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Abstract—An overview of the behavioral data arising from the vast literature concerning the
involvement of 5-hydroxytryptamine (5-HT) neurotransmission in the regulation of anxiety is
presented. More than 1300 experiments were carried out in this area and they provide evidence
that: (1) results obtained in ethologically based animal models of anxiety with drugs stimulating
5-HT transmission are most consistent with the classic 5-HT hypothesis of anxiety in that they
show an increase in animals” emotional reactivity; (2) no category of anti-anxiety models are
selectively sensitive to the anxiolytic-like effects of drugs targetting 5-HT s, 5-HT:24 or 5-HTxc
receptor subtypes; (3) anxiolytic-like effects of 5S-HT; receptor antagonists, in the great part, are
revealed by models based on spontaneous behaviors. Taken together, these observations lead
to the conclusion that different 5-HT mechanisms, mediated by different receptor subtypes, are
involved in the genesis of anxiety.
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1. INTRODUCTION

It has been suggested on the basis of previous behavioral studies that 5-hydroxytryptamine (5-HT)
could be considered as a central neurotransmitter involved in the modulation of emotional behavior
(Sudak and Maas, 1964; Geller and Blum, 1970; Wise et al., 1972; Stein et al., 1973; Crow and Deakin,
1981). This view mainly arose from some observed activity of 5-HT antagonists in operant conflict
paradigms (Robichaud and Sledge, 1969), as well as from an association between reduction in
turnover of 5-HT and the anxiolytic effects of benzodiazepines (Goldberg et al., 1967). It is now
acknowledged that a reduction of the function of brain 5-HT pathways often leads to an
anxiolytic-like effect, whereas increased activity of ascending 5-HT pathways usually results in an
anxiogenic-like effect (Gardner, 1986; Chopin and Briley, 1987). However, the picture is nowhere
near as clear. The behavioral effects of drugs decreasing the activity of the central 5-HT system are
often more variable than the effects of standard anxiolytics, and not all findings are accounted for
by the classic hypothesis. There are a few instances in which these compounds produce effects
opposite to those of standard anxiolytics, suggesting an anxiogenic-like action. Moreover, in some
studies, drugs known to possess a 5-HT-stimulating action displayed anxiolytic-like properties, while
in others they potentiated animals’ emotional reactivity. Finally, a great number of studies found
no evidence for an anxiolytic- or anxiogenic-like effect of drugs modulating central 5-HT
neurotransmission. This is exemplified by Fig. 2, which illustrates the variability in behavioral effect
of some of the most studied compounds interacting with the 5-HT neurotransmission. As an
illustration, the central application of 5-HT results in an anxiogenic-like action in half of the studies,
whereas in the other half, authors obtained the opposite effect. This variability is probably due to
a number of factors, including administration routes (Treit, 1991), doses used (Soderpalm et al.,
1989), species differences (Barrett and Gleeson, 1991), the sex of the animals (Hughes, 1993) or
the environment in which a test is conducted (Wettstein, 1992; Griebel et al., 1993). Certain
authors point to a determining role of the experimental paradigms used when studying 5-HT agents
in animal models of anxiety disorders. Variation in the effects might reflect differences in the degree
to which the models themselves represent fear or anxiety (Handley, 1991; Treit, 1991; Wettstein,
1992; Barrett and Vanover, 1993; Handley and McBlane, 1993a,b,c). These behavioral tests
have been useful in the preclinical testing of benzodiazepine-type anxiolytics, in studying the
functional relevance of the benzodiazepine receptor system, and in characterizing the effects of
benzodiazepine antagonists, partial agonists, and inverse agonists (for recent reviews, see Barrett and
Gleeson, 1991; Treit, 1991). However, the validation of these paradigms has depended primarily on
their sensitivity to benzodiazepines only, and the recent introduction to clinical practice of
non-benzodiazepine anxiolytics such as buspirone has challenged the validity of these tests as general
models of anxiety disorders. The possibility that these tests may be less sensitive to agents not acting
at benzodiazepine receptors has been advanced to explain these inconsistencies (Richards et al.,
1991).

The main objective of this review is to provide an overview of the developments in research
involving the 5-HT system and anxiety. The emphasis will be on a review of the results of animal
models used to evaluate these drugs with the help of a synoptic table that summarizes the studies
investigating the behavioral effects of 5-HT compounds in this area from 1961 to November 1993
(Table 1). This table is composed of following sections: (1) name of drug (starting with 5-HT,
p-chlorophenylalanine (PCPA), 5-HT reuptake inhibitors, and ending with 5-HT; receptor
antagonists); (2) its affinity for 5-HT receptors; (3) animal models of anxiety used; (4) animals and
strains used and their weight or age; (5) efficient doses or doses tested; (6) administration route and
latency period; (7) effect observed; (8) comments; and finally, in column 9 the pertinent references
are indicated.

