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Abstract

5-HT research is now more than 50 years old, and it has generated a wealth of therapeutic agents, some of which have had a major

impact on disease management. The 5-HT reuptake inhibitors (SSRIs) are among the most widely prescribed drugs for treating depression

and a variety of other disorders including anxiety, social phobia and premenstrual dysphoria (PMD). The other major success stories of

5-HT research are the discovery of 5-HT1B/D receptor agonists for treating migraine and 5-HT3 receptor antagonists for chemotherapy

and radiation-induced emesis. The role of 5-HT in the mechanism of action of antipsychotic agents remains a topic of intense research,

which promises better treatments for schizophrenia in the future. Compounds interacting with 5-HT1F, 5-HT2C, 5-HT6 and 5-HT7

receptors are currently under investigation and may prove to have important therapeutic applications in the future. D 2002 Published by

Elsevier Science Inc.
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1. Introduction

Since its discovery over 50 years ago, 5-HT has been

the topic of intense research activity, which has led to the

discovery of a range of potential drug targets: the recep-

tors, the metabolising and synthetic enzymes, the uptake

sites. Some have been exploited successfully and drugs

are available and some have delivered compounds cur-

rently under preclinical or clinical evaluation. For others,

the scientific evidence shows that they are unlikely to be

of value as drug targets, and several others remain

untried. The disorders treated by drugs modulating 5-HT

function cover a wide range, from chemotherapy-induced

emesis to depression.

The early research on 5-HT was focused on its func-

tions in peripheral tissues (Gaddum and Hameed, 1954),

and it was not until much later that its function as a

neurotransmitter in the brain was demonstrated (Dahlström

and Fuxe, 1964). This was a major turning point in the

discovery of therapeutic agents that modify 5-HT function.

There are some very important peripheral therapeutic

applications of 5-HT research, but it is a fact that a large

proportion of the research to exploit 5-HT pharmacology

for therapeutic benefit has focused on its CNS functions.

This is illustrated by a survey of the best-selling CNS

drugs worldwide in 2000—the top five all modulate 5-HT

function (Table 1).

5-HT has been shown to have a multitude of different

physiological actions, and this is not surprising given the

nature of the 5-HT neuronal system and the variety of

different 5-HT receptors (Barnes and Sharp, 1999). The

5-HT neurones originate in the hindbrain in a relatively

circumscribed area, but they send projections to most

parts of the brain (Azmitia and Whitaker-Azmitia,

1991). Couple that with the multiple ways that 5-HT

can exert its action through many different receptors and

it becomes clear why the pharmacology of 5-HT in the

CNS is so complex. Furthermore, 5-HT is known to

interact with other neurotransmitter systems, and the

literature is particularly rich in publications in the inter-

actions of 5-HT systems with dopaminergic systems

(Lieberman et al., 1998).

In this short review, we have looked at the disorders

that benefit from 5-HT research currently and those that

may benefit in the future. As the subject is so large, we

have not been able to delve into the detail. Where possible,
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we have quoted reviews on the topics so that the interested

reader can proceed with further reading.

2. Depression

Drugs derived from the monoamine theory of depression

have dominated the treatment of depression (Schildkraut,

1965). Indeed, the monoamine reuptake inhibitors and the

monoamine oxidase inhibitors were shown to have antide-

pressant activity by chance, and the discoveries of their

modes of action were instrumental in developing the mono-

amine theory.

In the days when the monoamine theory of depression

was evolving, the focus was more on noradrenaline than

5-HT or dopamine. The theory developed from observations

that reserpine depleted monoamines and caused depression,

whereas the monoamine oxidase inhibitors and monoamine

reuptake inhibitors enhanced monoamine function and

thereby relieved depression. Unravelling which of the three

monoamines was most important in this context was the

subject of extensive research. It became clear that the

compounds with the greatest selectivity for noradrenaline

uptake, such as desmethylimipramine, had similar antide-

pressant activity. Against this background, there was limited

optimism that a compound selective for 5-HT reuptake

would be a major advance. The imipramine analogue

clomipramine was reasonably selective for 5-HT reuptake

but did not show any advantages as an antidepressant (but

see Section 6). Subsequently, nontricyclic, highly selective

5-HT reuptake inhibitors (SSRIs) such as fluoxetine, parox-

etine and sertraline were discovered.

