation in other genetic lines, there
remain numerous, validated mechanisms for the control of
anxious states which have not, to date, been examined with
the Vogel conflict test (Nikolaus et al., 2000). Several of
these are summarized in Table 7 which provides an agenda
for future utilization of the Vogel conflict test in the
characterization of potential anxiolytic agent.

Summary of potential mechanisms for the modulation of anxiety as yet to be evaluated in the Vogel conflict test

Receptor Endogenous Primary localization Receptor influence  Knock-out Relevant receptor-mediated
ligand(s) upon emotivity Phenotype actions
Kainate Glutamate, Hippocampus, amygdala Anxiogenic? Unknown 1 Glu release
Aspartate
5-HT, Serotonin Hippoc, habenula, LS, amygdala Anxiogenic? Unknown 1 5-HT release
5-HT¢ Serotonin Hippocampus, amygdala Anxiolytic Anxiogenic | NA release
D, Dopamine FCX, hippocampus, amygdala, acc Anxiogenic? No change Modulates cognitive
response to stress
H, Histamine Hippoc, CX, PAG, amygdala, Anxiogenic Anxiolytic 1 NA, 5-HT release
hypothal. DRN, LC,
Hj Histamine CX, hippocampus, DRN, LC Anxiolytic Unknown | Hist, NA, 5-HT release
Musc Acetylcholine FCX, hippocampus, amygdala, Anxiogenic/ Unknown Site-dependent
M, -M,y hypothalamus Anxiolytic
Nicotinic Acetylcholine Hippocampus, CX, amygdala, LS Anxiogenic/ Anxiogenic 1 NA, 5-HT, GABA release:
Anxiolytic (a4-subunit) site-dependent
PACI1 PACAP Hippoc, CX, LS, amygdala, hypoth, Anxiogenic Anxiolytic T NA release
DRN, LC
SST2 Somatostatin PAG, amygdala, CX, hippocampus, LC Anxiolytic Anxiogenic | NA release
CRF, CRF LS, amygdala, hippoc, DRN Anxiogenic/ Anxiogenic/ LS, amygdala are key
Anxiolytic Anxiolytic sites of action
AT, Angiotensin II FCX, hippocampus, PAG, amygdala, LC  Anxiogenic Unknown ACE inhibitors are anxiolytic
AT, Angiotensin II FCX, amygdala, PAG, DRN, LC Anxiolytic Anxiogenic | NA release?
ANP-A Atrial natriuretic Hippocampus, LS, amygdala, Anxiolytic Unknown | CRF, NA release
peptide hypothalamus
ANP-B C-type natriuretic ~ Hippocampus, LS Anxiogenic Unknown 1 CRF release
peptide
ORL, Orphanin FQ PAG, FCX, LS, amygdala, hippoc, Anxiolytic Anxiogenic (OFQ) | NA, 5-HT release
(Nociceptin) hypothal, DRN, LC No change (ORL,)
Ys NPY Hypothalamus, LS, hippocampus, Anxiolytic Unknown May act in parallel with
amygdala Y, sites
MCH Melanocyte- CX, hippoc, LS, amygdala, DRN, LC Anxiogenic Unknown Modulates 5-HT and NA
concentrating release?
hormone
NK, Substance P Amygdala, hippoc, hypothalamus Anxiogenic Anxiolytic/ 1 GABA, (direct) and| 5-HT
No change and NA (indirect release)
NK; NK B Acc, CX, LS, hippocampus Anxiogenic? Unknown 1 NA release
Aja Adenosine Amygdala, CX, hippocampus, DRN, LC  Anxiolytic? Anxiogenic 7 GABA release
CB, Cannabinoid PAG, hippocampus, CX, amygdala Anxiogenic/ Anxiogenic Modulates CRF, GABA, 5-HT
anxiolytic and NA release
(dose-dep)
Trk B BDNF CX, hippoc, LS, PAG, amygdala, Anxiogenic? No change 1 NA, 5-HT release
DRN, LC (Heterozygote)
Cytokine TNFaq, IL-1R, etc.  Corticolimbic Anxiogenic/ TNFa, anxiogenic Modulate 5-HT, NA,
Anxiolytic GABA and CREF release
Type I GC  Glucocorticoids Hippoc, LS, amygdala, hypothalamus Anxiogenic Anxiolytic 1 central CRF release?

CX=cortex; CRF =corticotropin-releasing factor; FCX=frontal cortex; LC=locus coeruleus; DRN=dorsal raphe

nucleus; LS=lateral septum;

ACE =angiotensin converting enzyme; BDNF = brain-derived neurotrophic factor; MA =monoamine; NK =neurokinin; NPY =neuropeptide Y; ORL, =or-
phanin FQ receptor; TNF = Tissue necrosis factor; IL = interleukin; PACAP = pituitary adenyl cyclase activating peptide and PAG = periaqueductal gray. For
other abbreviations, see Table 2.
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9.2. Other issues requiring further studies

Several other issues would benefit from additional study
employing the Vogel conflict test.

First, an obvious question is whether anxiolytic actions
of drugs are maintained upon long-term administration, or
whether they progressively diminish. This issue is partic-
ularly pertinent to agonists. Following discontinuation of
long-term administration, it is also necessary to establish
whether there is any rebound, withdrawal anxiety. A
related question concerns the influence of long-term drug
administration upon the subsequent actions of a different
drug class (Li et al.,, 2001). For example, extended pre-
exposure to benzodiazepines in man may hinder expres-
sion of the anxiolytic properties of 5-HT;5 receptor
agonists (DeMartinis et al., 2000). Such potential prob-
lems should be experimentally addressed in the Vogel
conflict test and other models. These issues are of critical
importance to: (1) the design of clinical trials; (2) the
reciprocal switching of patients to and from novel agents
and (3) evaluation of the utility of drugs for replacing
benzodiazepines, including suppression of the withdrawal
syndrome which ensues upon cessation of their prescrip-
tion.

Second, as revealed in Tables 2—6, very little is known
concerning neuroanatomical substrates and neuronal mech-
anisms underlying anxiolytic actions in the Vogel conflict
test. Microinjection studies, “regional” knock-outs (spe-
cific CNS structures) and analogous strategies are impor-
tant in revealing potentially contrasting actions of drugs at
multiple cerebral sites of action, and in providing insights
into neuronal mechanisms underlying their influence upon
anxious states (Hammack et al., 2002). Sites and mecha-
nisms of drug action can also be clarified by parallel
neurochemical studies of regional alterations in transmitter
synthesis and release under conditions of the Vogel conflict
test.

Third, relatively few studies have modified parameters
of the Vogel conflict test in order to render it sensitive to
anxiogenic agents: this is important since, in particular
where novel mechanisms of action are under exploration
and drug actions are not a priori known, it is advantageous
that both increases and decreases in anxiety can be
revealed.

10. Conclusions

No single procedure can be considered sufficient for
evaluation of anxious states and their modulation by
anxiolytic agents. Nevertheless, the Vogel conflict test
has proven of importance in the characterization of diverse
classes of anxiolytic, and there remains considerable scope
for its continued and improved application in the identi-
fication of novel agents and in the exploration of their
mechanism(s) of action. The robust actions of benzodia-

zepines and 5-HT,, receptor partial agonists in the Vogel
conflict test parallel their clinical efficacy in patients; the
variable and mediocre effects of 5-HT; receptor antago-
nists in the Vogel conflict test resemble their unconvincing
clinical profiles in man, while the inactivity of CCK,
receptor antagonists mirrors their lack of therapeutic effec-
tiveness. Such observations support the notion that positive
results in the Vogel conflict test are of clinical relevance.
However, it would be premature to come to any definitive
conclusions for the Vogel conflict test (or other models)
until results from therapeutic trials of a greater diversity of
anxiolytic agents become available. Though actions in the
Vogel conflict test appear to be most pertinent to general-
ized anxiety disorders in man, clinical information con-
cerning drug actions in specific anxious states will also be
instructive in more precisely identifying the type of anxiety
modelled by the Vogel conflict test and the therapeutic
significance of both positive and negative findings with
this paradigm.

References

Abi-Saab, W., Bubser, M., Roth, R.H., Deutch, A.Y., 1999. 5-HT, receptor
regulation of extracellular GABA levels in the prefrontal cortex. Neuro-
psychopharmacology 21, 92—96.

Accili, D., Fishburn, C.S., Drago, J., Steiner, H., Lachowitcz, J.E., Park,
B.H., Gauda, E.B., Lee, E.J., Cool, M.H., Sibley, D.R., Gerfen, C.R.,
Westphal, H., Fuchs, S., 1996. A targeted mutation of the D3 dopamine
receptor gene is associated with hyperactivity in mice. Proc. Natl. Acad.
Sci. U. S. A. 93, 1945—-1949.

Adell, A., Casanovas, J.M., Artigas, F., 1997. Comparative study in the rat
of the actions of different types of stress on the release of 5-HT in raphe
nuclei and forebrain areas. Neuropharmacology 36, 735—741.

Agmo, A., Pruneda, R., Guzman, M., Gutiérrez, M., 1991. GABAergic
drugs and conflict behavior in the rat: lack of similarities with the
actions of benzodiazepines. Naunyn-Schmiedeberg’s Arch. Pharmacol.
344, 314-322.

Agmo, A., Galvan, A., Heredia, A., Morales, M., 1995. Naloxone blocks
the antianxiety but not the motor effects of benzodiazepines and pento-
barbital: experimental studies and literature review. Psychopharmacol-
ogy 120, 186—194.

Aguilera, G., Radadan-Diehl, C., 2000. Vasopressinergic regulation of the
hypothalamic-pituitary—adrenal axis: implications for stress adaptation.
Regul. Peptides 96, 23—-29.

Ahmed, 1., Takeshita, J., 1996. Clonidine: a critical review of its role in the
treatment of psychiatric disorders. CNS Drugs 6, 53—70.

Amano, M., Goto, A., Sakai, A., Achiha, M., Takahashi, N., Hara, C.,
Ogawa, N., 1993. Comparison of the anticonflict effect of buspirone
and its major metabolite 1-(2-pyrimidinyl)-piperazine (1-PP) in rats.
Jpn. J. Pharmacol. 61, 311-317.

Amin, J., 1999. A single hydrophobic residue confers barbiturate sensitivity
to y-aminobutyric acid type C receptor. Mol. Pharmacol. 55, 411-423.

Andrews, N., File, S.E., 1993. Handling history of rats modifies behav-
ioural effects of drugs in the elevated plus-maze test of anxiety. Eur.
J. Pharmacol. 235, 109-112.

Andrews, N., Hogg, S., Gonzalez, L.E., File, S.E., 1994. 5-HT 5 receptors
in the median raphe nucleus and dorsal hippocampus may mediate
anxiolytic and anxiogenic behaviours respectively. Eur. J. Pharmacol.
264, 259-264.

Apter, J.T., Allen, L.A., 1999. Buspirone: future directions. J. Clin. Psy-
chopharmacol. 19, 86—93.



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 85

Arnsten, A.F.T., 1997. Catecholamine regulation of the prefrontal cortex.
J. Psychopharmacol. 11, 151-162.

Artaiz, 1., Romero, G., Zazpe, A., Monge, A., Calder6, J.M., Roca, J.,
Lasheras, B., Del Rio, J., 1995. The pharmacology of VA21B7: an
atypical 5-HT; receptor antagonist with anxiolytic properties in animal
models. Psychopharmacology 117, 137—-148.

Aston-Jones, G., Rajowski, J., Cohen, J., 1999. Role of locus coeruleus in
attention and behavioral flexibility. Biol. Psychiatry 46, 1309—1320.
Babar, E., C)zgiinen, T., Melik, E., Polat, S., Akman, H., 2001. Effects of
ketamine on different types of anxiety/fear and related memory in rats
with lesions of the median raphe nucleus. Eur. J. Pharmacol. 431,

315-320.

Barnes, N.M., Sharp, T., 1999. A review of central 5-HT receptors and their
function. Neuropharmacology 38, 1083—1152.

Barrett, J.E., 1992. Studies on the effects of 5-HT; drugs in the pigeon.
Drug Dev. Res. 26, 299-317.

Barrett, J.E., Gleeson, S., 1991. Anxiolytic effects of 5-HT, agonists,
5-HT; antagonists and benzodiazepines: conflict and drug discrim-
ination studies. In: Rodgers, R.J., Cooper, S.J. (Eds.), 5-HT;» Ago-
nists, 5-HT3; Antagonists and Benzodiazepines: Their Comparative
Behavioural Pharmacology. Wiley, England, pp. 59-105.

Barrett, J.E., Vanover, K.E., 1993. 5-HT receptors as targets for the devel-
opment of novel anxiolytic drug models, mechanisms and future direc-
tions. Psychopharmacology 112, 1-12.

Bartfai, T., Fisone, G., Langel, U., 1992. Galanin and galanin antagonists:
molecular and biochemical perspectives. Trends Pharmacol. Sci. 13,
312-317.

Bartoszyk, G.D., 1998. Anxiolytic effects of dopamine receptor ligands: 1.
Involvement of dopamine autoreceptors. Life Sci. 62, 649—663.

Baumgarten, H.G., Grozdanovic, Z., 1997. Anatomy of central serotoni-
nergic projections systems. Handbook Exp. Pharmacol. 129, 41-89.

Beaufour, C.C., Le Bihan, C., Hamon, M., Thiébot, M.-H., 2001a. Extra-
cellular dopamine in the rat prefrontal cortex during reward-, punish-
ment-, and novelty-associated behaviour. Effects of diazepam.
Pharmacol. Biochem. Behav. 69, 133 —-143.

Beaufour, C.C., Le Bihan, C., Hamon, M., Thiébot, M.-H., 2001b. Extrac-
ellular serotonin is enhanced in the striatum, but not in the dorsal hippo-
campus or prefrontal cortex, in rats subjected to an operant conflict
procedure. Behav. Neurosci. 115, 125-137.

Beckett, S., Marsden, C.A., 1997. The effect of central and systemic in-
jection of the 5-HT;, receptor agonist 8-OH-DPAT and the 5-HT;4
receptor antagonist WAY 100635 on periaqueductal grey-induced de-
fence behaviour. J. Psychopharmacol. 11, 35—40.

Belcheva, 1., Belcheva, S., Petkov, V.V., Hadjiivanova, C., Petkov, V.D.,
1997. Behavioral responses to the 5-HT 5 receptor antagonist NAN190
injected into rat CA; hippocampal area. Gen. Pharmacol. 28, 435—-441.

Belzung, C., 2001. The genetic basis of the pharmacological effects of
anxiolytics: a review based on rodent models. Behav. Pharmacol. 12,
451-460.

Belzung, C., Griebel, G., 2001. Measuring normal and pathological
anxiety-like behaviour in mice: a review. Behav. Brain Res. 125,
141-149.

Bennett, D.A., Amrick, C.L., 1986. 2-Amino-7-phosphonoheptanoic acid
(AP7) produces discriminative stimuli and anticonflict effects similar to
diazepam. Life Sci. 39, 2455-2461.

Bentley, K.R., Barnes, N.M., 1995. Therapeutic potential of serotonin
5-HT; antagonists in neuropsychiatric disorders. CNS Drugs 3,
363-392.

Benvenga, M.J., Ornstein, P.L., Leander, D.J., 1995. Schedule-controlled
behavioral effects of the selective 2-amino-3-(5-methyl-3-hydroxy-iso-
xazol-4-yl) propanoic acid antagonist LY 293558 in pigeons. J. Phar-
macol. Exp. Ther. 275, 164—170.

Benvenga, M.J., Overshiner, C.D., Monn, J.A., Leander, D.J., 1999. Dis-
inhibitory effects of LY354740, a new mGIuR2 agonist, on behaviors
suppressed by electric shock in rats and pigeons. Drug Dev. Res. 47,
37-44.

Billinton, A., Ige, A.O., White, J.H., Marshall, F.H., Emson, P.C., 2001.

Advances in the molecular understanding of GABAg receptors. Trends
Neurosci. 24, 277-282.