In Section 2, we will briefly review some aspects of the literature concerning the animal models
of anxiety disorders used in investigations of the behavioral actions of psychotropic drugs. Section
3 will focus on the studies evaluating the behavioral actions of 5-HT compounds in animal models
of anxiety. The results obtained with these agents will be considered and discussed for the most
important 5-HT receptors. Qutcomes of some of the most studied compounds, such as 5-HT,
8-OH-DPAT, buspirone, mCPP or ondansetron, will be illustrated graphically with attention to the
types of behavioral procedures used. This will allow examination of the possibility that involvement
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of the central 5-HT system in the regulation of anxiety- or fear-related responses is only evident in
particular experimental procedures.

2. ANIMAL MODELS OF ANXIETY DISORDERS: ATTEMPTS AT CLASSIFICATION

A survey of current animal models of anxiety reveals a bewildering diversity of procedures (for
reviews, see Treit, 1985; Lister, 1990; Sanger, 1991). There are more than 30 animal behavior
paradigms that claim to model anxiety (Fig. 1). Most of them involved exposure of animals to external
(e.g. cues previously paired with footshock) or internal (e.g. drug states) stimuli that are assumed
to be capable of inducing anxiety in humans. The first category can be grouped into two subclasses:
the first includes ethologically based paradigms and involves animals’ spontaneous or natural
reactions to stress stimuli that do not explicitly involve pain or discomfort (e.g. exposure to a novel
test chamber); the second involves animals’ conditioned responses to stressful and often painful
events (e.g. exposure to electric footshock). Some authors have attempted to classify anxiety models
more precisely into three, four or more categories. For instance, Treit (1985) further divided the
models based on conditioned reactions into two subgroups; models based on traditional learning
paradigms (e.g. Geller-Seifter conflict test) and those involving phylogenetically prepared forms of
aversive learning (e.g. conditioned taste aversion, conditioned defensive burying). More recently,
Handley (1991) proposed a classification based on the nature of the aversive stimulus and on the
response elicited, suggesting that the neuronal control of anxiety may differ according to whether
the interpretation of a signal as aversive is innate or learned (Gray, 1982) and whether it causes the
emission of a response or conversely inhibits an ongoing, rewarded behavior. Hence, Handley
distinguished three main types of animal models of aversive behavior, namely, passive avoidance
tests, active avoidance tests and conflict tests.

For the sake of convenience, anxiety models in the present review are placed into one of the
following two categories: (a) tests based on unconditioned responses and (b) models based on
conditioned reactions (Fig. 1). The first category can be further divided into four subgroups: (al)
models based on exploratory behavior in rodents (e.g. elevated plus-maze; light/dark test); (a2)
models based on rodent and monkey social behavior (e.g. social interaction test; human threat in
monkeys); (a3) situations based on somatic stress reactions (e.g. stress-induced hyperthermia), and
in the last group, we can find some miscellaneous models that do not fit easily into the other
subgroups, such as the marble burying test or the anxiety/fear test battery. In the second category,
the traditional conflict paradigms (e.g. Geller—Seifter and Vogel conflict tests) are distinguished from
a number of other models involving conditioned responses, including the fear-potentiated startle
reflex or the conditioned emotional response (CER) test.

3. BEHAVIORAL EFFECTS OF DRUGS MODULATING 5S-HYDROXYTRYPTAMINE
NEUROTRANSMISSION IN ANIMAL MODELS OF ANXIETY

3.1. Behavioral Actions of Central Application of 5-Hydroxytryptamine and Peripheral
Administration of 5-Hydroxytryptamine Indirect Ligands

3.1.1. 5-Hydroxytryptamine

As shown by Fig. 2a, a direct application of 5-HT in brain structures has been found to produce
an anxiogenic-like profile in several studies. These results seem consistent with the observation that
intraventricularly administered 5-HT is accumulated (with a half-life of about 4-5 hr) in several brain
regions, including the periaqueductal gray area of the midbrain, the septum and the amygdala
(Aghajanian and Bloom, 1967), regions frequently associated with punished and aversive behavior
(Adams, 1979; Olds and Olds, 1962). Furthermore, they fit well with the 5-HT hypothesis of anxiety,
as the increased availability of 5-HT in the brain may have potentiated emotional reactivity in the
animals. However, as also illustrated by Fig. 2a, a similar treatment often reduces anxious responses.
This inconsistency from one study to another probably is due to a number of factors. For example,

JPT 65 3F
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it is obvious that the target site into which the injection was performed explains, at least in part,
this variability. Several authors who found an anxiolytic-like action of 5S-HT (Thiebot er al.. 1982,
1984; Higgins et al.. 1991) injected the neurotransmitter directly into the dorsal raphé. Yet, it
1s clearly established that this area contains a great density of 5-HT,s receptors, which are
localized on the cell bodies. The activation of these binding sites provides an inhibitory control
on ascending serotonergic activity. Therefore, the anti-anxiety effect of such injections probably
involves reduced 5-HT function. This variability could also be attributed to the use of different
experimental paradigms. As is made clear by Fig. 3a, the anxiolytic-like actions of 5-HT have
been found more often in conditioned procedures (64%) than in models based on spontaneous
responses (20%). Thus, ethologically based tests may provide results more consistent with the
classic 5-HT hypothesis of anxiety.
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Fig. 2. Illustration of the outcomes of the most studied compounds modulating 5-HT
neurotransmission after a single acute dose in animal models of anxiety disorders. —,
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3.1.2. 5-Hydroxytryptamine Reuptake Inhibitors (SRIs)