Although intellectually, the discovery of the selective

SSRIs represented an incremental step in the development

of antidepressant drugs, their clinical impact was much

greater than anticipated, and they are now the drugs of

choice in treating depression. Their efficacy is similar to that

achieved by traditional tricyclic agents, but they have far

superior side effect profiles and, in particular, they do not

have the potentially dangerous cardiac liability of the tricy-

clics. They are among the most widely prescribed class of

therapeutic agents and represent one of the biggest success

stories of 5-HT research (Goodnick and Goldstein, 1998).

Like the tricyclic antidepressants, the SSRIs have a

delayed onset of action of 2–6 weeks before the therapeutic

effect becomes established. There is some evidence that this

delay can be shortened by giving high doses in an aggress-

ive, rapidly escalating dose regimen, but the relatively rapid

onset is achieved at the expense of adverse effects (Stahl

et al. 2001).

To discover an antidepressant that has an effect within

days rather than weeks, researchers have been trying for

decades to understand the reasons for the delay in onset of

antidepressant action. The focus has been mainly on SSRIs.

The most convincing theory is that inhibition of 5-HT

reuptake initially causes activation of the presynaptic 5-

HT1A receptors on the cell bodies in the dorsal and median

raphe. This inhibits the firing of 5-HT neurones, so reducing

rather than increasing the release of 5-HT at the terminals.

(For an opposing view, see Kalsner, 2000.) The desired

effect is an increased activation of the postsynaptic 5-HT

receptors in the forebrain, but this is not achieved until the

raphe 5-HT1A receptors become desensitized. The obvious

conclusion to draw from this is that selective blockade of the

presynaptic raphe 5-HT1A receptors, ideally with no effect

on the postsynaptic forebrain receptors, should short circuit

the need to achieve desensitization and thereby hasten the

onset of antidepressant action of the SSRIs (Blier, 2001).

The problem with putting this into practice clinically is

that there are no selective 5-HT1A receptor antagonists

available for clinical use. However, Artigas et al. pioneered

the use of pindolol as a 5-HT1A receptor antagonist for

proof of this concept. Pindolol has a high affinity for beta-

adrenoreceptors so its dose in depression trials has to be

limited to avoid cardiovascular effects: 7.5 mg/day has been

used in nearly all of the studies, considerably less than the

doses used for treating hypertension (up to 45 mg). One

feature of pindolol that may work in its favour is that it

appears to have a selective action on presynaptic over

postsynaptic 5-HT1A receptors (Romero et al., 1996).

The results of the initial open trials were very encour-

aging (Artigas et al., 1994). When double blind, placebo-

controlled studies were undertaken, the results were less

clear-cut, and some trials failed to show any advantage of

the pindolol–SSRI combination (Artigas et al., 2001).

However, the evidence from at least half of the trials favours

the combination as providing a faster onset of action. Fewer

cases showed an improved response rate, but there was no

benefit in treating resistant depression (Perez et al., 2001).