Bing, O., Mdller, C., Engel, J.A., S6derpalm, B., Heilig, M., 1993. Anx-
iolytic-like action of centrally administered galanin. Neurosci. Lett. 164,
17-20.

Bischoff, S., Leonhard, S., Reymann, N., Schuler, V., Shigemoto, R., Kaup-
mann, K., Bettler, B., 1999. Spatial distribution of GABA(B)R1 receptor
mRNA and binding sites in the rat brain. J. Comp. Neurol. 412, 1-16.

Bitsios, P., Szabadi, E., Bradshaw, C.M., 1998. The effects of clonidine on
the fear-inhibited light reflex. J. Psychopharmacol. 12, 137—145.

Bjertnaes, A., Block, J.M., Hafstad, P.E., Holte, M., Ottemo, I., Larsen, T.,
Pindek, R.M., Steffensen, K., Stulemeijer, S.M., 1982. A multicentre
placebo-controlled trial comparing the efficacy of mianserin and chlor-
diazepoxide in general practice patients with primary anxiety. Acta
Psychiatr. Scand. 66, 199-207.

Blanchard, D.C., Shepherd, J.K., Rodgers, R.J., Blanchard, R.J., 1992. Evi-
dence for differential effects of 8-OH-DPAT on male and female rats in
the anxiety/defense test battery. Psychopharmacology 106, 531-539.

Blednov, Y.A., Stoffel, M., Chang, S.R., Harris, R.A., 2001. GIRK2 defi-
cient mice: evidence for hyperactivity and reduced anxiety. Physiol.
Behav. 74, 109-117.

Bonanno, G., Raiteri, M., 1994. Pharmacological discrimination between
gamma-aminobutyric acid type B receptors regulating cholecystokinin
and somatostatin release from rat neocortex synaptosomes. Mol. Phar-
macol. 46, 558—-562.

Borowski, T.B., Kokkinidis, L., 1996. Contribution of ventral tegmental
area dopamine neurons to expression of conditioned fear: effects of
electrical stimulation, excitotoxin lesions, and quinpirole infusion on
potentiated startle in rats. Behav. Neurosci. 110, 1349—1364.

Braissant, O., Gotoh, T., Loup, M., Mori, M., Bachmann, C., 1999. L-
Arginine uptake, the citrulline-NO cycle and arginase II in the rat brain:
an in situ hybridization study. Mol. Brain Res. 70, 231-241.

Branchek, T.A., Smith, K.E., Gerald, C., Walker, M.W., 2000. Galanin
receptor subtypes. Trends Pharmacol. Sci. 21, 109—117.

Brauner-Osborne, H., Egebjerg, J., Nielsen, E.O., Madsen, U., Krogsgaard-
Larsen, P., 2000. Ligands for glutamate receptors: design and therapeu-
tic prospects. J. Med. Chem. 43, 2609—-2645.

Bremner, J.D., Krystal, J.H., Southwick, S.M., Charney, D.S., 1996a. Nor-
adrenergic mechanisms in stress and anxiety: 1. Preclinical studies.
Synapse 23, 28—-38.

Bremner, J.D., Krystal, J.H., Southwick, S.M., Charney, D.S., 1996b. Nor-
adrenergic mechanisms in stress and anxiety: II. Clinical studies. Syn-
apse 23, 39-51.

Britton, K.T., Morgan, J., Rivier, J., Vale, W., Koob, G., 1985. Chlordia-
zepoxide attenuates response suppression induced by corticotropin-re-
leasing factor in the conflict test. Psychopharmacology 86, 170—174.

Britton, K.T., Page, M., Baldwin, H., Koob, G.F., 1991. Anxiolytic activ-
ity of steroid anesthetic alphaxalone. J. Pharmacol. Exp. Ther. 258,
124-129.

Britton, K.T., Southerland, S., Van Uden, E., Kirby, D., Rivier, J., Koob,
G., 1997. Anxiolytic activity of NPY receptor agonists in the conflict
test. Psychopharmacology 132, 6—13.

Britton, K.T., Akwa, Y., Spina, M.G., Koob, G.F., 2000. Neuropeptide Y
blocks anxiogenic-like behavioral action of corticotropin-releasing factor
in an operant conflict test and elevated plus maze. Peptides 21, 37—44.

Brocco, M., Koek, W., Degryse, A.-D., Colpaert, F.C., 1990. Comparative
studies on the anti-punishment effects of chlordiazepoxide, buspirone
and ritanserin in the pigeon. Geller-Seifter and Vogel conflict proce-
dures. Behav. Pharmacol. 1, 403—-418.

Broersen, L.M., Abbate, F., Feenstra, M.G.P., de Bruin, J.P.C., Heinsbroek,
R.P.W., Olivier, B., 2000. Prefrontal dopamine is directly involved in
the anxiogenic interoceptive cue of pentylenetetrazol but not in the
interoceptive cue of chlordiazepoxide in the rat. Psychopharmacology
149, 366-376.

Broocks, A., Bandelow, B., George, A., Jestrabeck, C., Opitz, M., Bart-
mann, U., Gleiter, C.H., Meineke, 1., Roed, L.-S., Riither, E., Hajak, G.,
2000. Increased psychological responses and divergent neuroendocrine



86 M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96

responses to m-CPP and ipsapirone in patients with panic disorder. Int.
Clin. Psychopharmacol. 15, 153—-161.

Bruinvels, A.T., Landwehrmeyer, B., Gustafon, E.L., Durkin, M.M., Men-
god, G., Branchek, T.A., Hoyer, D., Palacios, J.M., 1994. Localization
of 5-HT;g, 5-HTpe, 5-HT g and 5-HT;¢ receptor messenger RNA in
rodent and primate brain. Neuropharmacology 33, 367-386.

Canto-de-Souza, A., Nunes-de-Souza, R.L., Rodgers, R.J., 2002. Anxio-
lytic-like effect of WAY-100635 microinfusions into the median (but not
dorsal) raphe nucleus in mice exposed to the plus-maze: influence of
prior test experience. Brain Res. 928, 50—59.

Cao, B.-J., Rodgers, R.J., 1997. Influence of 5-HT s receptor antagonism
on plus-maze behaviour in mice: I. Pindolol enantiomers and pindobind
5-HT o. Pharmacol. Biochem. Behav. 58, 583—-591.

Carboni, E., Wieland, S., Lan, N.C., Gee, K.W., 1996. Anxiolytic proper-
ties of endogenously occurring pregnanediols in two rodent models of
anxiety. Psychopharmacology 126, 173—178.

Carli, M., Samanin, R., 1988. Potential anxiolytic properties of 8-hydroxy-
2-(di-N-propylamino)tetralin, a selective serotonin, receptor agonist.
Psychopharmacology 94, 84-91.

Carli, M., Prontera, C., Samanin, R., 1989. Evidence that central 5-hydrox-
ytryptaminergic neurons are involved in the anxiolytic activity of bus-
pirone. Br. J. Pharmacol. 96, 829—836.

Carobrez, A.P., Teixeira, K.V., Graeff, F.G., 2001. Modulation of defensive
behavior by periaqueductal gray NMDA/glycine-B receptor. Neurosci.
Biobehav. Rev. 25, 697—-709.

Carlson, J.N., Haskew, R., Wacker, J., Maisonneuve, I.M., Glick, S.D.,
Jerussi, T.P., 2001. Sedative and anxiolytic effects of zopiclone’s enan-
tiomers and metabolite. Eur. J. Pharmacol. 415, 181—189.

Cavazzuti, E., Bertolini, A., Vergoni, A.V., Arletti, R., Poggioli, R., For-
gione, A., Benelli, A., 1999. L-Sulpiride, at a low, non-neuroleptic dose,
prevents conditioned fear stress-induced freezing behavior in rats. Psy-
chopharmacology 143, 20—23.

Celada, P., Puig, V.M., Casanovas, J.M., Guillazo, G., Artigas, F., 2001.
Control of dorsal raphe serotonergic neurons by the medial prefrontal
cortex: involvement of serotonin-1A, GABA 4, and glutamate receptors.
J. Neurosci. 21, 9917-9929.

Cervo, L., Samanin, R., 1995. Presynaptic 5-HT; 5 receptors mediate the
effects of ipsapirone on punished responding in rats. Eur. J. Pharmacol.
284, 249-255.

Cervo, L., Mocaér, E., Bertaglia, A., Samanin, R., 2000. Roles of 5-HT 5
receptors in the dorsal raphe and dorsal hippocampus in anxiety as-
sessed by the behavioral effects of 8-OH-DPAT and S 15535 in a
modified Geller—Seifter conflict model. Neuropharmacology 39,
1037-1043.

Charney, D.S., Deutch, A., 1996. A functional neuroanatomy of anxiety
and fear: implication for the pathophysiology and treatment of anxiety
disorders. Crit. Rev. Neurobiol. 10, 419-446.

Charney, D.S., Heninger, G.R., Redmond, D.E., 1983. Yohimbine induced
anxiety and increased noradrenergic function in humans: effects of
diazepam and clonidine. Life Sci. 33, 19-29.

Charrier, D., Dangoumau, L., Puech, A.J., Hamon, M., Thiébot, M.-H.,
1995. Failure of CCK receptor ligands to modify anxiety-related behav-
ioural suppression in an operant conflict paradigm in rats. Psychophar-
macology 121, 127—-134.

Chen, Y., Brunson, K.L., Miiller, M.B., Cariaga, W., Baram, T.Z., 2000.
Immunocytochemical distribution of corticotropin-releasing hormone
receptor Type-1 (CRF;)-like immunoreactivity in the mouse brain: light
microscopy analysis using an antibody directed against the C-terminus.
J. Comp. Neurol. 420, 305-323.

Chojnacka-Wojcik, E., Klodzinska, A., 1992. Involvement of 5-HT g re-
ceptors in the anticonflict effect of m-CPP in rats. J. Neural Transm.
[Gen. Sect.] 87, 87—-96.

Chojnacka-Wojcik, E., Przegalinski, E., 1991. Evidence for the involve-
ment of 5-HT 5 receptors in the anticonflict effect of ipsapirone in rats.
Neuropharmacology 30, 703—709.

Chojnacka-Wojcik, E., Tatarczynska, E., Deren-Wesolek, A., 1996. Ef-
fect of glycine on antidepressant- and anxiolytic-like action of 1-

aminocyclopropanecarboxylic acid (ACPC) in rats. Pol. J. Pharmacol.
48, 627-629.

Chojnacka-Wojcik, E., Tatarczynska, E., Pilc, A., 1997. The anxiolytic-like
effect of metabotropic glutamate receptor antagonists after intrahippo-
campal injection in rats. Eur. J. Pharmacol. 319, 153—-156.

Chopin, P., Briley, M., 1987. Animal models of anxiety: the effect of
compounds that modify 5-HT neurotransmission. Trends Pharmacol.
Sci. 8, 383-388.

Chopin, P., Moret, C., Briley, M., 1994. Neuropharmacology of 5-hydro-
xytryptamine; g/ p receptor ligands. Pharmacol. Ther. 62, 385-405.
Christopoulos, A., El-Fakahany, E.E., 1999. The generation of nitric oxide

by G protein-coupled receptors. Life Sci. 64, 1—15.

Clemett, D.A., Punhani, T., Duxon, M.S., Blackburn, T.P., Fone, K.C.F.,
2000. Immunohistochemical localization of the 5-HT,¢ receptor protein
in the rat CNS. Neuropharmacology 39, 123—-132.

Coco, M.L., Kuhn, C.M,, Ely, T.D., Kilts, C.D., 1992. Selective activation
of mesoamygdaloid dopamine neurons by conditioned stress: attenua-
tion by diazepam. Brain Res. 590, 39-47.

Cole, J.C., Burroughs, G.J., Laverty, C.R., Sheriff, N.C., Sparham, E.A.,
Rodgers, R.J., 1995. Anxiolytic-like effects of yohimbine in the murine
plus-maze: strain independence and evidence against a,-adrenoceptor
mediation. Psychopharmacology 118, 425-436.

Commissaris, R.L., Lyness, W.H., Rech, R.H., 1981. The effects of
D-lysergic acid diethylamide (LSD), 2,5-dimethoxy-4-methylamphet-
amine (DOM), pentobarbital and methaqualone on punished responding
in control and 5,7-dihydroxytryptamine-treated rats. Pharmacol. Bio-
chem. Behav. 14, 617-623.

Conn, PJ., Pin, J.P., 1997. Pharmacology and functions of metabotropic
glutamate receptors. Annu. Rev. Pharmacol. Toxicol. 37, 205-237.
Connell, J., Graeff, F., Guimaraes, F.S., Hellewell, J.S.E., Hetem, L.A.,
Deakin, J.F.W., 1995. 5-HT, receptors and anxiety. Behav. Pharmacol.

6 (Suppl. 1), 35.

Contarino, A., Heinrichs, S.C., Gold, L.H., 1999. Understanding cortico-
tropin releasing factor neurobiology: contributions from mutant mice.
Neuropeptides 33, 1-12.

Corbett, R., Dunn, R.W., 1991. Effects of HA-966 on conflict, social
interaction and plus-maze behaviors. Drug Dev. Res. 24, 205-301.
Corbett, R., Dunn, R.W., 1993. Effects of 5,7 dichlorokynurenic acid on
conflict, social interaction and plus maze behaviors. Neuropharmaco-

logy 32, 461—-466.

Cornea-Hébert, V., Riad, M., Wu, C., Singh, S.K., Descarries, L., 1999.
Cellular and subcellular distribution of the serotonin 5-HT, A receptor in
the central nervous system of adult rat. J. Comp. Neurol. 409, 187-209.

Costall, B., Kelly, M.E., Naylor, R.J., Onaivi, E.S., Tyers, M.B., 1989.
Neuroanatomical sites of action of 5-HT; receptor agonist and antago-
nists for alteration of aversive behaviour in the mouse. Br. J. Pharmacol.
96, 325-332.

Costall, B., Domeney, A.M., Hughes, J., Kelly, M.E., Naylor, R.J., Wood-
ruff, G.N., 1991. Anxiolytic effects of CCK-B antagonists. Neuropep-
tides 19, 65-73.

Cozzi, N.V,, Nichols, D.E., 1996. 5-HT,, receptor antagonists inhibit po-
tassium-stimulated y-aminobutyric acid release in rat frontal cortex.
Eur. J. Pharmacol. 309, 25-31.

Crawley, J., Glowa, J.R., Maajewska, M.D., Paul, S.M., 1986. Anxiolytic
activity of an endogenous adrenal steroid. Brain Res. 398, 382—-385.

Crespi, F., Wright, L.K., M&bius, C., 1992. Isolation rearing of rats alters
release of 5-hydroxytryptamine and dopamine in the frontal cortex: an
in vivo electrochemical study. Exp. Brain. Res. 88, 495-501.

Crestani, F., Low, K., Keist, R., Mandelli, M.-J., Mdhler, H., Rudolph, U.,
2001. Molecular targets for the myorelaxant action of diazepam. Mol.
Pharmacol. 59, 442445,

Culpepper, L., 2002. Generalized anxiety disorder in primary care: emerg-
ing issues in management and treatment. J. Clin. Psychiatry 63, 35—-42.

Czlonkowska, A., Siemiatkowski, M., Plaznik, A., 1997. Some behavioral
effects of AMPA/kainate receptor agonist and antagonists. J. Physiol.
Pharmacol. 48, 479—-488.

Czlonkowska, A., Sienkiewicz-Jarosz, H., Siemiatkowski, M., Bidzinski,



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 87

A., Plaznik, A., 1999. The effects of neurosteroids on rat behavior and
3H-muscimol binding in the brain. Pharmacol. Biochem. Behav. 63,
639-646.

Dalvi, A., Rodgers, R.J., 1996. GABAergic influences on plus-maze be-
haviours in mice. Psychopharmacology 128, 380—397.