Several lines of evidence indicate that extracellular 5-HT concentration is increased by SR1Is (e.g.
Auerbach et al., 1989; Rutter and Auerbach, 1993). Various functional measures also indicate that
serotonergic function is increased acutely after SRIs are given (Fuller et al., 1991). Consequently,
we can expect that the administration of these compounds may modulate fear-related behaviors in
animal models of anxiety.

Single acute doses of these agents have been investigated largely in animal models of anxiety. More
than 70 experiments have been carried out with SRIs. Incontestably, the most studied agent in this
group is imipramine. The initial work of Cook and Davidson (1973) suggested that imipramine was
inactive in the Geller-Seifter conflict procedure. However, more recently, authors using either
unconditioned models or learning paradigms demonstrated a modification of the animals’ emotional
reactivity after a single acute dose of imipramine. Anxiogenic-like effects have been recorded in the
Geller-Seifter (Sanger, 1992) and Vogel's (McCown ez al., 1983; Fontana and Commissaris, 1988)
conflict tests, but also in the CER (Sanger, 1990). However, contradictory evidence has also been
reported. Indeed, imipramine was found to be anxiolytic by a number of groups (Meert and Colpaert,
1986a; Craft et al., 1988 in the shock—probe burying test in rats; Young and Johnson, 1991c in the
light/dark test in mice). Variable effects have also been reported for other SRIs (e.g. amitriptyline,
citalopram, fluoxetine). Nearly 38% of the studies failed to detect effects of these compounds, while
the same percentage revealed an increase in the anxious responses of the animals (Fig. 2b). Finally,
26% of the investigations found some evidence for an anxiolytic-like action of SRIs. The suggestion
that the behavioral effects of these compounds, which are all potential antidepressant drugs, cannot
be detected in anxiety models, should be tempered by a number of clinical studies showing a
potentiation in anxious symptoms early in the treatment, especially in patients suffering from panic
attacks (Gorman et al., 1987, van Praag, 1988; Westenberg and den Boer, 1988; Humble ez a/., 1989;
Giesecke, 1990; Westenberg, 1992).

Analysis of the different experimental procedures used provides evidence that some models are
more sensitive than others to the behavioral action of SRIs. As summarized in Fig. 3b, tests based
on spontaneous responses more often revealed a modification in the behavioral responses of baselines
(70%) than did conditioned paradigms (48%). In addition, results from ethologically based models
seem more consistent with the ‘classic’ hypothesis of 5-HT function in anxiety, as 45% of the
experiments revealed an anxiogenic-like profile of SRIs, whereas only 20% of the investigations using
conditioned paradigms showed such an activity. It must be emphasized, however, that several models
from the first group revealed anxiolytic-like effects of SRIs. Such an action is notably observed with
the marble burying test (Njung’e and Handley, 1991b) and the ultrasonic distress vocalization model
(Mos and Olivier, 1989; Winslow and Insel, 1991b). Nevertheless, the results from these models must
be considered with caution. For example, it is striking that the marble burying test was unable to
reveal any anxiogenic-like action of compounds known to possess such an effect, such as yohimbine
or f-CCE (Njung’e and Handley, 1991a). Furthermore, the ultrasonic distress vocalization test could
not detect the anxiolytic effect of meprobamate (Benton and Nastiti, 1988) and revealed an
‘anxiolytic’ profile of morphine (Carden and Hoffer, 1990).

3.1.3. p-Chlorophenylalanine ( PCPA)

Koe and Weissman (1966) and Jequier er al. (1967) were the first to show that the administration
of PCPA depletes in a specific manner the synthesis of 5-HT by inhibiting the release of
tryptophan-hydroxylase, which is involved in the formation of 5-HTP. More recently, Chaput er al.
(1990) reported that 350 mg/kg of PCPA (during 2 days, with a daily injection) reduced the dorsal
hippocampal 5-HT concentration by about 95%.

The evidence that pretreatment (during 3 days, with a daily injection in most cases) with PCPA
may modulate animals’ emotional reactivity first arose from the study of Tenen (1967), who
demonstrated the efficacy of this 5-HT depletor in counteracting the disruption of drinking induced
by stress. Since this initial experiment, more than 30 studies have investigated the behavioral effect
of PCPA in anxiety models (Fig. 2¢). Seventy per cent of these studies revealed an anxiolytic-like
action of PCPA, whereas only 9% showed the opposite effect. Although some learning paradigms
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Fig. 3. Illustration of the outcomes of the most studied compounds modulating 5-HT
neurotransmission after a single acute dose in animal models of anxiety disorders subdivided
into unconditioned procedures and conditioned tests.