It has been suggested that the limited improvements

achieved with pindolol relate to the dose limitations and

that higher doses would give greater benefit. With this in

Table 1

Worldwide leading CNS products in 2000

Rank Product Generic name Mechanism of action Therapeutic class 2000 sales (mi USD)

1 Prozac Fluoxetine SSRI Antidepressant 2875

2 Seroxat Paroxetine SSRI Antidepressant 2416

3 Zyprexa Olanzapine DA2/5-HT2/other Antipsychotic 2391

4 Zoloft Sertraline SSRI Antidepressant 2248

5 Risperidal Risperidone DA2/5-HT2/other Antipsychotic 1707

Source IMS: sales figures based on prescription sales.
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mind, receptor occupancy studies have been undertaken

using positron emission tomography in human volunteers

with the selective PET tracer [11C]-WAY 100,635. A dose

of 7.5 mg daily of pindolol achieved around 40% receptor

occupancy of 5-HT1A receptors in the raphe region but

only 20% receptor occupancy in a postsynaptic region

such as the hippocampus. Furthermore, the intersubject

variability was high (Martinez et al., 2001). It would seem

unlikely that the dose of pindolol used in the interaction

studies with SSRIs was high enough to truly test the

hypothesis. The same conclusion was drawn from a study

of the pindolol–paroxetine combination in guinea pigs

using microdialysis to measure pindolol concentrations in

brain (Cremers et al., 2001). The issue may therefore not

be decided until a better 5-HT1A receptor antagonist

becomes available for clinical use.

There is, however, an additional element to consider:

The 5-HT1B terminal autoreceptors are probably also

involved in the adaptive response to SSRIs, and it may

require their desensitization to achieve the antidepressant

action. If so, antagonists of the terminal 5-HT1B autore-

ceptors may be rapid-onset antidepressants. This mech-

anism does not rely on desensitization of somatodendritic

5-HT1A receptors and therefore bypasses the control of

firing rate at the cell bodies (Roberts et al., 1997). Unfortu-

nately, no selective 5-HT1B receptor antagonists have

reached clinical trials to date, although tool compounds

such as SB-224289 are available (Selkirk et al., 1998). It

has been suggested that such compounds might be used in

combination with SSRIs, or the properties combined into

one compound for a rapid-onset antidepressant (Matzen et

al., 2000). On theoretical grounds, if the somatodendritic

5-HT1A autoreceptor inhibition is important, the 5-HT1B

receptor antagonist alone might have a more rapid onset

than the combination. Reuptake inhibition would invoke

somatodendritic autoinhibition, which would, in turn,

reduce 5-HT release at the terminals and nullify the action

of the 5-HT1B receptor antagonist.

It should be noted that the control of 5-HT neuronal

function is undoubtedly more complex than the picture

painted above. For instance, there are 5-HT1B and

5-HT1D receptors in the raphe region, and they appear to

be involved in the control of 5-HT function. This area has

been reviewed recently (Stamford et al., 2000).

The old question of ‘‘Why not simply use a postsynaptic

receptor agonist instead of enhancing the action of 5-HT?’’

has not been answered satisfactorily. The problem is that the

identity of the key postsynaptic 5-HT receptor(s) is not

known with certainty, although the 5-HT1A receptor has

been proposed (Blier and de Montigny, 1994). A selective

postsynaptic 5-HT1A receptor agonist has not yet been

discovered, and the history of 5-HT1A receptor research

would suggest that it will be a very difficult objective: It has

been easier to find agonists apparently selective at presy-

naptic receptors. This probably reflects the fact that the

receptor reserve is much higher in the presynaptic regions,

so partial agonists appear to be antagonists at the postsy-

naptic receptors and agonists at the presynaptic receptors

(Meller et al., 1990; Yocca et al., 1992). A selective, full

5-HT1A receptor agonist will activate postsynaptic recep-

tors, but it will also shut down the firing of 5-HT neurones.

What impact this would have is difficult to predict, but it

would obviously prevent activation of other postsynaptic

5-HT receptors.

Activation of a single 5-HT receptor type may not be the

answer; reuptake inhibitors indirectly cause activation of all

postsynaptic receptors, and it may be that this is what is

needed to achieve an antidepressant action. There is also a

current belief that activation of both 5-HT and noradrenaline

receptors may be required, in effect reverting back to the

original profile of the tricyclic antidepressants but without

their limiting side effects. Venlafaxine is the archetype of

this new generation of antidepressants referred to as sero-

tonin–noradrenaline reuptake inhibitors (SNRIs). It has

been reported that it can achieve a statistically significant

antidepressant effect in a week with high-dose treatment

(Rudolph et al., 1998).