Danysz, W., Parsons, C.G., 1998. Glycine and N-methyl-D-aspartate recep-
tors: physiological significance and possible therapeutic applications.
Pharmacol. Rev. 50, 597-664.

Daugé, V., Sebret, A., Beslot, F., Matsui, T., Roques, B.P., 2001. Behav-
ioral profile of CCK, receptor-deficient mice. Neuropsychopharmaco-
logy 25, 690—698.

Day, H.EE.W., Campeau, S., Watson, S.J., Akil, H., 1997. Distribution of
ara-, ap-, and ayg-adrenergic receptor mRNA in the rat brain and
spinal cord. J. Chem. Neuroanat. 13, 23-26.

De Groote, L., Olivier, B., Westenberg, H.G.M., 2002. The effects of
selective serotonin reuptake inhibitors on extracellular 5-HT levels in
the hippocampus of 5-HT g receptor knockout mice. Eur. J. Pharmacol.
439, 93-100.

DeMartinis, N., Rynn, M., Rickels, K., Mandos, L., 2000. Prior benzodia-
zepine use and buspirone response in the treatment of generalized anxi-
ety disorder. J. Clin. Psychiatry 61, 91-94.

De Souza, M., Schenberg, L.C., Carobrez, A.P., 1998. NMDA-coupled
periaqueductal gray glycine receptors modulate anxioselective drug ef-
fects on plus-maze performance. Behav. Brain Res. 90, 157—165.

De Vry, J., 1995. 5-HT 4 receptor agonists: recent developments and con-
troversial issues. Psychopharmacology 121, 1-26.

Deakin, J.F., 1991. Depression and 5-HT. Int. Clin. Psychopharmacol. 6,
23-28.

Deakin, J.F.W., Graeff, F.G., 1991. 5-HT and mechanisms of defence.
J. Psychopharmacol. 5, 305-315.

Dekeyne, A., Denorme, B., Monneyron, S., Millan, M.J., 2000a. Citalo-
pram reduces social interaction in rats by activation of serotonin
(5-HTyc) receptors. Neuropharmacology 39, 1114-1117.

Dekeyne, A., Brocco, M., Adhumeau, A., Gobert, A., Millan, M.J., 2000b.
The selective serotonin (5-HT);5 receptor ligand, S15535, displays
anxiolytic-like effects in the social interaction and Vogel models and
suppresses dialysate levels of 5-HT in the dorsal hippocampus of freely
moving rats. A comparison with other anxiolytic agents. Psychophar-
macology 152, 55—-66.

Depoortere, H., Zivkovic, B., Lloyd, K.G., Sanger, D.J., Perrault, G.,
Langer, S.Z., Bartholini, G., 1986. Zolpidem, a novel nonbenzodiaze-
pine hypnotic: I. Neuropharmacological and behavioral effects. J. Phar-
macol. Exp. Ther. 237, 649—658.

Diez-Ariza, M., Ramirez, M.J., Lasheras, B., Del Rio, J., 1998. Differential
interaction between 5-HT; receptors and GABAergic neurons inhibit-
ing acetylcholine release in rat entorhinal cortex slices. Brain Res. 81,
228-232.

Doble, A., 1999. New insights into the mechanism of action of hypnotics.
J. Psychopharmacology 13 (4, Suppl. 1), S11-S20.

Doucet, E., Miquel, M.C., Nosjean, A., Vergé, D., Hamon, M., Emerit,
M.B., 2000. Immunolabeling of the rat central nervous system with
antibodies partially selective of the short form of the 5-HT; receptor.
Neuroscience 95, 881—-892.

Drugan, R.C., Skolnick, P., Paul, S.M., Crawley, J.N., 1986. Low doses of
muscimol produce anticonflict actions in the lateral septum of the rat.
Neuropharmacology 25, 203—-205.

Dubin, A.E., Huvar, R., D’Andrea, M.R., Pyati, J., Zhu, J.Y., Joy, K.C.,
Wilson, S.J., Galindo, J.E., Glass, C.A., Luo, L., Jackson, M.R.,
Lovenberg, T.W., Erlander, M.G., 1999. The pharmacological and
functional characteristics of the serotonin 5-HT3, receptor are specif-
ically modified by a 5-HTsp receptor subunit. J. Biol. Chem. 274,
30799-30810.

Dunn, R.W,, Corbett, R., Fielding, S., 1989. Effects of 5-HT;4 receptor
agonists and NMDA receptor antagonists in the social interaction test
and the elevated plus-maze. Eur. J. Pharmacol. 169, 1-10.

Dunn, R.W., Del Vecchio, R.A., LaMarca, S., 1995. The nitric oxide syn-
thase inhibitors N°-nitro-L-arginine methyl ester and N°-nitro-L-argi-

nine are anxiolytic and are devoid of benzodiazepine side-effects in
rats. Am. Soc. Neurosci. Abst. 21, 1384.

Durel, L.A., Krantz, D.S., Barretti, J.E., 1986. The antianxiety effect of
beta-blockers on punished responding. Pharmacol. Biochem. Behav. 25,
371-374.

Duxon, M.S., Flanigan, T.P., Reavley, A.C., Baxter, G.S., Blackburn, T.P.,
Fone, K.C.F., 1997a. Evidence for expression of the 5-hydroxytrypta-
mine,p receptor protein in the rat central nervous system. Neuroscience
76, 323-329.

Duxon, M.S., Kennett, G.A., Lightower, S., Blackburn, T.P., Fone, K.C.F.,
1997b. Activation of 5-HT,p receptors in the medial amygdala causes
anxiolysis in the social interaction test in the rat. Neuropharmacology
36, 601-608.

Egberongbe, Y.I., Gentleman, S.M., Falkai, P., Bogerts, B., Polak, J.M.,
Roberts, G.W., 1994. The distribution of nitric oxide synthase immu-
noreactivity in the human brain. Neuroscience 59, 561—-578.

Eison, A.S., Eison, M.S., Stanley, M., Riblet, L.A., 1986. Serotonergic
mechanisms in the behavioral effects of buspirone and gepirone. Phar-
macol. Biochem. Behav. 24, 701-707.

Engel, J.A., Hjorth, S., Svensson, K., Carlsson, A., Liljequist, S., 1984.
Anticonflict effect of the putative serotonin receptor agonist 8-hydroxy-
2-(di-n-propylamino)tetralin (8-OH-DPAT). Eur. J. Pharmacol. 105,
365-368.

Engel, J.A., Egbe, P., Liljequist, S., Soderpalm, B., 1989. Effects of am-
perozide in two animal models of anxiety. Pharmacol. Toxicol. 64,
429-433.

Espejo, E.F., 1997. Selective dopamine depletion within the medial pre-
frontal cortex induces anxiogenic-like effects in rats placed on the ele-
vated plus maze. Brain Res. 762, 281-284.

Falkenstein, E., Tillmann, H.-C., Christ, M., Feuring, M., Wehling, M.,
2000. Multiple actions of steroid hormones—a focus on rapid, non-
genomic effects. Pharmacol. Rev. 52, 513—555.

Fedele, E., Conti, A., Raiteri, M., 1997. The glutamate receptor/NO/cyclic
GMP pathway in the hippocampus of freely moving rats: modulation by
cyclothiazide, interaction with GABA and behavioural consequences.
Neuropharmacology 36, 1393—1403.

Feng, J., Cai, X., Zhao, J., Yan, Z., 2001. Serotonin receptors modulate
GABA4 receptor channels through activation of anchored protein kin-
ase C in prefrontal cortical neurons. J. Neurosci. 21, 6502—6511.

Fernandez-Guasti, A., Lopez-Rubalcava, C., 1998. Modification of the
anxiolytic action of 5-HT;, compounds by GABA-benzodiazepine
agents in rats. Pharmacol. Biochem. Behav. 60, 27—-32.

File, S.E., Andrews, N., Wu, P.Y., Zharkovsky, A., Zangrossi Jr., H., 1992.
Modification of chlordiazepoxide’s behavioural and neurochemical ef-
fects by handling and plus-maze experience. Eur. J. Pharmacol. 218,
9-14.

File, S.E., Kenny, P.J., Cheeta, S., 2000. The role of dorsal hippocampal
serotonergic and cholinergic systems in the modulation of anxiety.
Pharmacol. Biochem. Behav. 66, 65—-72.

Filip, M., Baran, L., Siwanowicz, J., Chojnacka-Wojcik, E., Przegalinski,
E., 1992. The anxiolytic-like effects of 5-hydroxytryptamine; (5-HT5)
receptor antagonists. Pol. J. Pharmacol. Pharm. 44, 261—-269.

Flores, P., Pellon, R., 2000. Antipunishment effects of diazepam on two
levels of suppression of schedule-induced drinking in rats. Pharmacol.
Biochem. Behav. 67, 207-214.

Fontana, D.J., McCloskey, T., Jolly, S.K., Commissaris, R.L., 1989. The
effects of beta-antagonists and anxiolytics on conflict behavior in the
rat. Pharmacol. Biochem. Behav. 32, 807-813.

Fontana, D.J., Schefke, D.M., Commissaris, R.L., 1990. Acute versus
chronic clonidine treatment effects on conflict behavior in the rat. Be-
hav. Pharmacol. 1, 201-208.

Fritschy, J.M., Mohler, H., 1995. GABA -receptor heterogeneity in the
adult rat brain: differential regional and cellular distribution of seven
major subunits. J. Comp. Neurol. 359, 154—194.

Gacsalyi, 1., Schmidt, E., Gyertyan, 1., Vasar, E., Lang, A., Haapalinna,
M., Fekete, M., Hietala, J., Syvélahti, E., Tuomainen, P., Ménnisto,
P.T., 1997. Receptor binding profile and anxiolytic-type activity of



88 M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96

deramciclane (EGIS-3886) in animals models. Drug Dev. Res. 40,
333-348.

Gasior, M., Carter, R.B., Witkin, J.M., 1999. Neuroactive steroids: poten-
tial therapeutic use in neurological and psychiatric disorders. Trends
Pharmacol. Sci. 20, 107—-112.

Geller, 1., Seifter, J., 1960. The effects of meprobamate, barbiturate, D-
amphetamine and promazine on experimentally induced conflict in
the rat. Psychopharmacologia 1, 482—-492.

Gendreau, P.L., Petitto, J.M., Gariépy, J.-L., Lewis, M.H., 1998. D,-like
dopamine receptor mediation of social —emotional reactivity in a mouse
model of anxiety: strain and experience effects. Neuropsychopharma-
cology 18, 210-221.

Gendreau, P.L., Petitto, J.M., Petrova, A., Gariépy, J.-L., Lewis, M.H.,
2000. D; and D, dopamine receptor agonists differentially modulate
isolation-induced social-emotional reactivity in mice. Behav. Brain
Res. 114, 107-117.

Gibson, E.L., Barnfizeld, A.M.C., Curzon, G., 1994. Evidence that mCPP-
induced anxiety in the plus-maze is mediated by postsynaptic 5-HT,c
receptors but not by sympathomimetic effects. Neuropharmacology 33,
457-465.

Gleeson, S., Ahlers, S.T., Mansbach, R.S., Foust, J.M., Barrett, J.E., 1989.
Behavioral studies with anxiolytic drugs: VI. Effects on punished re-
sponding of drugs interacting with serotonin receptor subtypes. J. Phar-
macol. Exp. Ther. 250, 809—-817.

Gobert, A., Millan, M.J., 1999. Modulation of dialysate levels of dopa-
mine, noradrenaline, and serotonin (5-HT) in the frontal cortex of freely
moving rats by ( — )-pindolol alone and in association with 5-HT reup-
take inhibitors: comparative roles of B-adrenergic, 5-HT 4, and 5-HT 5
receptors. Neuropsychopharmacology 21, 268—284.

Goddard, A.W., Mason, G.F., Almai, A., Rothman, D.L., Behar, K.L.,
Petroff, A.C., Charney, D.S., Krystal, J.H., 2001. Reductions in occipi-
tal cortex GABA levels in panic disorder detected with *H-magnetic
resonance spectroscopy. Arch. Gen. Psychiatry 58, 556—561.

Gonzalez, L.E., Andrews, N, File, S.E., 1996. 5-HT o and benzodiazepine
receptors in the basolateral amygdala modulate anxiety in the social
interaction test, but not in the elevated plus-maze test. Brain Res.
732, 145-153.

Gorman, J.M., 2002. Treatment of generalized anxiety disorder. J. Clin.
Psychiatry 63 (Suppl. 8), 17-23.

Gower, A.J., Tricklebank, M.D., 1988. Alpha-2-adrenoceptor antagonist
activity may account for the effects of buspirone in an anticonflict test
in the rat. Eur. J. Pharmacol. 155, 129-137.

Graeff, F.G., Guimaries, F.S., de Andrade, T.G.C.S., Deakin, J.E.W., 1996.
Role of 5-HT in stress, anxiety and depression. Pharmacol. Biochem.
Behav. 54, 129-141.

Graeft, F.G., Ferreira Netto, C., Zangrossi Jr., H., 1998. The elevated T-
maze as an experimental model of anxiety. Neurosci. Biobehav. Rev.
23, 237-246.

Grant, K.A., Shively, C.A., Nader, M.A., Ehrenkaufer, R.L., Line, S.W.,
Morton, T.E., Gage, H.D., Mach, R.H., 1998. Effect of social status on
striatal DA D, receptor binding characteristics in cynomolgus monkeys
assessed with positron emission tomography. Synapse 29, 80—83.

Greba, Q., Gifkins, A., Kokkinidis, L., 2001. Inhibition of amygdaloid
dopamine D, receptors impairs emotional learning measured with
fear-potentiated startle. Brain Res. 899, 218—-226.

Griebel, G., 1999a. Is there a future for neuropeptide receptor ligands in the
treatment of anxiety disorders? Pharmacol. Ther. 82, 1-61.

Griebel, G., 1999b. 5-HT; receptor blockers as potential drug candi-
dates for the treatment of anxiety disorders. Drug News Perspect. 12,
484-490.

Griebel, G., Perrault, G., Sanger, D.J., 1997a. A comparative study of the
effects of selective and non-selective 5-HT, receptor subtype antagonists
in rat and mouse models of anxiety. Neuropharmacology 36, 793—802.

Griebel, G., Perrault, G., Sanger, D.J., 1997b. CCK receptor antagonists in
animal models of anxiety: comparison between exploration tests, con-
flict procedures and a model based on defensive behaviours. Behav.
Pharmacol. 8, 549—-560.

Griebel, G., Perrault, G., Sanger, D.J., 1998. Characterization of the be-
havioural profile of the non-peptide CRF receptor antagonist CP-
154,526 in anxiety models in rodents: comparison with diazepam and
buspirone. Psychopharmacology 138, 55—66.

Griebel, G., Perrault, G., Letang, V., Granger, P., Avenet, P., Shoemaker,
H., Sanger, D.J., 1999a. New evidence that the pharmacological ef-
fects of benzodiazepine receptor ligands can be associated with activ-
ities at different BZ (w) receptor subtypes. Psychopharmacology 146,
205-213.

Griebel, G., Perrault, G., Tan, S., Shoemaker, H., Sanger, D.J., 1999b.
Comparison of the pharmacological properties of classical and novel
BZ-o receptor ligands. Behav. Pharmacol. 10, 483—495.

Griebel, G., Rodgers, J.R., Perrault, G., Sanger, D.J., 2000. The effects of
compounds varying in selectivity as 5-HT; o receptor antagonist in three
rat models of anxiety. Neuropharmacology 39, 1848—1857.

Griebel, G., Perrault, G., Simiand, J., Cohen, C., Granger, P., Decobert, M.,
Frangon, D., Avenet, P., Depoortere, H., Tan, S., Oblin, A., Shoemaker,
H., Evanno, Y., Sevrin, M., George, P., Scatton, B., 2001. SL651498: an
anxioselective compound with functional selectivity for o,- and o;-
containing y-aminobutyric acidsa (GABA,) receptors. J. Pharmacol.
Exp. Ther. 298, 753-768.