(e.g. dorsal periaqueductal gray (DPAG) stimulation) showed PCPA potentiation of anxiety, more
than 60% of the experiments using such procedures provided evidence for an anti-anxiety action of
this compound (Fig. 3c). It appears, therefore, that most anxiety models can reveal an anxiolytic-like
profile of PCPA. Such an effect is consistent with the classic hypothesis of 5-HT in anxiety.

3.2. Behavioral Effects of Direct-acting S-Hydroxytryptamine Ligands

The focus on the involvement of 5-HT in modulating anxiety disorders coincided with the
identification of various 5-HT binding sites in the brain (Hamon ez a/., 1990). Molecular biological
data concerning 5-HT receptor subtypes are increasing exponentially. At the present time, the 5-HT
receptor family can be split into seven groups: 5-HT-like, 5-HT»-like, 5-HT,, 5-HT,, 5-HT;, 5-HT,
and 5-HT;. Within the 5-HT, family, five subtypes have been described, i.e. 5-HTa, 5-HT s, 5-HT p,
5-HT,e and 5-HT . The 5-HT, group can be further divided into 5-HT4, 5-HTz and 5-HT,c (Hoyer
etal., 1994). Of these, at least the 5-HT 4, 5-HT s, 5-HT:4 2c and 5-HT; receptors have been implicated
in anxiety.
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3.2.1. S-Hydroxyiryptamine,, Receptor Ligands

5-HT 4 receptors are located both presynaptically (somatodendritic autoreceptors) on the 5-HT
cell bodies in the raphé nuclei of the brainstem, which innervate the forebrain, and postsynaptically,
in particular in limbic structures, such as the hippocampus and the amygdala. Activation of
presynaptic 5-HT4 receptors results in an inhibition of cell firing and, hence, a decrease in 5-HT
neurotransmission, while the activation of postsynaptic 5-HT,. receptors leads to a neuronal
inhibition in some limbic structures (e.g. hippocampus, septum). Both of these actions provide a
rationale for studying 5-HT,, receptor ligands in animal models of anxiety.

The amount of data that has been accumulated on the effects of 5-HT,a receptor ligands in the
various anxiety procedures is vast. The most widely studied agents in this group are the
pyrimidinylp: perazine partial agonist buspirone and the aminotetralin full agonist 8-OH-DPAT.
Within the past 12 years, the behavioral effects of buspirone have been investigated in about 200
experiments, while more than 100 studies have involved 8-OH-DPAT. Anxiolytic-like properties of
buspirone and 8-OH-DPAT have been shown in 71 and 61% of the experiments, respectively
(Fig. 2d.e). Reports of an opposite effect have also been found, while several studies could not reveal
any modification of baseline levels after the administration of buspirone or 8-OH-DPAT. Numerous
previous and recent reviews have discussed extensively the variability in the effects of 5-HT 4 ligands,
in particular, those observed with the two drugs mentioned above (e.g. de Vry et @/., 1991; Handley,
1991; Treit, 1991; Oakley and Tyers, 1992; Barrett and Vanover, 1993; Handley and McBlane,
1993a,b.c). Some authors (Treit, 1991; Oakley and Tyers, 1992) have suggested that pharmacological
variables, such as the route of administration or the doses used, may account for some of
this variation. For example, Treit (1991) suggested that the outcome of an administration
of 5-HTa receptor agonists into the central nervous system is more reliable than peripheral
application. However, detailed examination of the literature indicates that neither route of
administration or drug dose can satisfactorily explain these inconsistencies. For instance, both
anxiolytic- and anxiogenic-like properties of 8-OH-DPAT have been revealed in a large dose-range
(0.001-5 mg/kg).

To explain this variability, most authors have focused on the procedures used and/or the
experimental conditions. A common opinion is that traditional conflict paradigms are less sensitive
to the action of 5-HT,, agonists than unconditioned models. However, as is made clear by Fig. 3d.e,
both types are equal in revealing anxiolytic-like effects of these compounds. A more reliable
explanation involves the experimental and/or the environmental conditions used by each laboratory.
For instance, the evidence for both anxiolytic and anxiogenic effects of 5-HT, ligands in the elevated
plus-maze is extensive. Handley and McBlane (1993b) recently investigated the possibility of
obtaining either effect at will in one laboratory by altering the conditions of the experiments. They
showed that increasing illumination from 170 to 785 lux reversed the effect of 8-OH-DPAT from
anxiogenic to anxiolytic. Moreover, they demonstrated that these differences cannot be accounted
for by any simple differences in strain, maze construction protocol or control baseline. Furthermore,
a series of experiments in conflict-type procedures (Costello er al., 1991a; Sanger, 1990, 1992;
Wojnicki and Barrett, 1993) has shown that there are conditions under which it is possible to obtain
increases in suppressed responding of rats or pigeons with buspirone. For example, Sanger (1990)
demonstrated that when responding was suppressed in the presence of a stimulus correlated with
response-independent shock, buspirone produced a similar behavioral pattern to that seen with
benzodiazepines. In contrast, when responding was suppressed by response-dependent shock,
buspirone did not produce an increase in punished responding of rats. It is obvious from these studies
that the behavioral effects of 5-HT,4 ligands easily can switch from ‘anxiolytic’ to ‘inactive’ or even
‘anxiogenic’ when small alterations are made in the procedure used. However, further studies with
other 5-HT 4 ligands are needed in order to establish the generality of the effects of such procedural
variations on the behavior change associated with this class of compounds.