In view of the strong link between 5-HT and mood, there

may be new opportunities to exploit 5-HT pharmacology to

treat depression in the future. For instance, it has been

suggested that selective 5-HT2C receptor antagonists could

have antidepressant properties by virtue of their ability to

enhance mesolimbic dopaminergic function (Di Matteo

et al., 1999).

3. Schizophrenia

This is an area of 5-HT research where there is still much

to be learned about the role of 5-HT in the pathophysiology

of schizophrenia and the action of antischizophrenic drugs.

The story began when it was shown that the indole-con-

taining hallucinogenic agents such as LSD interacted with

5-HT systems, although at the time it was believed to be an

antagonist at 5-HT receptors (Woolley and Shaw, 1954).

The general consensus now is that LSD and other halluci-

nogens like 2,5-dimethoxy-4-methylamphetamine (DOM)

and 2,5-dimethoxy-4-iodoamphetamine (DOI) induce hallu-

cinations by activating 5-HT2 receptors. Furthermore,

experimental evidence in animals suggests that it is the

5-HT2A receptor rather than the 5-HT2C receptor that is

involved: discriminative stimulus properties of DOM and

DOI are blocked by selective 5-HT2A receptor antagonists

but not 5-HT2C receptor antagonists (Schreiber et al., 1994;

Winter et al., 1999). LSD and similar hallucinogens do not,

in reality, induce a good representation of schizophrenia,

particularly as they induce visual hallucinations rather than

the auditory hallucinations characteristic of schizophrenia.

The syndrome induced by the NMDA antagonist phency-

clidine is regarded as a closer mimic of schizophrenia and,

furthermore, its effects are inhibited by 5-HT2A receptor

antagonists (Millan et al., 1999). The link between seroto-
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nergic and glutamatergic systems may be a very important

element in the pathophysiology of schizophrenia and is

becoming prominent in modern thinking on the topic

(Aghajanian and Marek, 2000).

The actions of antipsychotic agents offer a different

perspective on the role of 5-HT in schizophrenia. Most

antipsychotic agents are dopamine D2 receptor antagonists,

but many of them, notably the atypical antipsychotic agents,

also block 5-HT receptors, particularly 5-HT2A and

5-HT2C receptors. Interestingly, the ones with the strongest

5-HT receptor blocking activity tend to be the ones with the

lowest extrapyramidal side effects (EPS), and there is

preclinical evidence indicating that 5-HT2C receptor block-

ade is responsible for reducing EPS: 5-HT2C receptor

antagonists but not 5-HT2A receptor antagonists inhibit

haloperidol-induced catalepsy in rats (Reavill et al., 1999).

However, the evidence that the 5-HT receptor blocking

actions contribute to the antipsychotic effect is lacking.

Nevertheless, the atypical antipsychotic agents are now

preferred to the traditional agents and represent the most

obvious target for designing potent antipsychotic agents

with benign side effect profiles. The difficulty lies in

understanding the contributions of the different elements

of their pharmacology. If we accept that the interactions

with 5-HT systems are critical, what are the most important

interactions and how can we design better compounds?

Clozapine has been held to be the key to this riddle—it is

the most effective agent in chronic schizophrenia, it has a

low propensity for EPS and it does not induce tardive

dyskinesia with prolonged treatment. Its use is limited by

its propensity to induce agranulocytosis, so patients must be

monitored closely. It is testimony to our poor understanding

of the mechanisms underlying the action of clozapine that a

drug with a serious side effect is an essential part of our

armamentarium against psychosis.