Griebel, G., Simiand, J., Serradeil-Le Gal, C., Wagnon, J., Pascal, M.,
Scatton, B., Maffrand, J.-P., Soubrié, P., 2002a. Anxiolytic- and antide-
pressant-like effects of the non-peptide vasopressin V, receptor antag-
onist, SSR149415, suggest an innovative approach for the treatment of
stress-related disorders. Proc. Natl. Acad. Sci. U. S. A. 99, 6370—-6375.

Griebel, G., Simiand, J., Steinberg, R., Jung, M., Gully, D., Roger, P.,
Geslin, M., Scatton, B., Maffrand, J.-P., Soubri¢, P., 2002b. 4-(2-
Chloro-4-metoxy-5-methylphenyl)-N-[(15)-2-cyclopropyl-1-(3-fluoro-
4-methylphenyl)ethyl]5-methyl-N-(2-propynyl)-1, 3-thiazol-2-amine
hydrochloride (SSR125543A), a potent and selective corticotrophin-
releasing factorl receptor antagonist: II. Characterization in rodent
models of stress-related disorders. J. Pharmacol. Exp. Ther. 301,
333-345.

Grobin, A.C., Deutch, A.Y., 1998. Dopaminergic regulation of extracellular
GABA levels in the prefrontal cortex. J. Pharmacol. Exp. Ther. 285,
350-357.

Groenink, L., Joordens, J.E., Hijzen, T.H., Dirks, A., Olivier, B., 2000.
Infusion of flesinoxan into the amygdala blocks the fear-potentiated
startle. NeuroReport 11, 2285-2289.

Gross, C., Zhuang, X., Stark, K., Ramboz, S., Oosting, R., Kirby, L.,
Santarelli, L., Beck, S., Hen, R., 2002. Serotonin; 5 receptor acts during
development to establish normal anxiety-like behaviour in the adult.
Nature 416, 396—400.

Guidotti, A., Costa, E., 1998. Can the antidysphoric and anxiolytic profiles
of selective serotonin reuptake inhibitors be related to their ability to
increase brain 3a,5a-tetrahydroprogesterone (allopregnanolone) avail-
ability? Biol. Psychiatry 44, 865—873.

Halasy, K., Miettinen, R., Szabat, E., Freund, T.F., 1992. GABAergic in-
terneurons are the major postsynaptic targets of median raphe afferents
in the rat dentate gyrus. Eur. J. Neurosci. 4, 144—153.

Hammack, S.E., Richey, K.J., Schmid, M.J., LoPresti, M.L., Watkins, L.R.,
Maier, S.F., 2002. The role of corticotropin-releasing hormone in the
dorsal raphe nucleus in mediating the behavioral consequences of un-
controllable stress. J. Neurosci. 22, 1020—1026.

Harkin, A.J., Bruce, K.H., Craft, B., Paul, I.A., 1999. Nitric oxide synthase
inhibitors have antidepressant-like properties in mice: I. Acute treatments
are active in the forced swim test. Eur. J. Pharmacol. 372, 207-213.

Hascoét, M., Bourin, M., Todd, K.G., Coiietoux du Tertre, A., 1994. Anti-
conflict effect of 5-HT; 5 agonists in rats: a new model for evaluating
anxiolytic-like activity. J. Psychopharmacol. 8, 227-237.

Heilig, M., Séderpalm, B., Engel, J.A., Widerlov, E., 1989. Centrally ad-
ministered neuropeptide Y (NPY) produces anxiolytic-like effects in
animal anxiety models. Psychopharmacology 98, 524—529.

Heilig, M., Koob, G.F., Ekman, R., Britton, K.T., 1994. Corticotropin-
releasing factor and neuropeptide Y: role in emotional integration.
Trends Neurosci. 17, 80—85.



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 89

Hein, L., Altman, J.D., Kobilka, B.K., 1999. Two functionally distinct o-2-
adrenergic receptors regulate sympathetic neurotransmission. Nature
402, 181-184.

Heisler, L.K., Bajwa, P., Tecott, L.H., 1998a. Altered anxiety-like behavior in
5-HT,c receptor null mutant mice. Am. Soc. Neurosci. Abstr. 24, 602.

Heisler, L.K., Chu, H.M., Brennan, T.J., Danao, J.A., Bajwa, P., Parsons,
L.H., Tecott, L.H., 1998b. Elevated anxiety and antidepressant-like
responses in serotonin 5-HT; 4 receptor mutant mice. Proc. Natl. Acad.
Sci. U. S. A. 95, 15049—-15054.

Helton, D.R., Tizzano, J.P., Monn, J.A., Schoepp, D.D., Kallman, M.J.,
1998. Anxiolytic and side-effect profile of LY354740: a potent, highly
selective, orally active agonist for group II metabotropic glutamate
receptors. J. Pharmacol. Exp. Ther. 284, 651—-660.

Hernando, F., Schoots, O., Lolait, S.J., Burbach, J.P., 2001. Immunohisto-
chemical localization of the vasopressin V1b receptor in the rat brain
and pituitary gland: anatomical support for its involvement in the cen-
tral effects of vasopressin. Endocrinology 142, 1659—1668.

Hevers, W., Liiddens, H., 1998. The diversity of GABA, receptors. Mol.
Neurobiol. 18, 35-86.

Hieble, J.P., Bondinell, W.E., Ruffolo, R.R., 1995. Alpha- and beta-adre-
noceptors: from the gene to the clinic: 1. Molecular biology and adre-
noceptor subclassification. J. Med. Chem. 38, 3415—-3444.

Higgins, G.A., Bradbury, A.J., Jones, B.J., Oakley, N.R., 1988. Behaviou-
ral and biochemical consequences following activation of 5-HT-like
and GABA receptors in the dorsal raphé nucleus of the rat. Neuro-
pharmacology 27, 993—1001.

Higgins, G.A., Jones, B.J., Oakley, N.R., Tyers, M.B., 1991. Evidence that
the amygdala is involved in the disinhibitory effects of 5S-HT; receptor
antagonists. Psychopharmacology 104, 545—-551.

Higgins, G.A., Jones, B.J., Oakley, N.R., 1992. Effect of 5-HT 5 receptor
agonists in two models of anxiety after dorsal raphe injection. Psycho-
pharmacology 106, 261-267.

Hjorth, S., Engel, J.A., Carlsson, A., 1986. Anticonflict effects of low doses
of the dopamine agonist apomorphine in the rat. Pharmacol. Biochem.
Behav. 24, 237-240.

Hjorth, S., Séderpalm, B., Engel, J.A., 1987a. Biphasic effect of L-5-HTP
in the Vogel conflict model. Psychopharmacology 92, 96—99.

Hjorth, S., Carlsson, A., Engel, J.A., 1987b. Anxiolytic-like action of the 3-
PPP enantiomers in the Vogel conflict paradigm. Psychopharmacology
92, 371-375.

Hodges, H., Green, S., Glenn, B., 1987. Evidence that amygdala is in-
volved in benzodiazepine and serotonergic effects on punished respond-
ing but not on discrimination. Psychopharmacology 92, 491-504.

Huang, Y.Y., Kandel, E.R., 1996. Modulation of both the early and the late
phase of mossy fiber LTP by the activation of B-adrenergic receptors.
Neuron 16, 611-617.

Huidobro-Toro, J.P., Valenzuela, C.F., Harris, R.A., 1996. Modulation of
GABA, receptor function by G protein-coupled 5-HT,¢ receptors.
Neuropharmacology 35, 1355—1363.

Izzo, E., Auta, J., Impagnatiello, F., Pesold, C., Guidotti, A., Costa, E.,
2001. Glutamic acid decarboxylase and glutamate receptor changes
during tolerance and dependence to benzodiazepines. Proc. Natl. Acad.
Sci. U. S. A. 98, 3483-3488.

Jackson, D.M., Westlind-Danielsson, A., 1994. Dopamine receptors: mo-
lecular biology, biochemistry and behavioural aspects. Pharmacol. Ther.
64, 291-370.

Jakab, R.L., Goldman-Rakic, P.S., 2000. Segregation of serotonin 5-HT;4
and 5-HTj; receptors in inhibitory circuits of the primate cerebral cortex.
J. Comp. Neurol. 417, 337—-348.

Jenck, F., Broekkamp, C.L.E., Van Delft, AM.L., 1990. 5-HT receptors
in the serotonergic control of periaqueductal gray induced aversion in
rats. Psychopharmacology 100, 372—-376.

Jenck, F., Martin, J.R., Moreau, J.L., 1999. The 5-HT;, receptor agonist
flesinoxan increases aversion in a model of panic-like anxiety in rats. J.
Psychopharmacol. 13, 166—170.

Jessa, M., Nazar, M., Bidzinski, A., Plaznik, A., 1996. The effects of re-
peated administration of diazepam, MK-801 and CGP 37849 on rat

behavior in two models of anxiety. Eur. Neuropsychopharmacol. 6,
55-61.

Johnston, A.L., File, S.E., 1988. Yohimbine’s anxiogenic action: evidence
for noradrenergic and dopaminergic sites. Pharmacol. Biochem. Behav.
32, 151-156.

Jones, B.J., Costall, B., Domeney, A.M., Kelly, M.E., Naylor, R.J., Oakley,
N.R., Tyers, M.B., 1988. The potential anxiolytic activity of GR38032F,
a 5-HTs-receptor antagonist. Br. J. Pharmacol. 93, 985—993.

Joyce, J.N., 2001. Dopamine D5 receptor as a therapeutic target for anti-
psychotic and antiparkinsonnian drugs. Pharmacol. Ther. 90, 231-259.

Kable, J.W., Murrin, L.C., Bylund, D.B., 2000. In vivo gene modification
elucidates subtype-specific functions of alpha(2)-adrenergic receptors.
J. Pharmacol. Exp. Ther. 293, 1-7.

Kahaya, T., Yonaga, M., Furuya, Y., Hashimoto, T., Kuroki, J., Nishizawa,
Y., 1996. Dopamine D3 agonists disrupt social behavior in rats. Brain
Res. 721, 229-232.

Kalivas, P.W., Duffy, P., 1995. Selective activation of dopamine transmis-
sion in the shell of the nucleus accumbens by stress. Brain Res. 675,
325-328.

Karcz-Kubicha, M., Jessa, M., Nazar, M., Plaznik, A., Hartmann, S., Par-
sons, C.G., Danysz, W., 1997. Anxiolytic activity of glycine-B antag-
onists and partial agonists—no relation to intrinsic activity in the patch
clamp. Neuropharmacology 36, 1355-1367.

Karolyi, LJ., Burrows, H.L., Ramesh, T.M., Nakajima, M., Lesh, J.S.,
Seong, E., Camper, S.A., Seasholtz, A.F., 1999. Altered anxiety and
weight gain in corticotropin-releasing hormone-binding protein-defi-
cient mice. Proc. Natl. Acad. Sci. U. S. A. 96, 11595-11600.

Karreman, M., Moghaddam, B., 1996. Effect of a pharmacological stressor
on glutamate efflux in the prefrontal cortex. Brain Res. 716, 180—182.

Kash, S.F., Tecott, L.H., Hodge, C., Backkeskov, S., 1999. Increased anxi-
ety and altered responses to anxiolytics in mice deficient in the 65-kDa
isoform of glutamic acid decarboxylase. Proc. Natl. Acad. Sci. U. S. A.
96, 1698—1703.

Kask, A., Harro, J., von Horsten, S., Redrobe, J.P., Dumont, Y., Quirion, R.,
2002. The neurocircuitry and receptor subtypes mediating anxiolytic-
like effects of neuropeptide Y. Neurosci. Biobehav. Rev. 26, 259—-283.

Kataoka, Y., Shibata, K., Miyazaki, A., Inoue, Y., Tominaga, K., Koi-
zumi, S., Ueki, S., Niwa, M., 1991. Involvement of the dorsal hippo-
campus in mediation of the antianxiety action of tandospirone, a 5-
hydroxytryptamine; 5 agonistic anxiolytic. Neuropharmacology 30,
475-480.

Kawahara, H., Kawahara, Y., Westerink, B.H.C., 2000. The role of affer-
ents to the locus coeruleus in the handling stress-induced increase in the
release of noradrenaline in the medial prefrontal cortex: a dual-probe
microdialysis study in the rat brain. Eur. J. Pharmacol. 387, 279-286.

Kennett, G.A., Bailey, F., Piper, D.C., Blackburn, T.P., 1995. Effect of SB
200646A, a 5-HT,/5-HT,p receptor antagonist, in two conflict models
of anxiety. Psychopharmacology 118, 178—182.

Kennett, G.A., Bright, F., Trail, B., Baxter, G.S., Blackburn, T.P., 1996a.
Effects of the 5-HT,p receptor agonist, BW 723C86, on three rat mod-
els of anxiety. Br. J. Pharmacol. 117, 1443 —1448.

Kennett, G.A., Wood, M.D., Bright, F., Cilia, J., Piper, D.C., Gager, T.,
Thomas, D., Baxter, G.S., Forbes, I.T., Ham, P., Blackburn, T.P., 1996b.
In vitro and in vivo profile of SB 206553, a potent 5-HT,¢/5-HT,p
receptor antagonist with anxiolytic-like properties. Br. J. Pharmacol.
117, 427-434.

Kennett, G.A., Bright, F., Trail, B., 1997. SB 242084, a selective and
brain penetrant 5-HT,c receptor antagonist. Neuropharmacology 36,
609-620.

Kennett, G.A., Trail, B., Bright, F., 1998. Anxiolytic-like actions of BW
723C86 in the rat Vogel conflict test are 5-HT,g receptor mediated.
Neuropharmacology 37, 1603—1610.

Kennett, G.A., Lightowler, S., Trail, B., Bright, F., Bromidge, S., 2000.
Effects of RO 60 0175, a 5-HT,¢ receptor agonist, in three animal
models of anxiety. Eur. J. Pharmacol. 387, 197-204.

Ketelaars, C.E.J., Bollen, E.L., Rigter, H., Bruinvels, J., 1988. GABA-B
receptor activation and conflict behaviour. Life Sci. 42, 933—942.



90 M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96

Kew, J.N.C., Koester, A., Moreau, J.-L., Jenck, F., Ouagazzal, A.-M.,
Mutel, V., Richards, J.G., Trube, G., Fischer, G., Montkowski, A.,
Hundt, W., Reinscheid, R.K., Pauly-Evers, M., Kemp, J.A., Blue-
thmann, H., 2000. Functional consequences of reduction in NMDA
receptor glycine affinity in mice carrying targeted point mutations in
the glycine binding site. J. Neurosci. 20, 4037-4049.

King, C.M.F., Gommans, J., Joordens, R.J.E., Hijzen, T.H., Maes, R.A.A.,
Olivier, B., 1997. Effects of 5-HT; receptor ligands in a modified
Geller—Seifter conflict model in the rat. Eur. J. Pharmacology 325,
121-128.

Klodzinska, A., Chojnacka-Wojcik, E., 2000. Anticonflict effect of the
glycineg receptor partial agonist. b-Cycloserine, in rats. Pharmacolog-
ical analysis. Psychopharmacology 152, 224-228.

Klodzinska, A., Tatarczynska, E., Chojnacka-Wojcik, E., Pile, A., 2000.
Anxiolytic-like effects of group I metabotropic glutamate antagonist 2-
methyl-6-(phenylethyl)-pyridine (MPEP) in rats. Pol. J. Pharmacol. 52,
463-466.

Koks, S., Beljajev, S., Koovit, I., Abramov, U., Bourin, M., Vasar, E., 2001.
8-OH-DPAT, but not deramciclane, antagonizes the anxiogenic-like ac-
tion of paroxetine in an elevated plus-maze. Psychopharmacology 153,
365-372.

Kostowski, W., Plaznik, A., Stefanski, R., 1989. Intra-hippocampal buspir-
one in animal models of anxiety. Eur. J. Pharmacology 168, 393—-396.