3.2.2. 5-Hydroxytryptamine ;s Receptor Agonists

5-HT,s sites are both presynaptic terminal autoreceptors and postsynaptic receptors. They also
exist as heteroceptors on cholinergic neurons (Hoyer and Middlemiss, 1989; Middlemiss and Hutson,
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1990; Palacios et al., 1992). Contrary to recent theories based on species variations in
pharmacological measurements (Heuring er al., 1987; Hoyer and Middlemiss, 1989), molecular
biological data have demonstrated that 5-HT ) receptors exist in numerous species, including humans
(Jin et al., 1992).

Owing to the lack of selective ligands, the evidence for the involvement of 5-HT; sites in anxiety
states is limited. A recent preliminary study using mutant mice showed, however, that this receptor
plays a determinant role in the modulation of emotional responses (Hen ez al., 1993). These authors
generated, by homologous recombination, mutant mice lacking the gene encoding 5-HT; receptor
and showed that this binding site is totally absent in the homozygous mutant mice. They further
demonstrated a lack of anxiogenic-like responses to RU 24969 (a mixed 5-HT,,/5-HT ;5 agonist) in
mice that do not possess the 5-HT,; receptor subtype. Experiments with RU 24969 using normal mice
or rats have shown anxiogenic- as well as anxiolytic-like effects; and, in some studies, the drug was
found to be inactive (Fig. 2f). A more detailed analysis of the data indicates that in ethologically based
procedures, RU 24969 produced an anxiogenic effect in 60% of the experiments, whereas it was
inactive or even showed an anxiolytic-like profile in 10 and 30% of the studies, respectively. In
contrast, authors using conditioned paradigms reported an anxiolytic-like action of the compound
in 60% of the investigations, or could not reveal any effect in 40% of the experiments. In the first
category, studies using the ultrasonic distress vocalization paradigm (Gardner, 1985c; Mos and
Olivier, 1989) and the marble burying test (Njung’e and Handley, 1991a) revealed an opposite effect
(anxiolytic) of RU 24969 compared with the other tests of this group (elevated plus-maze and social
interaction test). Thus, results of both tests should be approached with caution. Data obtained with
RU 24969 in traditional conflict procedures are also inconsistent: it was found anxiolytic in the
Vogel’s conflict test in rat (Korneyev and Seredenin, 1993) and in pigeons (Gleeson et al., 1989) and
inactive in the Geller-Seifter paradigm in rats (Deacon and Gardner, 1986) and in monkeys (Gleeson
and Barrett, 1990). This variability might be due, at least in part, to the use of various types of
schedules in conflict procedures or to species differences (particularly in the ‘5-HT,,-like’ receptors).

3.2.3. 5-Hydroxytryptamine,s and 5-Hydroxytrvptamine,- Receplors

5-HT:a (previous name: 5-HT>) receptors are located postsynaptically in many areas of the cortex,
the claustrum, some components of the limbic system and parts of the basal ganglia (Hoyer et al.,
1986). 5-HT,c (previous name: 5-HT () sites are found predominantly in the choroid plexus, as well
as the limbic and basal ganglia areas (Pazos et al., 1984). In general, compounds claimed to be 5-HT.4
receptor selective show similar affinity for 5-HT.c receptors (Hoyer, 1988, Hoyer et al., 1989), which
is not surprising, given the very close structural similarity of these two receptors (Hartig, 1989; Julius
et al., 1988). For that reason, the study into their specific roles in anxiety states is limited.