So what is the secret of clozapine? It has a very wide

range of pharmacological actions, and it is not clear which

ones contribute to its unique clinical profile. It is a modest

dopamine D2 receptor antagonist, but it also acts on several

5-HT receptors: Its highest affinity is for the 5-HT2A

receptor but it also acts on 5-HT2C, 5-HT1A, 5-HT3,

5-HT6 and 5-HT7 receptors (Brunello et al., 1995). The

observation that clozapine inhibits the psychotic symptoms

induced by phencyclidine in normal volunteers suggests that

5-HT2A receptor antagonism may contribute to the anti-

psychotic properties of clozapine.

A further observation supporting the involvement of

5-HT2A receptors in antipsychotic actions was made by

Varty and Higgins (1995), who were studying dizocilpine-

induced prepulse inhibition. This is a test that has good

face and construct validity as a model of the sensorimotor

gating deficit in schizophrenia (for a comprehensive

review, see Geyer et al., 2001). Whereas selective dop-

amine D1 and D2 receptor antagonists did not have any

effect, risperidone, a combined D2/5-HT2 receptor ant-

agonist, was effective. To confirm that this was a 5-HT2-

mediated effect, the authors demonstrated that ketanserin

and metergoline were also effective.

Whether blockade of 5-HT2A receptors alone is

adequate for an antipsychotic action is still not clear. There

is some evidence that ritanserin, a 5-HT2A/C receptor

antagonist has efficacy in schizophrenia, but not all studies

are in agreement (Lieberman et al., 1998). The outcome of

trials in schizophrenia with M100907, which is a very

selective 5-HT2A receptor antagonist, should make this

clear. It has already been established that the drug gives

high occupancy of 5-HT2A receptors in the brains of

schizophrenics when measured with positron emission

tomography (Talvik-Lotfi et al., 2000).

There is little doubt that 5-HT and dopaminergic systems

have very strong interactions (Lieberman et al., 1998), and

when we finally understand the mechanism of action of the

atypical antipsychotics, one of the most likely outcomes is

that a combined action at both dopamine and 5-HT receptors

is required for optimal activity.

While the evidence for the role of 5-HT2 receptors in the

mode of action of clozapine is reasonably strong, there is a

suggestion that 5-H1A receptors may also be involved

(Millan, 2000). There is good evidence that 5-HT1A receptor

density is high in the frontal cortices of schizophrenics

(Burnet et al., 1997), and the same phenomenon has been

observed in the cerebellar vermis (Slater et al., 1998).

Whether this is a common feature in schizophrenia or a

characteristic of a subpopulation remains to be established.

Clozapine is a partial agonist at 5-HT1A receptors (Newman-

Tancredi et al., 1998), but other 5-HT1A partial agonists such

as buspirone are anxiolytic rather than antipsychotic. Never-

theless, the observation that they inhibit the catalepsy induced

in experimental animals by classical neuroleptic agents sup-

ports the belief that the 5-HT1A partial agonist property of

clozapine contributes to its low EPS (Bantick et al., 2001).

Whether full or partial agonism at 5-HT1A receptors is

optimal in an antipsychotic agent is not clear and given the

complexities around interpreting the impact of different

levels of partial agonism of 5-HT1A receptor agonists (see

Section 2), unravelling the role of this property in the action

of clozapine will remain a considerable challenge.

5-HT3 receptor antagonists were predicted to have

antipsychotic activity by experimental models (Costall

and Naylor, 1994a), but the clinical experience with

these compounds in schizophrenia has been disappointing

(Greenshaw and Silverstone, 1997). In an open trial in

patients with psychosis in advanced Parkinson’s disease,

ondansetron had a beneficial effect on the psychosis,

particularly the visual hallucinations (Zoldan et al.,

1995). The compelling evidence provided by the animal

models does provoke thoughts that the therapeutic benefit

of these compounds in psychosis has yet to be uncov-

ered, and there may be other populations of psychotic

patients that respond to 5-HT3 receptor antagonists.

Considering the problems encountered with conventional

antipsychotic agents, it would seem worthwhile to invest-
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igate the 5-HT3 receptor antagonists further as most of

them have benign side effect profiles. Of course, cloza-

pine also possesses 5-HT3 receptor antagonist properties

that possibly contribute to its unique therapeutic profile

(see above).