Kotlinska, J., Liljequist, S., 1998a. A characterization of anxiolytic-like
actions induced by the novel NMDA/glycine site antagonist, L701,324.
Psychopharmacology 135, 175—-181.

Kotlinska, J., Liljequist, S., 1998b. The putative AMPA receptor antago-
nist, LY326325, produces anxiolytic-like effects without altering loco-
motor activity in rats. Pharmacol. Biochem. Behav. 60, 119—124.

Koyama, S., Kubo, C., Rhee, J.-S., Akaike, N., 1999. Presynaptic seroto-
nergic inhibition of GABAergic synaptic transmission in mechanically
dissociated rat basolateral amygdala neurons. J. Physiol. 518, 525—-538.

Krasowski, M.D., Koltchine, V.V., Rick, C.E., Ye, Q., Finn, S.E., Harrison,
N.L., 1998. Propofol and other intravenous anesthetics have sites of
action on the y-aminobutyric acid type A receptor distinct from that
for isoflurane. Mol. Pharmacol. 53, 530—538.

Krystal, J.H., McDougle, C.J., Woods, S.W., Price, L.H., Heninger, G.R.,
Charney, D.S., 1992. Dose—response relationship for oral idazoxan
effects in healthy human subjects: comparison with oral yohimbine.
Psychopharmacology 108, 313-319.

Kunishima, N., Shimada, Y., Tsuji, Y., Sato, T., Yamamoto, M., Kumasaka,
T., Nakanishi, S., Jingami, H., Morikawa, K., 2000. Structural basis of
glutamate recognition by a dimeric metabotropic glutamate receptor.
Nature 407, 971-977.

Kuribara, H., Fujiwara, S., Yasuda, H., Tadokoro, S., 1990. The anticonflict
effect of MK-801, an NMDA antagonist: investigation by punishment
procedure in mice. Jpn. J. Pharmacol. 54, 250-252.

La Marca, S., Dunn, R.W., 1994. The a,-antagonists idazoxan and rau-
wolscine but not yohimbine or piperoxan are anxiolytic in the Vogel
lick-shock conflict paradigm following intravenous administration. Life
Sci. 54, PL179-PL184.

Laakman, G., Schiile, C., lorkowski, G., Baghai, T., Kuhn, K., Ehrentraut,
S., 1998. Buspirone and lorazepam in the treatment of generalized
anxiety disorder in outpatients. Psychopharmacology 136, 357—366.

Lambert, J.J., Belelli, D., Hill-Venning, C., Peters, J.A., 1995. Neurosteroids
and GABA receptor function. Trends Pharmacol. Sci. 16, 295-303.

Lan, N.C., Gee, K.W., 1997. Epalons as promising therapeutic agents. Drug
News Perspect. 10, 604—611.

Lapiz, M.D.S., Mateo, Y., Durkin, S., Parker, T., Marsden, C.A., 2001.
Effects of central noradrenaline depletion by the selective neurotoxin
DSP-4 on the behaviour of the isolated rat in the elevated plus maze and
water maze. Psychopharmacology 155, 251—-259.

Le Moal, M., Simon, H., 1991. Mesocorticolimbic dopaminergic network:
functional and regulatory roles. Physiol. Rev. 71, 155-234.

Lees, G., 2000. Pharmacology of AMPA/Kainate receptor ligands and their
therapeutic potential in neurological and psychiatric disorders. Drugs
59, 33-78.

Lesch, K.P., 2001. Molecular foundation of anxiety disorders. J. Neural
Transm. 108, 717-746.

Li, X.B., Inoue, T., Hashimoto, S., Koyama, T., 2001. Effect of chronic
administration of flesinoxan and fluvoxamine on freezing behavior in-
duced by conditioned fear. Eur. J. Pharmacol. 425, 43—50.

Liang, F., Hatanaka, Y., Saito, H., Yamamori, T., Hashikawa, T., 2000.
Differential expression of y-aminobutyric acid type B receptor-la and
-1b mRNA variants in GABA and non-GABAergic neurons of the rat
brain. J. Comp. Neurol. 416, 475-495.

Liljequist, S., Engel, J.A., 1984. Reversal of the anti-conflict action of
valproate by various GABA and benzodiazepine antagonists. Life Sci.
34, 2525-2533.

Lin, D., Parsons, L.H., 2002. Anxiogenic-like effect of serotonin, g receptor
stimulation in the rat elevated plus-maze. Pharmacol. Biochem. Behav.
71, 581-587.

Lines, C., Challenor, J., Traub, M., 1995. Cholecystokinin and anxiety in
normal volunteers: an investigation of the anxiogenic properties of
pentagastrin and reversal by the cholecystokinin receptor subtype B
antagonist L-365,260. Br. J. Clinical. Pharmacol. 39, 235-242.

Liu, R., Jolas, T., Aghajanian, G., 2000. Serotonin 5-HT, receptors activate
local GABA inhibitory inputs to serotonergic neurons of the dorsal
raphe nucleus. Brain Res. 873, 34-45.

Lolait, S., O’Carroll, A.M., Mahan, L.C., Felder, C.C., Button, D.C.,
Young III, W.S., Mezey, E., Browstein, M.J., 1995. Extrapituitary ex-
pression of the rat V, vasopressin receptor gene. Proc. Natl. Acad. Sci.
U. S. A. 92, 6783-6787.

Lolait, S.J., O’Carroll, A.M., Shepard, E., Ginns, E.I., Young, W.S., 2000.
Characterization of a vasopressin Vi, receptor knockout mouse. Am.
Soc. Neurosci. Abstr. 26, 2406.

Lopez-Giménez, J.F., Mengod, G., Palacios, J.M., Vilaro, M.T., 1997. Se-
lective visualization of rat brain 5-HT2A receptors by autoradiography
with [PH]MDL 100,907. Naunyn-Schmiedberg’s Arch. Pharmacol. 356,
446-454.

Lu, X.-Y., Ghasemzadeh, M.B., Kalivas, P.W., 1999. Regional distribution
and cellular localization of vy-aminobutyric acid subtype 1 receptor
mRNA in the rat brain. J. Comp. Neurol. 407, 166—182.

MacDonald, R.L., Olsen, R.W., 1994. GABA, receptor channels. Annu.
Rev. Neurosci. 17, 569—602.

MacDonald, E., Haapalinna, A., Virtanen, R., Lammintausta, R., 1988.
Medetomidine, a potent and highly selective a,-adrenoceptor agonist
has anxiolytic properties in rodents. FASEB J. 2, 7366.

Malgorzata, F., Baran, L., Siwanowicz, J., Chojnacka-Wojcik, E., Przega-
linski, E., 1992. The anxiolytic-like effects of S5-hydroxytryptamines;
(5-HT3) receptor antagonists. Pol. J. Pharmacol. Pharm. 44, 261—-269.

Malleret, G., Hen, R., Guillou, J.L., Segu, L., Buhot, M.C., 1999. 5-HT,5
receptor knock-out mice exhibit increased exploratory activity and en-
hanced spatial memory performance in the Morris water maze. J. Neu-
rosci. 19, 6157—-6168.

Mansbach, R.S., Harrod, C., Hoffmann, S.M., Nader, M.A., Lei, Z., Witkin,
J.M., Barrett, J.E., 1988. Behavioral studies with anxiolytic drugs. V.
Behavioral and in vivo neurochemical analyses in pigeons of drugs that
increase punished responding. J. Pharmacol. Exp. Ther. 246, 114—120.

Margeta-Mitrovic, M., Mitrovic, 1., Riley, R.C., Jan, L.Y., Basbaum, A.IL.,
1999. Immunohistochemical localizaton of GABAg receptors in the rat
central nervous system. J. Comp. Neurol. 405, 299—-321.

Martin, J.R., Bos, M., Jenck, F., Moreau, J.-L., Mutel, V., Sleight, A.J.,
Wichmann, J., Andrews, J.S., Berendsen, H.H.G., Broekkamp, C.L.E.,
Ruigt, G.S.F., Kdohler, C., Van Delft, AM.L., 1998. 5-HT,¢ receptor
agonists: pharmacological characteristics and therapeutic potential.
J. Pharmacol. Exp. Ther. 286, 913-924.

Martin, J.R., Ballard, T.M., Higgins, G.A., 2002. Influence of the 5-HT,c
receptor antagonist, SB-242084, in tests of anxiety. Pharmacol. Bio-
chem. Behav. 71, 615-625.

Martin-Ruiz, R., Puig, V.M., Celada, P., Shapiro, D.A., Roth, B.L., Men-
god, G., Artigas, F., 2001. Control of serotonergic function in medial
prefrontal cortex by serotonin-2A receptors through a glutamate-de-
pendent mechanism. J. Neurosci. 21, 9856—9866.



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 91

Mason, P., Skinner, J., Luttinger, D., 1987. Two tests in rats for antianxiety
effect of clinically anxiety-attenuating antidepressants. Psychopharma-
cology 92, 30—-34.

Matheus, M.G., Guimardes, F.S., 1997. Antagonism of non-NMDA recep-
tors in the periaqueductal grey induces anxiolytic effect in the elevated
plus maze. Psychopharmacology 132, 14—18.

Matsuo, M., Kataoka, Y., Mataki, S., Kato, Y., Oi, K., 1996. Conflict
situation increases serotonin release in rat dorsal hippocampus: in vivo
study with microdialysis and Vogel test. Neurosci. Lett. 215, 197—200.

Matsuo, M., Ayuse, T., Oi, K., Kataoka, Y., 1997. Propofol produces anti-
conflict action by inhibiting 5-HT release in rat dorsal hippocampus.
NeuroReport 8, 3087—-3090.

Matsuyama, S., Nei, K., Tanaka, C., 1997. Regulation of GABA release via
NMDA and 5-HT; 4 receptors in guinea pig dentate gyrus. Brain Res.
761, 105—112.

McCullough, L.D., Salamone, J.D., 1992. Anxiogenic drugs beta-CCE and
FG 7142 increase extracellular dopamine levels in nucleus accumbens.
Psychopharmacology 109, 379-382.

McKernan, R.M., Rosahal, T.W., Reynolds, D.S., Sur, C., Wafford, K.A.,
Atack, J.R., Farrar, S., Myers, J., Cook, G., Ferris, P., Garrett, L.,
Bristow, L., Marshall, G., Macaulay, A., Brown, N., Howell, O., Moore,
K.W., Carling, R.W., Street, L.J., Castro, J.L., Ragan, C.I., Dawson,
G.R., Whiting, P.J., 2000. Sedative but not anxiolytic properties of
benzodiazepines are mediated by the GABA, receptor a; subtype.
Nat. Neurosci. 3, 587—-592.

McQuade, R., Creton, D., Stanford, S.C., 1999. Effect of novel environ-
mental stimuli on rat behaviour and central noradrenaline function meas-
ured by in vivo microdialysis. Psychopharmacology 145, 393—400.

Menard, J., Treit, D., 1998. The septum and the hippocampus differentially
mediate anxiolytic effects of R(+)-8-OH-DPAT. Behav. Pharmacol. 9,
93-101.

Menard, J., Treit, D., 1999. Effects of centrally administered anxiolytic
compounds in animal models of anxiety. Neurosci. Biobehav. Rev.
23, 591-613.

Menard, J., Treit, D., 2000. Intra-septal infusions of excitatory amino acid
receptor antagonists have differential effects in two animal models of
anxiety. Behav. Pharmacol. 11, 99—-108.

Merchenthaler, 1., Lane, M., Shughrue, P., 1999. Distribution of pre-pro-
glucagon and glucagon-like peptide-1 receptor messenger RNAs in the
rat central nervous system. J. Comp. Neurol. 403, 261—-280.

Mihalek, R.M., Banerjee, P.K., Korpi, E.R., Quinlan, J.J., Firestone, L.L.,
Mi, Z.P.,, et al., 1999. Attenuated sensitivity to neuroactive steroids in
a-aminobutyrate type A receptor delta subunit knockout mice. Proc.
Natl. Acad. Sci. U. S. A. 96, 12905-12910.

Millan, M.J., 1999. The induction of pain: an integrative review. Progr.
Neurobiol. 57, 1-164.

Millan, M.J., 2002a. Descending control of pain. Progr. Neurobiol. 66,
355-474.

Millan, M.J., 2002b. N-methyl-p-aspartate receptor-coupled glycineg re-
ceptors in the pathogenesis and treatment of schizophrenia: a critical
review. Curr. Drug Targets—CNS Neurol. Disord. 1, 91-213.

Millan, M.J., Canton, H., Lavielle, G., 1992. Targeting multiple serotonin
receptors: mixed 5-HT;, agonists/5-HT;c, antagonists. Drugs News
Persp. 5, 397—-406.

Millan, M.J., Hjorth, S., Samanin, R., Schreiber, R., Jaffard, R., de Ladon-
champs, B., Veiga, S., Goument, B., Peglion, J.-L., Spedding, M.,
Brocco, M., 1997. S 15535, a novel benzodioxopiperazine ligand of
serotonin (5-HT); 4 receptors: II. Modulation of hippocampal serotonin
release in relation to potential anxiolytic properties. J. Pharmacol. Exp.
Ther. 282, 148—161.

Millan, M.J., Brocco, M., Gobert, A., Schreiber, R., Dekeyne, A., 1999.
S-16924 ((R)-2-{1-[2-(2,3-dihydro-benzo[1,4] dioxin-5-yloxy)-ethyl]-
pyrrolidin-3yl}-1-(4-fluorophenyl)-ethanone), a novel, potential anti-
psychotic with marked serotonin;, (5-HT;A) agonist properties: III.
Anxiolytic actions in comparison to clozapine and haloperidol. J.
Pharmacol. Exp. Ther. 288, 1002—1014.

Millan, M.J., Dekeyne, A., Newman-Tancredi, A., Cussac, D., Audinot, V.,

Milligan, G., Duqueyroix, D., Girardon, S., Mulot, J., Boutin, J.A.,
Nicolas, J.P., Renouard-Try, A., Lacoste, J.M., Cordi, A., 2000a.
S18616, a highly potent spiroimidazoline agonist at a,-adrenoceptors:
1. Receptor profile, antinociceptive and hypothermic actions in compar-
ison with dexmedetomidine and clonidine. J. Pharmacol. Exp. Ther.
295, 1192-1205.

Millan, M.J., Lejeune, F., Gobert, A., Brocco, M., Auclair, A., Bosc, C.,
Rivet, J.-M., Lacoste, J.-M., Cordi, A., Dekeyne, A., 2000b. S18616, a
highly potent spiroimidazoline agonist at a-adrenoceptors: II. Influ-
ence on monoaminergic transmission, motor function, and anxiety in
comparison with dexmedetomidine and clonidine. J. Pharmacol. Exp.
Ther. 295, 1206—1222.

Millan, M.J., Newman-Tancredi, A., Audinot, V., Cussac, D., Lejeune, F.,
Nicolas, J.-P., Cogé, F., Galizzi, J.-P., Boutin, J.A., Rivet, J.-M., De-
keyne, A., Gobert, A., 2000c. Agonist and antagonist actions of yohim-
bine as compared to fluparoxan at a,-adrenergic receptors (AR)s,
serotonin (5-HT);a, 5-HTp, 5-HTp and dopamine D, and Dj; recep-
tors: significance for the modulation of frontocortical monoaminergic
transmission and depressive states. Synapse 35, 79-95.

Millan, M.J., Lejeune, F., Gobert, A., 2000d. Reciprocal autoreceptor and
heteroreceptor control of serotonergic, dopaminergic and noradrenergic
transmission in the frontal cortex: relevance to the actions of antide-
pressant agents. J. Psychopharmacol. 14, 114—138.

Millan, M.J., Brocco, M., Gobert, A., Dorey, G., Casara, P., Dekeyne, A.,
2001. Anxiolytic properties of the selective non-peptidergic CRF; an-
tagonists, CP154,526 and DMP695: a comparison to other classes of
anxiolytic agent. Neuropsychopharmacology 25, 585—600.