3.2.3.1. 5-Hydroxytryptamine ;¢ receptor agonists. The most studied drugs of this group are TFMPP
and mCPP, two mixed 5-HT.a.c receptor agonists. The latter has been assessed in more than 30
studies using anxiety models. Most of them described anxiogenic-like effects of mCPP (Fig. 2g). These
results are in accordance with clinical data that demonstrated that mCPP had anxiogenic effects in
healthy subjects and potentiated anxious reactions in agoraphobic, obsessive-compulsive disorder
and panic disorder patients (e.g. Klein ez a/., 1991; Germine et al., 1992; Pigott et al., 1993). As shown
in Fig. 3g, unconditioned paradigms seem particularly sensitive to the anxiogenic effects of mCPP,
as 75% of the studies observed a potentiation in the anxious responses in animals. Again, the marble
burying test (Njung’e and Handley, 1991b) and the ultrasonic distress vocalization test (Winslow and
Insel, 1991a) revealed an opposite effect. The result of the latter study is surprising, as the same
authors found an anxiogenic-like action of TFMPP, a compound pharmacologically closed to mCPP.
Only eight studies have investigated the effect of mCPP in conditioned procedures (compared with
24 in unconditioned models). Some of these found an anxiogenic-like effect (Kilts ez a/., 1982 in the
Vogel’s conflict test; Mansbach and Geyer, 1988 in the fear-potentiated startle reflex test; Martin,
1993 in the shuttle box), while others reported an anxiolytic-like profile (Davis ef al., 1986 in the
fear-potentiated startle reflex test; Jenck e a/., 1989a in the DPAG-stimulation paradigm; Meert,
1989 in the shock—probe burying test) or no effect at all (Davis er al., 1986 in the fear-potentiated
startle reflex test; Rocha er al., 1993a in the conditioned taste aversion). Differences in procedures



374 G. Griebel

or methodology might explain some of these discrepancies in the results obtained with these latter
tests. Thus, studies using the rat fear-potentiated startle reflex paradigm, in which mCPP was
variously found to be anxiolytic, inactive or anxiogenic, used four different administration routes:
subcutaneous (anxiogenesis), intrathecal (inactive), intraperitoneal (anxiolysis) and intracerebroven-
tricular (anxiolysis). Results obtained with unconditioned procedures are closer to the clinical results,
and this must be taken into account in future investigations of such agents.

3.2.3.2. 5-Hydroxytryptamine.nc receptor antagonists. As with ligands for other 5-HT receptors,
studies with 5-HT.ac receptor antagonists have produced equivocal results. Figure 2h shows results
obtained with ritanserin, the most studied compound in this category. To date, 50 experiments have
investigated the behavioral effects of ritanserin in animal models of anxiety. The drug has been found
to produce anxiolytic-like effects in more than 40% of the studies, while 12% of them reported
evidence for increasing anxiety. Finally, 44% of the reports indicated a lack of activity of the drug
in these tests. There is no evidence for a greater sensitivity for one or the other category of models
(Fig. 3h). Thus, ritanserin has been reported to have disinhibitory effects, anxiogenic-like effects
and/or even no effect in the traditional conflict procedures (Geller—Seifter and Vogel), as well as in
exploration tests, such as the elevated plus-maze, the light/dark test or the open-field. It must be
emphasized, however, that in one of the models (pigeon conflict paradigm), ritanserin produced
reliable and reproducible anti-conflict activity, although the magnitude of the effects is less than those
observed in this particular model with benzodiazepines (Gleeson et al., 1989; Brocco et al., 1990).

A similar behavioral profile is seen with other mixed 5-HT,a.c receptor antagonists, such as
ketanserin, cinanserin, ICI 169369, mianserin or the more recently synthesized compound LY 53857.
Clinical studies with ritanserin also reported a variety of effects. Thus, it was found to be effective
in generalized anxiety disorders (Ceulemans er al., 1985; Arriaga et al., 1986; da Roza Davis et al.,
1992), agoraphobia (Humble e7 al., 1986) and aversive classical conditioning in healthy volunteers
(Hensman ef al., 1991), but these effects have not been confirmed systematically (Ceulemans, 1985)
and do not appear to extend to panic disorder. Indeed, panic may even be exacerbated by ritanserin
(Den Boer and Westenberg, 1990). The reasons for this apparent difference in anxiety-modulating
action of ritanserin and related compounds remain to be determined. Perhaps the evaluation of the
behavioral effects of more selective ligands for either the 5-HT:s or the 5-HT,c site now available
(e.g. SR 46349B for the 5-HT,, subtype) could shed light on the differential involvement of these
receptors in the modulation of emotional responses.

3.2.4. 5-Hydroxytryptamine; Receptor Antagonists

The identification and characterization of 5-HT; binding sites in brain tissue, in particular in limbic
areas such as the amygdala (Kilpatrick e al., 1987; Barnes et al., 1988; Peroutka and Hamik, 1988),
and the synthesis of highly selective ligands for these receptors, have been the starting point of
numerous studies that investigated the behavioral action of 5-HT; receptor antagonists in animal
models of anxiety.