Miquel, M.-C., Emerit, M.B., Nosjean, A., Simon, A., Rumajogee, P.,
Brisorgueil, M.-J., Doucet, E., Hamon, M., Vergé, D., 2002. Differential
subcellular localization of the 5-HT5-Ag receptor subunit in the rat
central nervous system. Eur. J. Neurosci. 15, 449—-457.

Mizoule, J., Gauthier, A., Uzan, A., Renault, C., Dubroeucq, M.C.,
Guérémy, C., Le Fur, G., 1985. Opposite effects of two ligands for
peripheral type benzodiazepine binding sites, PK 11195 and ROS-
4864, in a conflict situation. Life Sci. 36, 1059—1068.

Mizuki, Y., Suetsugi, M., Ushijima, 1., Yamada, M., 1997. Differential
aspects of dopaminergic drugs on anxiety and arousal in healthy vol-
unteers with high and low anxiety. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 21, 573-590.

Moghaddam, B., 2002. Stress activation of glutamate neurotransmission in
the prefrontal cortex: implications for dopamine-associated psychiatric
disorders. Biol. Psychiatry 51, 775—787.

Mohler, H., Crestani, F., Rudolph, U., 2001. GABA 4, receptor subtypes: a
new pharmacology. Curr. Opin. Pharmacol. 1, 22-25.

Mohler, H., Fritschy, J.M., Rudolph, U., 2002. A new benzodiazepine
pharmacology. J. Pharmacol. Exp. Ther. 300, 2—8.

Molchanov, M.L., Guimarées, F.S., 2002. Anxiolytic-like effects of AP7
injected into the dorsolateral or ventrolateral columns of the periaque-
ductal gray of rats. Psychopharmacology 160, 30—38.

Moller, C., Sommer, W., Thorsell, A., Heilig, M., 1999. Anxiogenic-like
action of galanin after intra-amygdala administration in the rat. Neuro-
psychopharmacology 21, 507-512.

Moller, C., Sommer, W., Thorsell, A., Rimondini, R., Heilig, M., 2002.
Anxiogenic-like action of centrally administered glucagon-like pep-
tide-1 in a punished drinking test. Prog. Neuro-Psychopharmacol. Bi-
ol. Psychiatry 26, 119—122.

Mora, P.O., Ferreira Netto, C., Graeff, F.G., 1997. Role of 5-HT,, and
5-HT,c receptor subtypes in the two types of fear generated by the
elevated T-maze. Pharmacol. Biochem. Behav. 58, 1051-1057.

Morales, M., Bloom, F.E., 1997. The 5-HTj; receptor is present in different
subpopulation of GABAergic neurons in the rat telencephalon. J. Neu-
rosci. 17, 3157-3167.

Moret, C., Briley, M., 2000. The possible role of 5-HT;gp receptors in
psychiatric disorders and their potential as a target for therapy. Eur. J.
Pharmacol. 404, 1-12.

Morrow, B.A., Elsworth, J.D., Lee, E.J.K., Roth, R.H., 2000. Di-
vergent effects of putative anxiolytics on stress-induced Fos ex-



92 M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96

pression in the mesoprefrontal system of the rat. Synapse 36,
143-154.

Motta, V., Maisonnette, S., Morato, S., Castrechini, P., Brandao,
M.L., 1992. Effects of blockade of 5-HT, receptors and activation of
5-HT 4 receptors on the exploratory activity of rats in the elevated plus-
maze. Psychopharmacology 107, 135-139.

Munro, L.J., Kokkinidis, L., 1997. Infusion of quinpirole and muscimol
into the ventral tegmental area inhibits fear-potentiated startle: impli-
cations for the role of dopamine in fear expression. Brain Res. 746,
231-238.

Murugaiah, K.D., O’Donnell, J.M., 1995. Beta adrenergic receptors facil-
itate norepinephrine release from rat hypothalamic and hippocampal
slices. Res. Commun. Mol. Pathol. Pharmacol. 90, 179—190.

Nazar, M., Siemiatkowski, M., Czlonkowska, A., Sienkiewicz-Jarosz, H.,
Plaznik, A., 1999. The role of hippocampus and 5-HT/GABA interac-
tion in the central effects of benzodiazepine receptor ligands. J. Neural
Transm. 106, 369—381.

Nicholas, A.P., Hokfelt, T., Pieribone, V.A., 1996. The distribution and
significance of CNS adrenoceptors examined with in situ hybridization.
Trends Pharmacol. Sci. 18, 210-211.

Nikolaus, S., Huston, J.P., Hasenohrl, R.U., 2000. Anxiolytic-like effects in
rats produced by ventral pallidal injection of both N- and C-terminal
fragments of substance P. Neurosci. Lett. 283, 37—-40.

Noble, F., Roques, B.P., 1999. CCK-B receptor: chemistry, molecular biol-
ogy, biochemistry and pharmacology. Prog. Neurobiol. 58, 349—-379.

Nogueira, R.L., Graeff, F.G., 1995. Role of 5-HT receptor subtypes in the
modulation of dorsal periaqueductal gray generated aversion. Pharma-
col. Biochem. Behav. 52, 1-6.

Nukina, 1., Glavin, G.B., LaBella, F.S., 1987. Acute cold-restraint stress
affects alpha,-adrenoceptors in specific brain regions of the rat. Brain
Res. 401, 30-33.

Nunes-de-Souza, R., Canto-de-Souza, A., Rodgers, R.J., 2002. Effects of
intra-hippocampal infusion of WAY-100635 on plus-maze behavior in
mice: influence of site of injection and prior test experience. Brain Res.
927, 87-96.

Olivier, B., Van Wijngaarden, I., Soudijn, W., 2000. 5-HT; receptor antag-
onists and anxiety: a preclinical and clinical review. Eur. Neuro-Psy-
chopharmacol. 10, 77-95.

Olivier, B., Pattij, T., Wood, S.J., Oosting, R., Samyai, Z., Toth, M., 2001.
The 5-HT 5 receptor knockout mouse and anxiety. Behav. Pharmacol.
12, 439-450.

Oshima, T., Kasuya, Y., Terazawa, E., Nagase, K., Saitoh, Y., Dohi, S.,
2001. The anxiolytic effects of the 5-hydroxytryptamine; -agonist tan-
dospirone before otolaryngologic surgery. 93, 1214—1216.

Ozawa, S., Kamiya, H., Tzuzuki, K., 1998. Glutamate receptors in the
mammalian central nervous system. Prog. Neurobiol. 54, 581-618.
Palmiter, R.D., Erickson, J.C., Hollopeter, G., Baraban, S.C., Schwartz,
M.W.,, 1998. Life without neuropeptide Y. Recent Prog. Horm. Res.

53, 163—199.

Pattij, T., Groenink, L., Oosting, R.S., Van Der Gugten, J., Maes, R.A.A.,
Olivier, B., 2002. GABA s-benzodiazepine receptor complex sensitivity
in 5-HT;A receptor knockout mice on a 129/Sv background. Eur. J.
Pharmacol. 447, 67-74.

Pecknold, J.C., 1997. A risk-benefit assessment of buspirone in the treat-
ment of anxiety disorders. Drug Safety 16, 118—132.

Penn, D.L., Hope, D.A., Spaulding, W., Kucera, J., 1994. Social anxiety in
schizophrenia. Schizophr. Res. 11, 277-284.

Pezze, M.A., Heidbreder, C.A., Feldon, J., Murphy, C.A., 2001. Selective
responding of nucleus accumbens core and shell dopamine to aversively
conditioned contextual and discrete stimuli. Neuroscience 108, 91—102.

Pich, E.M., Samanin, R., 1986. Disinhibitory effects of buspirone and low
doses of sulpiride and haloperidol in two experimental anxiety models
in rats: possible role of dopamine. Psychopharmacology 89, 125—130.

Piper, D., Upton, N., Thomas, D., Nicholas, J., 1988. The effects of the 5-
HTj; receptor antagonists BRL43694 and GR38032F in animal behav-
ioural models of anxiety. Br. J. Pharmacol. 94 (314P).

Pirker, S., Schwarzer, C., Wieselthaler, A., Wieghart, W., Sperk, G., 2000.

GABA, receptors: immunocytochemical distribution of 13 subunits in
the adult rat brain. Neuroscience 101, 815—850.

Pitchot, W., Ansseau, M., Gonzalez Moreno, A., Hansenne, M., Von
Frenckell, R., 1992. Dopaminergic function in panic disorder: compar-
ison with major and minor depression. Biol. Psychiatry 32, 1004—1011.

Plaznik, A., Jessa, M., Bidzinski, A., Nazar, M., 1994a. The effect of
serotonin depletion and intra-hippocampal midazolam on rat behavior
in the Vogel conflict test. Eur. J. Pharmacol. 257, 293-296.

Plaznik, A., Nazar, M., Jessa, M., 1994b. The limbic location of some
central effects of competitive and noncompetitive NMDA receptor
antagonists: the role in emotional control. Eur. Neuropsychopharmacol.
4, 335.

Plaznik, A., Palejko, W., Nazar, M., Jessa, M., 1994c. Effects of antagonists
at the NMDA receptor complex in two models of anxiety. Eur. Neuro-
psychopharmacol. 4, 503—-512.

Pollard, G.T., Howard, J.C.L., 1989. Effects of drugs on punished behav-
iour: preclinical test for anxiolytics. Pharmacol. Ther. 45, 403—-424.
Pribilla, I., Neuhaus, R., Huba, R., Hillmann, M., Turner, J.D., Stephens,
D.N., Schneider, H.H., 1993. Abecarnil is a full agonist at some and a
partial agonist at other recombinant gamma-aminobutyric acid type A
receptor subtypes. In: Stephens, N.D. (Ed.), Anxiolytic B-Carbolines:

From Molecular Biology to the Clinic. Springer, Berlin, pp. 50—61.

Przegalinski, E., Chojnacka-Wojcik, E., Filip, M., 1992. Stimulation of
postsynaptic 5-HT 5 receptors is responsible for the anticonflict effect
of ipsapirone in rats. J. Pharm. Pharmacol. 44, 780—782.

Przegalinski, E., Malgorzata, F., Chojnacka-Wojcik, E., Tatarczynska, E.,
1994a. The role of 5-hydroxytryptamine;, (5-HT;A) receptors in the
anticonflict activity of p-adrenoceptor antagonists. Pharmacol. Bio-
chem. Behav. 47, 873 -878.

Przegalinski, E., Tatarczynska, E., Klodzinska, A., Chojnacka-Wojcik, E.,
1994b. The role of postsynaptic 5-HT;, receptors in the anticonflict
effect of ipsapirone. Neuropharmacology 33, 1109—1115.

Przegalinski, E., Tatarczynska, E., Chojnacka-Wojcik, E., 1995. The role of
hippocampal 5-hydroxtytryptamine;, (5-HT;a) receptors in the anti-
conflict activity of B-adrenoceptor antagonists. Neuropharmacology
34, 1211-1217.

Przegalinski, E., Tatarczynska, E., Deren-Wesolek, L., Chojnacka-Wojcik,
E., 1996. Anticonflict effect of a competitive NMDA receptor antago-
nist and a partial agonist at strychnine-insensitive glycine receptors.
Pharmacol. Biochem. Behav. 54, 73-77.

Przegalinski, E., Tatarczynska, E., Klodzinska, A., Chojnacka-Wojcik, E.,
1999. Tolerance to anxiolytic- and antidepressant-like effects of a par-
tial agonist of glycineB receptors. Pharmacol. Biochem. Behav. 64,
461-466.

Przegalinski, E., Tatarczynska, E., Chojnacka-Wojcik, E., 2000. The influ-
ence of the benzodiazepine receptor antagonist flumazenil on the anx-
iolytic-like effects of CGP 37849 and ACPC in rats. Neuropharmacol-
ogy 39, 1858—1864.

Purdy, R.H., Morrow, A.L., Moore, P.H., Paul, S.M., 1991. Stress-induced,
elevations of y-aminobutyric acid type A receptor-active steroids in the
rat brain. Proc. Natl. Acad. Sci. U. S. A. 88, 4553-4557.

Ramboz, S., Saudou, F., Amara, D.A., Belzung, C., Segu, L., Misslin, R.,
Buhot, M.C., Hen, R., 1996. 5-HT receptor knock out-behavioral
consequences. Behav. Brain Res. 73, 305-312.

Rasmussen, K., Kendrick, W.T., Kogan, J.H., Aghajanian, G.K., 1996.
A selective AMPA antagonist, LY293558, antagonizes morphine-
withdrawal-induced activation of locus coeruleus neurons and behav-
ioral signs of morphine withdrawal. Neuropsychopharmacology 15,
497-505.

Ravard, S., Carnoy, P., Hervé, D., Tassin, J.P., Thiénot, M.H., Soubrié, P.,
1990. Involvement of prefrontal dopamine neurones in behavioural
blockade induced by controllable vs. uncontrollable negative events
in rats. Behav. Brain. Res. 37, 9-18.

Redfern, W.S., Williams, A., 1995. A re-evaluation of the role of a,-adre-
noceptors in the anxiogenic effects of yohimbine, using the selective
antagonist, delequamine, in the rat. Br. J. Pharmacol. 116, 2081—-2089.

Rickels, K., Schweizer, E., DeMartinis, N., Mandos, L., Mercer, C., 1997.



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 93

Gepirone and diazepam in generalized anxiety disorder: a placebo-con-
trolled trial. J. Clin. Psychopharmacol. 17, 272-277.

Rogers, D.C., Costall, B., Domeney, A.M., Gerrard, P.A., Greener, M.,
Kelly, M.E., Hagan, J.J., Hunter, A.J., 2000. Anxiolytic profile of ro-
pinirole in the rat, mouse and common marmoset. Psychopharmacology
151, 91-97.

Rodgers, R.J., 1997. Animal models of ‘““anxiety”: where next? Behav.
Pharmacol. 8, 477-796.

Rodgers, R.J., Nikulina, E.M., Cole, J.C., 1994. Dopamine D; and D,
receptor ligands modulate the behaviour of mice in the elevated plus-
maze. Pharmacol. Biochem. Behav. 49, 985-995.

Rodgers, R.J., Cao, B.-J., Dalvi, A., Holmes, A., 1997. Animal models
of anxiety: an ethological perspective. Braz. J. Med. Biol. Res. 30,
289-304.

Rodriguez-Arias, M., Felip, C.M., Broseta, 1., Minarro, J., 1999. The dopamine
D5 antagonist U-99194A maleate increases social behaviors of isolation-
induced aggressive male mice. Psychopharmacology 144,90—94.

Rogoz, Z., Klodzinska, A., Maj, J., 2000. The anxiolytic-like effect of
nafadotride, a dopamine Dj receptor antagonist, in rats. Eur. Neuro-
psychopharmacol. 10, S349.

Roozendaal, B., Nguyen, B.T., Power, A.E., McGaugh, J.L., 1999. Baso-
lateral amygdala noradrenergic influence enables enhancement of mem-
ory consolidation induced by hippocampal glucocorticoid receptor
activation. Proc. Natl. Acad. Sci. U. S. A. 96, 11642—-11647.

Ropert, N., Guy, N., 1991. Serotonin facilitates GABAergic transmission in
the CAL1 region of rat hippocampus in vitro. J. Physiol. 441, 121-136.

Roy-Byrne, P.P., Uhde, T.W., Sack, D.A., Linnoila, M., Post, R M., 1986.
Plasma HVA and anxiety in patients with panic disorder. Biol. Psychia-
try 21, 849—853.

Rudolph, U., Crestani, F., Benke, D., Briinig, 1., Benson, J.A., Fritschy,
J.M., Martin, J.A., Bluethmann, H., Méhler, H., 1999. Benzodiazepine
actions mediated by specific y-aminobutyric acids receptor subtypes.
Nature 401, 796—800.

Rueter, L.E., Fornal, C.A., Jacobs, B.L., 1997. A critical review of 5-HT
brain microdialysis and behavior. Rev. Neurosci. 8, 117—137.

Sajdyk, T.J., Shekhar, A., 1997. Excitatory amino acid receptors in the
basolateral amygdala regulate anxiety responses in the social interaction
test. Brain Res. 764, 262—-264.

Sajdyk, T.J., Vandergriff, M.G., Gehlert, D.R., 1999. Amygdalar neuropep-
tide Y Y, receptors mediate the anxiolytic-like actions of neuropeptide Y
in the social interaction test. Eur. J. Pharmacol. 368, 143 —147.

Sajdyk, T.J., Schober, D.A., Smiley, D.L., Gelhert, D.R., 2002. Neuropep-
tide Y-Y, receptors mediate anxiety in the amygdala. Pharmacol. Bio-
chem. Behav. 71, 419-423.

Sallinen, J., Haapalinna, A., Viitamaa, T., Kobilka, B.K., Scheinin, M.,
1998. Adrenergic oc-receptors modulate the acoustic startle reflex,
prepulse inhibition, and aggression in mice. J. Neurosci. 18,
3035-3042.

Sallinen, J., Haapalinna, A., MacDonald, E., Viitamaa, T., Lahdesmaki, J.,
Rybnikova, E., Pelto-Huikko, M., Kobilka, B., Scheinin, M., 1999.
Genetic alteration of the alpha,-adrenoceptor subtype C in mice affects
the development of behavioral despair and stress-induced increases in
plasma corticosterone levels. Mol. Psychiatry 4, 443—452.

Schefke, D.M., Fontana, D.J., Commissaris, R.L., 1989. Anti-conflict effi-
cacy of buspirone following acute versus chronic treatment. Psycho-
pharmacology 99, 427—-429.

Schmitt, M.L., Coelho, W., Lopes-de-Souza, A.S., Guimaraes, F.S., Caro-
brez, A.P., 1995. Anxiogenic-like effect of glycine and p-serine micro-
injected into dorsal periaqueductal gray matter of rats. Neurosci. Lett.
189, 93-96.

Schmidt, M.E., Oshinsky, R.J., Kim, H.-G., Schouten, J.L., Folley, B.S.,
Potter, W.Z., 1999. Cerebral glucose metabolic and plasma catechol-
amine responses to the ay-adrenoceptor antagonist ethoxyidazoxan
given to healthy volunteers. Psychopharmacology 146, 119—-127.

Schneier, F.R., Liebowitz, M.R., Abi-Dargham, A., Zea-Ponce, Y., Lin,
S.H., Laruelle, M., 2000. Low dopamine D, receptor binding potential
in social phobia. Am. J. Psychiatry 157, 457—459.

Schoepp, D.D., Jane, D.E., Monn, J.A., 1999. Pharmacological agents act-
ing at subtypes of metabotropic glutamate receptors. Neuropharmacol-
ogy 38, 1431-1476.

Schramm, N.L., McDonald, M.P., Limbird, L.E., 2001. The a;5-adrenergic
receptor plays a protective role in mouse behavioural models of depres-
sion and anxiety. J. Neurosci. 21, 4875-4882.

Schreiber, R., De Vry, J., 1993. 5-HT) 5 receptor ligands in animal models
of anxiety, impulsivity and depression: multiple mechanisms of action?
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 17, 87—104.

Schuler, V., Liischer, C., Blanchet, C., Klix, N., Sansig, G., Klebs, K.,
Schmutz, M., Heid, J., Gentry, C., Urban, L., Fox, A., Spooren, W.,
Jaton, A.L., Vigouret, J.M., Pozza, M., Kelly, P.H., Mosbacher, J.,
Froestl, W., Kaslin, E., Korn, R., Bischoff, S., Kaupmann, K., Van
Der Putten, H., Bettler, B., 2001. Epilepsy, hyperalgesia, impaired
memory, and loss of pre- and postsynaptic GABAg responses in mice
lacking GABAg(1). Neuron 31, 47-58.

Schulz, B., Fendt, M., Schnitzler, H.-U., 2002. Clonidine injections into the
lateral nucleus of the amygdala block acquisition and expression of fear-
potentiated startle. Eur. J. Neurosci. 15, 151-157.

Schwendt, M., Jezova, D., 2000. Gene expression of two glutamate recep-
tor subunits in response to repeated stress exposure in rat hippocampus.
Cell. Mol. Neurobiol. 20, 319-329.

Segieth, J., Pearce, B., Fowler, L., Whitton, P.S., 2001. Regulatory role of
nitric oxide over hippocampal 5-HT release in vivo. Naunyn-Schmie-
deberg’s Arch. Pharmacol. 363, 302—306.

Serradeil-Le Gal, C., Wagnon, J., Simiand, J., Griebel, G., Lacour, C.,
Guillon, G., Barberis, C., Brossard, G., Soubrié, P., Nisato, D., Pascal,
M., Pruss, R., Scatton, B., Maffrand, J.-P., Le Fur, G., 2002. Character-
ization of (2S,4R)-1-[5-chloro-1-[(2,4-dimethoxyphenyl)sulfonyl]-3-(2-
methoxy-phenyl)-2-0x0-2,3-dihydro-1H-indol-3-yl]-4-hydroxy-N,N-di-
methyl-2-pyrrolidine carboxamide (SSR149415), a selective and orally
active Vasopressin Vy, Receptor antagonist. J. Pharmacol. Exp. Ther.
300, 1122-1130.

Setem, J., Pinheiro, A.P., Motta, V.A., Morato, S., Cruz, A.P.M., 1999.
Ethopharmacological analysis of 5-HT ligands on the rat elevated
plus-maze. Pharmacol. Biochem. Behav. 62, 515-521.

Shafer, R.A., Levant, B., 1998. The D3 dopamine receptor in cellular and
organismal functions. Psychopharmacology 135, 1-16.

Sharma, A.C., Kulkarni, S.K., 1993. Evidence for benzodiazepine receptor
interaction with MK 801 in anxiety related behaviour in rats. Indian J.
Exp. Biol. 31, 191-193.

Shekhar, A., McCann, U.D., Meaney, M.J., Blanchard, D.C., Davis, M.,
Frey, K.A., Liberzon, L., Overall, K.L., Shear, M.K., Tecott, L.H., Win-
sky, L., 2001. Summary of a National Institute of Mental Health work-
shop: developing animal models of anxiety disorders. Psychopharma-
cology 157, 327-339.

Shekhar, A., Katner, J.S., Sajdyk, T.J., Kohl, R.R., 2002. Role of norepi-
nephrine in the dorsomedial hypothalamic panic response: an in vivo
microdialysis study. Pharmacol. Biochem. Behav. 71, 493—-500.

Shen, R.Y., Andrade, R., 1998. 5-hydroxytryptamine, receptor facilitates
GABAergic neurotransmission in rat hippocampus. J. Pharmacol. Exp.
Ther. 285, 805—-812.

Shephard, R.A., Wedlock, P., Wilson, N.E., 1992. Direct evidence for the
mediation of an anticonflict effect of baclofen by GABADb receptors.
Pharmacol. Biochem. Behav. 41, 651-653.

Shiba, M., Bower, J.H., Maraganore, D.M., McDonnell, S.K., Peterson,
B.J., Ahlskog, J.E., Schaid, D.J., Rocca, W.A., 2000. Anxiety disorders
and depressive disorders preceding Parkinson’s disease: a case-control
study. Mov. Disord. Soc. 15, 669—677.

Shibata, S., Yamashita, K., Yamamoto, E., Ozaki, T., Ueki, S., 1989. Ef-
fects of benzodiazepine and GABA antagonists on anticonflict effects
of antianxiety drugs injected into the rat amygdala in a water-lick sup-
pression test. Psychopharmacology 98, 38—44.

Shimizu, H., Hirose, A., Tatsuno, T., Nakamura, M., Katsube, J., 1987.
Pharmacological properties of SM-3997: a new anxioselective anxio-
lytic candidate. Jpn J. Pharmacol. 45, 493—500.

Shimizu, H., Tatsuno, T., Tanaka, H., Hirose, A., Araki, Y., Nakamura, M.,



94 M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96

1992. Serotonergic mechanisms in anxiolytic effect of tandospirone in
the Vogel conflict test. Jpn. J. Pharmacol. 59, 105—112.

Shors, T.J., Elkabes, S., Selcher, J.C., Black, 1.B., 1997. Stress persistently
increases NMDA receptor-mediated binding of [3H] PDBu (a marker
for protein kinase C) in the amygdala, and re-exposure to the stressful
context reactivates the increase. Brain Res. 750, 293-300.

Sibille, E., Hen, R., 2001. Serotonin;, receptors in mood disorders: a
combined genetic and genomic approach. Behav. Pharmacol. 12,
429-438.

Sibille, E., Pavlides, C., Benke, D., Toth, M., 2000. Genetic inactivation of
the serotoninl A receptor in mice results in downregulation of major
GABA, receptor a subunits, reduction of GABA, receptor binding,
and benzodiazepine-resistant anxiety. J. Neurosci. 20, 2758—-2765.

Sibley, D.R., 1999. New insights into dopaminergic receptor function using
antisense and genetically altered animals. Annu. Rev. Pharmacol. Tox-
icol. 39, 313-341.

Siemiatkowski, M., Sienkiewicz-Jarosz, H., Czlokowska, A.I., Szyndler, J.,
Bidzunski, A., Plaznik, A., 2000. The effects of dopamine D, receptor
ligands on novelty-induced behavior in the rat open field test. Neurosci.
Res. Comm. 27, 155—163.

Singewald, N., Sharp, T., 2000. Neuroanatomical targets of anxiogenic
drugs in the hindbrain as revealed by Fos immunocytochemistry. Neu-
roscience 98, 759-770.

Singh, L., Field, M.J., Hughes, J., Menzies, R., Oles, R.J., Vass, C.A.,
Woodruff, G.N., 1991. The behavioral properties of CI-988, a selective
cholecystokining receptor antagonist. Br. J. Pharmacol. 104, 239-245.

Skolnick, P., Miller, R., Young, A., Boje, K., Trullas, R., 1992. Chronic
treatment with L-aminocyclopropanecarboxylic acid desensitizes behav-
ioral responses to compounds acting at the N-methyl-p-aspartate recep-
tor complex. Psychopharmacology 107, 489—499.

Smith, B.N., Dudek, F.E., 1996. Amino acid-mediated regulation of spon-
taneous synaptic activity patterns in the rat basolateral amygdala. J.
Neurophysiol. 76, 1958—1967.

Soderpalm, B., 1989. The SHR exhibits less “anxiety” but increased sen-
sitivity to the anticonflict effect of clonidine compared to normotensive
controls. Pharmacol. Toxicol. 65, 381—386.

Soderpalm, B., Engel, J.A., 1988. Biphasic effects of clonidine on conflict
behavior: involvement of different alpha-adrenoceptors. Pharmacol. Bi-
ochem. Behav. 30, 471-477.

Soderpalm, B., Engel, J.A., 1989. a,-Adrenoceptor antagonists potentiate
the anticonflict and the rotarod impairing effects of benzodiazepines.
J. Neural Transm. 76, 191-204.

Soéderpalm, B., Engel, J.A., 1990. a;- and R-adrenoceptor stimulation po-
tentiate the anticonflict effect of a benzodiazepine. J. Neural Transm.
79, 155-167.

Soéderpalm, B., Engel, J.A., 1991. Involvement of the GABA s/benzodia-
zepine chloride ionophore receptor complex in the 5,7-DHT induced
anticonflict effect. Life Sci. 49, 139—-153.

Soderpalm, B., Eriksson, E., Engel, J.A., 1989. Anticonflict and rotarod
impairing effects of alprazolam and diazepam in rat after acute and
subchronic administration. Prog. Neuro-Psychopharmacol. Biol. Psy-
chiatr. 13, 269-283.

Soderpalm, B., Andersson, G., Johannessen, K., Engel, J.A., 1992. Intra-
cerebroventricular 5,7-DHT alters the in vitro function of rat cortical
GABA s/benzodiazepine chloride ionophore receptor complexes. Life
Sci. 51, 327-335.

Soderpalm, A., Blomgqvist, O., Soderpalm, B., 1995a. The yohimbine-in-
duced anticonflict effect in the rat: Part I. Involvement of noradrenergic,
serotonergic and endozepinergic(?) mechanisms. J. Neural Transm. 100,
175-189.

Soderpalm, A., Ehrenstrom, F., Séderpalm, B., 1995b. The yohimbine-
induced anticonflict effect in the rat: Part II. Neurochemical findings.
J. Neural Transm. 100, 191-206.

Soéderpalm, B., Andersson, G., Enerbéck, C., Engel, J.A., 1997. In vivo
administration of the 5-HT o receptor agonist 8-OH-PAT interferes with
brain GABA s/benzodiazepine receptor complexes. Neuropharmacol-
ogy 36, 1071-1077.

Sorbera, L.A., Leeson, P.A., Silvestre, J., Castaner, J., 2001. Pagoclone.
Drugs Future 26, 651—-657.

Spooren, W.P.J.M., Vassout, A., Neijt, H.C., Kuhn, R., Gasparini, F., Roux,
S., Porsolt, R.D., Gentsch, C., 2000. Anxiolytic-like effects of the pro-
totypical metabotropic glutamate receptor 5 antagonist 2-methyl-6-
(phenylethynyl)pyridine in rodents. J. Pharmacol. Exp. Ther. 295,
1267-1275.

Stanhope, K.J., Dourish, C.T., 1996. Effects of 5-HT; 5 receptor agonists,
partial agonists and a silent antagonist on the performance of the con-
ditioned emotional response test in the rat. Psychopharmacology 128,
293-303.

Steckler, T., Holsboer, F., 1999. Corticotropin-releasing hormone receptor
subtypes and emotion. Biol. Psychiatry 46, 1480—1508.

Stefanski, R., Palejko, W., Kostowski, W., Plaznik, A., 1992. The compar-
ison of benzodiazepine derivatives and serotonergic agonists and an-
tagonists in two animal models of anxiety. Neuropharmacology 31,
1251-1258.

Stefanski, R., Palejko, W., Bidzinski, A., Kostowski, W., Plaznik, A.,
1993a. Serotonergic innervation of the hippocampus and nucleus ac-
cumbens septi and the anxiolytic-like action of midazolam and 5-HT 5
receptor agonists. Neuropharmacology 32, 977—985.

Stefanski, R., Palejko, W., Bidzinski, A., Kostowski, W., Plaznik, A.,
1993b. Serotonergic innervation of the hippocampus and nucleus ac-
cumbens septi and the anxiolytic-like action of the 5-HT; receptor
antagonists. Neuropharmacology 32, 987-993.

Stein, M.B., Sareen, J., Hami, S., Chao, J., 2001. Pindolol potentiation of
paroxetine for generalized social phobia: a double-blind, placebo-con-
trolled, crossover study. Am. J. Psychiatry 158, 1725-1727.

Steiner, H., Fuchs, S., Accili, D., 1998. D3 dopamine receptor-deficient
mouse: evidence for reduced anxiety. Physiol Behav. 63, 137—141.
Stell, B.M., Mody, 1., 2002. Receptors with different affinities medi-
ate phasic and tonic GABA, conductances in hippocampal neurons.

J. Neurosci. 22, 1-5.

Stephens, D.N., Schneider, H.H., Kehr, W., Andrews, J.S., Rettig, K.-J.,
Turski, L., Schmiechen, R., Turner, J.D., Jensen, L.H., Petersern, E.N.,
Honore, T., Hansen, B.J., 1990. Abecarnil, a metabolically stable, anx-
ioselective P-carboline acting at benzodiazepine receptors. J. Pharma-
col. Exp. Ther. 253, 334—-343.

Strohle, A., Romeo, E., Di Michele, F., Pasini, A., Yassouridis, A., Hols-
boer, F., Rupprecht, R., 2002. GABA 4 receptor-modulating neuroactive
steroid composition in patients with panic disorder before and during
paroxetine treatment. Am. J. Psychiatry 159, 145—147.