A number of 5-HT; receptor antagonists has been examined for potential anxiolytic-like activity
in animals: anpirtoline, DAU 6215, GR 68755, granisetron (BRL 43694), MDL 72222, ondansetron
(GR 38032F), RS-42359-197, tropisetron (ICS 205-930), WAY 100289, Y-25,130 and zacopride.
Among these compounds, ondansetron has been the most studied. More than 75 experiments have
investigated the modulatory action of ondansetron on anxiety-related responses in animals. As
shown in Fig. 2i, 66% of the results provided evidence for an anxiolytic-like action of this compound,
while 33% of them did not observe any modification in the animals’ responses. Only one study
reported an anxiogenic action of ondansetron (Gleeson er al., 1989). This is surprising in view of
the outcomes of the other drugs mentioned in Sections 3.1.1-3.2.3, which all reported clear evidence
for both anxiolytic- and anxiogenic-like effects. More precisely, authors using ethologically based
tests reported an anxiolytic-like effect in 72% of the cases (Fig. 3i). Interestingly, most of these studies
revealed a positive effect over a wide dose range, with minimum dose levels in the nano/picogram
range. Furthermore, ondansetron mimics the anxiolytic activity seen with benzodiazepines.
However, they differ from the latter as they lack the sedative and muscle relaxant effects of
benzodiazepines and fail to antagonise electric shock and leptazol-induced convulsions (Costall et al..,
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1988e). In addition, unlike benzodiazepines, ondansetron and 5-HT; receptor antagonists, in general,
have been found to enhance performance in tests of cognition (Costall er al., 1992b).

As shown in Fig. 3i, however, in some studies using these same models (28%), ondansetron has
failed to show anxiolytic-like effects. Obviously, some methodological problems with procedures
involving spontaneous behavior influence the data obtained. For example, negative results have been
observed in the light/dark choice paradigm when rats were the experimental subjects (Morinan, 1989;
Kshama er al., 1990). Furthermore, ondansetron was found to be inactive in a few studies using the
elevated-plus maze. As mentioned in the Introduction, these differences evidently are produced by
a multitude of, perhaps small, methodological differences that do not necessarily become clear, even
with the most detailed scrutiny of published reports. In addressing the problem raised by the
plus-maze data, Handley and McBlane (1993b) recently questioned whether such differences could
involve genetic variability in rats or even investigation, as minor stressors often affect positively
motivated behavior.

When the reliance has been placed on conditioned procedures, the potential anti-anxiety actions
of 5-HT; receptor antagonists have been observed in only a few studies. For instance, ondansetron
was found to be anxiolytic in 44% of the investigations using conditioned procedures, whereas it was
ineffective in 50% of such studies (Fig. 3i). Costall and Naylor (1991) recently have suggested that
the models failing to show anxiolytic-like effects of 5-HT; receptor antagonists may be insensitive
to novel pharmacological mechanisms involved in anxiety. Alternatively, Barrett and Vanover (1993)
speculated that the specific conditions of the models revealing an anxiolytic-like action of these agents
may be sensitive to a behavioral effect other than an anxiolytic effect. No matter what approach is
used, only positive effects in clinical trials can help to decide which of the animal models are the best
predictors of these effects. Even less is known, from a clinical point of view, about possible anxiolytic
effects of 5-HT; receptor antagonists. Whilst a number of open and placebo-controlled studies have
either been carried out or are under way since 1986 (Schweizer and Rickels, 1991), only one has been
published so far. Lecrubier et al. (1993) recently reported that tropisetron is efficacious in the
treatment of generalized anxiety disorder. However, no data from any other of these studies have
been made available yet, apparently because 5-HT; receptor antagonists do not show significant
treatment differences between drugs and placebo.

In conclusion, in the case of 5-HT; receptor antagonists, both types of animal models appear to
have little problem finding an anxiolytic-like effect. Yet, this does not show up in the clinical tests.
Insofar as this is true, it indicates that we can get good agreement (in the published literature at least)
regarding a particular effect in animal models, yet not predict good clinical efficacy. This suggests
(a very practical outcome) that more favorable attention be given to the publication of nonsignificant
effects, and, second (of more scientific interest) that we continue and, in fact, enhance our efforts to
understand why animal models sometimes predict and why they sometimes do not.

4. PERSPECTIVES AND SUMMARY

It is obvious from the data discussed above and summarized in the table that 5-HT-related drugs
have equivocal anxiety-modulating properties in animal models. The reasons for this variability in
drug effect remain in great part unknown, but certainly include some factors (such as species
differences or sex of the animals), which have been widely assessed in many recent reviews (e.g. Barrett
and Gleeson, 1991; Briley e al., 1991; Costall and Naylor, 1991; de Vry et al., 1991; Handley, 1991;
Treit, 1991; Oakley and Tyers, 1992; Wettstein, 1992; Barrett and Vanover, 1993; Handley and
McBlane, 1993a,b,c; Hughes, 1993; Schreiber and de Vry, 1993). Much of the current interest in
this field is focussed on differential responsivity of various animal paradigms after 5-HT drug
challenge. As reviewed in the present paper, agents triggering the release or increasing the availability
of 5-HT, such as the neurotransmitter itself, 5-HT reuptake inhibitors, RU 24969 or mCPP usually
promoted anxiety responses in ethologically based procedures, whereas they were inactive or even
decreased emotional reactivity in traditional learning paradigms. Clearly, the results obtained in
unconditioned models seem more consistent with the classic 5-HT hypothesis of anxiety, which
assumes that 5-HT activity enhances anxiety. Hence, these results question the validity of conditioned
paradigms, in particular conflict tests, in the investigation of the behavioral effects of drugs known
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to possess anxiogenic properties, including compounds stimulating 5-HT neurotransmission. As
mentioned by Treit (1985), one of the problems with conflict tests is that significant anticonflict effects
have been produced by drugs that either produce or potentiate anxious responses in humans, such
as amphetamine (Lehman and Ban, 1971; McMillan, 1973; Miczek, 1973; McKearney and Barrett,
1975), LSD (Commissaris and Rech, 1982), caffeine (Beer et al., 1972), isoproterenol (Patel and
Malick, 1980) or the fB,-adrenoceptor antagonists idazoxan and yohimbine (Sanger, 1991).
Obviously, the data from these latter studies, as well as some that reported anxiolytic-like action of
drugs stimulating the 5-HT system, confirm Treit’s assumption (Treit, 1985) that conflict tests are
not totally selective, and strongly suggest that these paradigms are ‘only’ animal models of ‘anxiolytic’
drugs. This is problematic when considering the behavioral studies of newly synthesized drugs, as
we do not necessarily expect one or the other effect of these compounds. Thus, to detect false-positive
effects in conflict procedures, authors should complete their studies by adding results obtained in
models able to reveal both anxiolytic- and anxiogenic-like properties of drugs. This is less likely to
happen, however, when it is required that conditioning task researchers should adopt ethological
tasks, or vice versa.

In contrast, data showing anxiolytic-like effects with compounds interacting selectively with
5-HT,, receptors, or even with drugs blocking 5-HT:ac binding sites, did not provide evidence that
one particular category of models isinvolved in one particular effect. As with benzodiazepine receptor
agonists, both conditioned and unconditioned tests revealed, in the majority of cases, an
anxiolytic-like action of 5-HT,, full or partial agonists, even if these effects were more variable and
smaller in magnitude when compared with standard anxiolytics. As it has been assessed in previous
reviews (see references above), these phenomena are not discussed in the present paper. Furthermore,
Treit’s assertion that only the light/dark choice paradigm, the social interaction test and the
fear-potentiated startle model show ““good sensitivity to both benzodiazepine and 5-HT 4 agonists”
is unacceptable, as both 8-OH-DPAT and buspirone were found to have anxiolytic, anxiogenic or
null effects in all three models (see Table 1). At this time, only the conflict procedure in pigeons
revealed invariably an anxiolytic-like action of 5-HT,1 compounds, and this effect is comparable to
that obtained with benzodiazepines (Barrett and Vanover, 1993). However, these results must be
confirmed by laboratories other than that of Barrett’s group, which investigated in great part the
effects of these drugs in the pigeon’s conflict test.

Anxiolytic-like effects of 5-HT; receptor antagonists have also been established only in selected
test procedures. Consideration of the distinction between ethologically based tests, and
‘conventional’ testing procedures indicates that these effects only occur in the first mentioned models.
In these, only the light/dark choice paradigm in mice constantly showed an anxiolytic-like action of
these agents.

Variation in the effects of 5-HT drugs in animal models of anxiety could reflect differences in the
degree to which the models themselves represent fear or anxiety (Treit, 1991). It is obvious that all
models are not equivalent. Thus, models based on reactions to non-painful stressors or on
spontaneous responses, in particular exploration procedures or the social interaction test, may reflect
a type of anxiety linked with uncontrollable stress (‘depressive anxiety'), as animals are exposed by
force to a novel and/or aversive environment from which they cannot escape, while those based on
conditioning and/or reactions to painful stressors. especially the Geller-Seifter and Vogel’s conflict
tests, may reflect a type of anxiety associated with controllable aversive events (‘anticipatory anxiety’)
(Gardner, 1986; Soubri¢ and Thiébot, 1986). Thus, 5-HT modulation at 5-HT; target sites might be
selectively involved in situations dealing with the so-called ‘depressive anxiety’, whereas 5-HT 4, and
perhaps 5-HT.a ¢ receptors, may be involved in both types of anxiety-related responses. This view
is akin to Gardner’s, Handley’s and McBlane’s assumption of the existence of multiple 5-HT
mechanisms in anxiety (Gardner, 1986; Handley, 1991; Handley and McBlane, 1991).

To shed light on the complex story concerning the involvement of 3-HT neurotransmission in the
regulation of emotional reactivity, clinical investigations more and more hold the key. Several
5-HT-interacting compounds are now in various phases of clinical development, in particular, drugs
acting selectively at S-HT 4 sites (e.g. S20499, MDL 73005EF, WY-50,324). Information from clinical
trials should permit future experimental research in this area to focus more precisely on the behavioral
paradigms that are particularly sensitive to the effects of 5-HT drugs and on the 5-HT receptor
subtypes that are specifically involved in the modulation of fear-related behaviors.
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