Sullivan, G.M., Coplan, J.D., Kent, J.M., Gorman, J.M., 1999. The nor-
adrenergic system in pathological anxiety: a focus on panic with
relevance to generalized anxiety and phobias. Biol. Psychiatry 46,
1205-1218.

Suzuki, T., Ishigooka, J., Watanabe, S., Miyaoka, H., 2002. Enhancement
of delayed release of dopamine in the amygdala induced by conditioned
fear stress in methamphetamine-sensitized rats. Eur. J. Pharmacol. 435,
59-65.

Szabo, C., 1996. Physiological and pathophysiological roles of nitric oxide
in the central nervous system. Brain Res. Bull. 41, 131-141.

Tanaka, M., Yoshida, H., Emoto, H., Ishii, H., 2000. Noradrenaline systems
in the hypothalamus, amygdala and locus coeruleus are involved in the
provocation of anxiety: basic studies. Eur. J. Pharmacol. 405, 397-406.

Tanay, V.A.M.L., Greenshaw, A.J., Baker, G.B., Bateson, A.N., 2001.
Common effects of chronically administered antipanic drugs on brain-
stem GABA, receptor subunit gene expression. Mol. Psychiatry 6,
404-412.

Tanganelli, S., Fuxe, K., Antonelli, T., O’Connor, W.T., Ferraro, L., 2001.
Cholecystokinin/dopamine/GABA interaction in the nucleus accum-
bens: biochemical and functional correlates. Peptides 22, 1229—-1234.

Tao, R., Ma, Z., Auerbach, S.B., 1996. Differential regulation of 5-
hydroxytryptamine release by GABA, and GABApg receptors in
midbrain raphe nuclei and forebrain of rats. Br. J. Pharmacol. 119,
1375-1384.

Tatarczynska, E., Klodzinska, A., Kroczka, B., Chojnacka-Wojcik, E., Pilc,



M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96 95

A., 2001. The antianxiety-like effects of antagonists of group I and
agonists of group II and III metabotropic glutamate receptors after intra-
hippocampal administration. Psychopharmacology 158, 94—99.

Tauscher, J., Bagby, R.M., Javanmard, M., Christensen, B.K., Kasper, S.,
Kapur, S., 2001. Inverse relationship between serotonin 5-HT; 5 recep-
tor binding and anxiety: a [''C]WAY-100635 PET investigation in
healthy volunteers. Am. J. Psychiatry 158, 1326—1328.

Teixeira, K.V., Carobrez, A.P., 1999. Effects of glycine or (+)-3-amino-1-
hydroxy-2-pyrrolidone microinjections along the rostrocaudal axis of
the dorsal periaqueductal gray matter on rats performance in the ele-
vated plus-maze task. Behav. Neurosci. 113, 196—-203.

Tejani-Butt, S.M., Pare, W.P., Yang, J., 1994. Effect of repeated novel
stressors on depressive behavior and brain norepinephrine receptor sys-
tem in Sprague—Dawley and Wistar Kyoto (WKY) rats. Brain Res. 649,
27-35.

Thomson, L.R., Peterson, M.D., Hudson, R.J., 1998. A comparison of
clonidine with conventional pre-anesthetic medication in patients under-
going coronary artery bypass grafting. Anesth. Analg. 87, 292—-299.

Thorsell, A., Michalkiewicz, M., Dumont, Y., Quirion, R., Caberlotto, L.,
Rimondini, R., Mathé, A.A., Heilig, M., 2000. Behavioral insensitivity
to restraint stress, absent fear suppression of behavior and impaired
spatial learning in transgenic rats with hippocampal neuropeptide Y
overexpression. Proc. Natl. Acad. Sci. U. S. A. 97, 12852—-12853.

Tiihonen, J., Kuikka, J., Bergstrom, K., Lepola, U., Koponen, H., Leino-
nen, E., 1997. Dopamine reuptake site densities in patients with social
phobia. Am. J. Psychiatry 154, 239—-242.

Timothy, C., Costall, B., Smythe, J.W., 1999. Effects of SCH23390 and
raclopride on anxiety-like behaviour in rats tested in the black-white
box. Pharmacol. Biochem. Behav. 62, 323-327.

Treit, D., 1985. Animal models for the study of anti-anxiety agents: a
review. Neurosci. Biobehav. Rev. 9, 203—-222.

Treit, D., 1994. Animal models of anxiety and anxiolytic drug action. In:
den Boer, J.A., Sutsen, J.M.A. (Eds.), Handbook of Depression and
Anxiety, pp. 201-224.

Tsuiki, K., Blier, P., Diksic, M., 2000. Effect of the B-adrenoceptor agonist
flerobuterol on serotonin synthesis in the rat brain. Biochem. Pharma-
col. 59, 673-679.

Turski, L., Jacobsen, P., Honoré, T., Syephens, N., 1992. Relief of exper-
imental spasticity and anxiolytic/anticonvulsant actions of the alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate antagonist 2,3-dihy-
droxy-6-nitro-7-sulfamoyl-benzo( F)quinoxaline. J. Pharmacol. Exp.
Ther. 260, 742—-747.

Tyrer, P., 1992. Anxiolytics not acting at the benzodiazepine receptor: beta
blockers. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 16, 17-26.

Ueki, S., Watanabe, S., Yamamoto, T., Kataoka, Y., Shibata, S., Shibata, K.,
Ohta, H., Shimazoe, T., Kawamoto, H., 1987. Behavioral and electro-
encephalographic effects of zopiclone, a cyclopyrrolone derivative. Jpn.
J. Pharmacol. 43, 309-326.

Umezu, T., 1999. Effects of psychoactive drugs in the Vogel conflict test in
mice. Jpn J. Pharmacol. 80, 111-118.

Vaccari, C., Lolait, S.J., Ostrowski, N.L., 1998. Comparative distribution of
vasopressin Vy, and oxytocin receptor messenger ribonucleic acids in
brain. Endocrinology 139, 5015—5033.

Valentino, R.J., Van Bockstaele, E., 2001. Opposing regulation of the locus
coeruleus by corticotropin-releasing factor and opioids. Psychopharma-
cology 158, 331-342.

Vallone, D., Picetti, R., Borrelli, E., 2000. Structure and function of dop-
amine receptors. Neurosci. Biobehav. Rev. 24, 125—-132.

Vallone, D., Pignatelli, M., Grammatikopoulos, G., Ruocco, L., Bozzi, Y.,
Westphal, H., Borrelli, E., Sadile, A.G., 2002. Activity, non-selective
attention and emotionality in dopamine D,/D; receptor knock-out mice.
Behav. Brain Res. 130, 141—148.

Van Gaalen, M.M., Steckler, T., 2000. Behavioural analysis of four mouse
strains in an anxiety test battery. Behav. Res. 115, 95—-106.

Vanover, K.E., Robledo, S., Huber, M., Carter, R.B., 1999. Pharmacolog-
ical evaluation of a conflict procedure: punished drinking in non-water-
deprived rats. Psychopharmacology 145, 333-341.

Vanover, K.E., Rosenzweig-Lipson, S., Hawkinson, J.E., Lan, N.C., Bel-
luzzi, J.D., Stein, L., Barrett, J.E., Wood, P.L., Carter, R.B., 2000. Char-
acterization of the anxiolytic properties of a novel neuroactive steroid,
Co 2-6749 (GMA-839; WAY-141839; 3a, 21-dihydroxy-3p-trifluoro-
methyl-19-nor-5p-pregnan-20-one), a selective modulator of y-amino-
butyric acid, receptors. J. Pharmacol. Exp. Ther. 295, 337—345.

Varga, V., Sik, A., Freund, T.F., Kocsis, B., 2002. GABA g, receptors in the
median raphe nucleus: distribution and role in the serotonergic control
of hippocampal activity. Neurosci. 109, 119—132.

Venault, P., Jacquot, F., Save, E., Sara, S., Chapouthier, G., 1993. Anxio-
genic-like effects of yohimbine and idazoxan in two behavioural situa-
tions in mice. Life Sci. 52, 639-645.

Vogel, J.R., Beer, B., Clody, D.E., 1971. A simple and reliable conflict
procedure for testing anti-anxiety agents. Psychopharmacologia 21, 1-7.

Wada, T., Fukuda, N., 1991. Effects of DN-2327, a new anxiolytic, dia-
zepam and buspirone on exploratory activity of the rat in an elevated
plus-maze. Psychopharmacology 104, 444—450.

Waddington, J.L., Clifford, J.J., McNamara, F.N., Tomiyama, K., Koshi-
kawa, N., Croke, D.T., 2001. The psychopharmacology-molecular biol-
ogy interface: exploring the behavioural roles of dopamine receptor
subtypes using targeted gene deletion (‘knockout’). Prog. Neuro-Psy-
chopharmacol. Biol. Psychiatry 25, 925-964.

Waldmeier, P.C., Wicki, P., Feldtrauer, J.J., Mickel, S.J., Bittiger, H., Bau-
mann, P.A., 1994. GABA and glutamate release affected by GABAg
receptor antagonists with similar potency: no evidence for pharmacolog-
ically diferent presynaptic receptors. Br. J. Pharmacol. 113, 1515—-1521.

Weiss, S.M., Lightowler, S., Stanhope, K.J., Kennett, G.A., Dourish, C.T.,
2000. Measurement of anxiety in transgenic mice. Rev. Neurosci. 11,
59-74.

Wieland, S., Lan, N.C., Mirasedeghi, S., Gee, K.W., 1991. Anxiolytic
activity of the progesterone metabolite 5 alpha-pregnan-3-alpha-ol-20-
one. Brain Res. 565, 263-268.

Wieland, S., Belluzzi, J., Hawkinson, J.E., Hogenkamp, D., Upasani, R.,
Stein, L., Wood, P.L., Gee, K.W., Lan, N.C., 1997. Anxiolytic and
anticonvulsant activity of a synthetic neuroactive steroid Co 3-0593.
Psychopharmacology 134, 46—54.

Wiesinger, H., 2001. Arginine metabolism and the synthesis of nitric oxide
in the nervous system. Prog. Neurobiol. 64, 365—-391.

Wiley, J.L., Porter, J.H., Compton, A.D., Balster, R.L., 1992. Antipunish-
ment effects of acute and repeated administration of phencyclidine and
NPC 12626 in rats. Life Sci. 50, 1519—1528.

Wiley, J.L., Compton, A.D., Holcomb, J.D., McCallum, S.E., Varvel, S.A.,
Porter, J.H., Balster, R.L., 1998. Effects of modulation of NMDA neu-
rotransmission on response rate and duration in a conflict procedure in
rats. Neuropharmacology 37, 1527—1534.

Willetts, J., Balster, L., Leander, J.D., 1990. The behavioral pharmacology
of NMDA receptor antagonists. Trends Pharmacol. Sci. 11, 423 -428.

Willetts, J., Clissold, D.B., Hartman, T.L., Brandsgaard, R.R., Hamilton,
G.S., Ferkany, J.W., 1993. Behavioral pharmacology of NPC 17742, a
competitive N-methyl-p-aspartate (NMDA) antagonist. J. Pharmacol.
Exp. Ther. 265, 1055-1062.

Wirtshafter, D., Sheppard, A.C., 2001. Localization of GABAg receptors in
midbrain monoamine containing neurons in the rat. Brain Res. Bull. 56,
1-5.

Wisden, W., Laurie, D.J., Monyer, H., Seeburg, P.H., 1992. The distribution
of 13 GABA, receptor subunit mRNAs in the rat brain: 1. Telencepha-
lon, Diencephalon, Mesencephalon. J. Neurosci. 12, 1040—1062.

Wittchen, H.U., Kessler, R.C., Beesdo, K., Krause, P., Hofler, M.,
Hoyer, J., 2002. Generalized anxiety and depression in primary
care: prevalence, recognition, and management. J. Clin. Psychiatry
8, 24-34.

Wood, S.J., Toth, M., 2001. Molecular pathways of anxiety revealed by
knockout mice. Mol. Neurobiol. 23, 101-119.

Wood, M.D., Reavill, C., Trail, B., Wilson, A., Stean, T., Kennett, G.A.,
Lightowler, S., Blackburn, T.P., Thomas, D., Gager, T.L., Riley, G.,
Holland, V., Bromidge, S.M., Forbes, I.T., Middlemiss, D.N., 2001.
SB-243213, a selective 5-HT,¢ receptor inverse agonist with improved



96 M.J. Millan, M. Brocco / European Journal of Pharmacology 463 (2003) 67-96

anxiolytic profile: lack of tolerance and withdrawal anxiety. Neurophar-
macology 41, 186—199.

Wright, J.K., Upton, N., Marsden, C.A., 1992. Effect of established and
putative anxiolytics on the extracellullar 5-HT and 5-HT 4 levels in the
ventral hippocampus of rats during behaviour on the elevated X-maze.
Psychopharmacology 109, 338—-346.

Xu, T., Pandey, S.C., 2000. Cellular localization of serotonin, (5-HT,A)
receptors in the rat brain. Brain Res. Bull. 51, 499—505.

Zangrossi, H., Viana, M.B., Graeff, F.G., 1999. Anxiolytic effect of intra-
amygdala injection of midazolam and 8-hydroxy-2-(di-n-propylamino)-
tetralin in the elevated T-maze. Eur. J. Pharmacol. 369, 267-270.

Zhang, D., Pan, Z.H., Awobuluyi, M., Lipton, S.A., 2001a. Structure and
function of GABA( receptors: a comparison of native versus recombi-
nant receptors. Trends Pharmacol. Sci. 22, 121-132.

Zhang, H.T., Frith, S.A., Wilkins, J., O’Donnell, J.M., 2001b. Comparison
of the effects of isoproterenol administered into the hippocampus, fron-
tal cortex or amygdala on behavior of rats maintained by differential
reinforcement of low response rate. Psychopharmacology 159, 89—97.

Zhuang, X., Gross, C., Santarelli, L., Compan, V., Trillat, A.C., Hen, R.,
1999. Altered emotional states in knockout mice lacking 5-HT;, or
5-HTp receptors. Neuropsychopharmacology 21, 52S—60S.

Ziegenbein, M., Steiger, A., Murck, H., 2000. Treatment with the presy-
naptic 5-HT o-antagonist pindolol in patients with panic disorder. Biol.
Psychiatry 47, 818S.

Zinder, O., Dar, D.E., 1999. Neuroactive steroids: their mechanism of
action and their function in the stress response. Acta Physiol. Scand.
167, 181-188.



	Origins and characteristics of the Vogel conflict test
	Conflict procedures for evaluation of anxiolytic agents
	General features of the Vogel conflict test
	Procedural aspects
	Specificity of drug actions

	The Vogel conflict test in mice
	Clinical pertinence
	Multiple mechanisms for the control of anxious states

	GABA
	GABAergic pathways
	GABAA receptors: benzodiazepines and neurosteroids
	GABAA receptors and their operation
	Benzodiazepines
	Neurosteroids

	GABAB receptors

	Excitatory amino acids
	Glutamatergic transmisison
	Ionotropic NMDA/glycineB receptors
	Ionotropic AMPA receptors
	Metabotropic glutamate receptors

	Nitric oxide
	Serotonin
	Serotonergic pathways
	5-HT1A receptors
	Anti-conflict actions
	Significance of pre and postsynaptic 5-HT1A receptors
	Multiple roles of 5-HT1A receptors

	5-HT1B receptors
	5-HT2 receptors
	5-HT2A receptors
	5-HT2B receptors
	5-HT2C receptors

	5-HT3 receptors

	Noradrenaline
	Adrenergic pathways
	alpha2-Adrenoceptors
	alpha2-Adrenoceptor agonists
	alpha2-Adrenoceptor antagonists
	alpha2-Adrenoceptor subtypes

	alpha1-Adrenoceptors
	beta-Adrenoceptors

	Dopamine (Table 5)
	Dopaminergic pathways
	Dopamine D2-like receptors

	Neuropeptides
	General discussion
	Mechanisms as yet to be evaluated in the Vogel conflict test
	Other issues requiring further studies

	Conclusions
	References