The neurodevelopment role of 5-HT may be important

in the patholophysiology of schizophrenia. It has a role in

promoting appropriate connections between neurones and

in the maintenance and remodelling of synapses (Lieber-

man et al., 1998). The neurodevelopmental theory of

schizophrenia is becoming increasingly more compelling

(Harrison, 1999). Although the prevailing belief is that

prenatal neurodevelopment is disordered, the most com-

mon period for the emergence of symptoms is in the third

decade of life. Perhaps the key is what happens in

adolescence, when there is a rationalization of synapses

to establish adult brain function. Dysfunction at this point

could result in inappropriate connections and the disor-

dered thinking that is characteristic of schizophrenia.

Whether 5-HT is involved in this process is an intriguing

topic for further research that could throw more light on

the underlying cause of schizophrenia and could possibly

lead to the discovery of preventative therapy.

4. Generalized anxiety disorder (GAD)

The most prevalent anxiety disorders are GAD, obsess-

ive–compulsive disorder (OCD), posttraumatic stress dis-

order (PTSD), social anxiety disorder (SAD), phobias and

panic attacks (see relevant sections below). Collectively,

these are the most common of mental illnesses and are

costing the US as much as depression. However, less than

one-third of these people are receiving proper treatment, and

43% of people with anxiety disorders are also depressed

and/or substance abusers (National Anxiety Association).

GAD is characterized by periodic anxiety that is not

manifested into discrete panic attacks or phobias (Hidalgo

and Davidson, 2001). Increased psychomotor tension,

autonomic overactivity and hypervigilance are common.

According to DSM-III-R criteria, documentation of several

symptoms that include elements of motor tension, auto-

nomic hyperactivity, vigilance and scanning are required

for diagnosis over a 6-month period. More often than not,

the disorder pursues an intermittent course with exacerba-

tions and remissions over several years. However, in

contrast to PD, patients with GAD do not present with

cardiopulmonary and neurological symptoms. When

patients consult with physicians, they present worries

about their health, or that of their loved ones, low grade

nervousness, insomnia, headaches and gastrointestinal and

urinary complaints (Hoehn-Saric and McLeod, 1985).

Benzodiazapines have long been considered first-line

therapy for the treatment of GAD, having effects on both

psychic and somatic symptoms. However, major problems

are associated with chronic use of benzodiazepine-type

anxiolytics in the clinic, including the development of

tolerance to their anxiolytic effects and a withdrawal anxio-

genesis following cessation of chronic drug administration.

Recent clinical studies have shown SSRIs and the SNRI

venlafaxine (extended release) to be effective in the treat-

ment of patients with GAD, particularly when GAD is

associated with comorbid conditions such as depression

(Ballenger, 2001; Silverstone and Salinas, 2001). A con-

sensus group recently recommended SSRIs and SNRIs as

first-line treatment in GAD in preference to benzodiazepines

(Ballenger et al., 2001).

The 5-HT1A receptor partial agonists, notably buspirone,

are also effective in the treatment of GAD. Buspirone is not

recommended for first-line therapy because there is a belief

that it does not treat the comorbid conditions such as

depression (Ballenger et al., 2001). However, this may

simply reflect the lack of sufficient data available from

controlled studies (Apter and Allen, 1999).

Of the various compounds with antagonist properties at

the 5-HT2A receptor tested in the clinic, serazepine

(CGS-15040A) showed efficacy in a multicentre trial in

GAD. Effects appeared primarily related to the psychic

components of anxiety (Katz et al., 1993). However, no

further clinical data are available on this compound. More

recently, researchers at GlaxoSmithKline published on a

series of compounds that are selective antagonists at the

5-HT2C receptor. Of these compounds, SB-243213 has

been shown to be active in animal models of anxiety

following acute and chronic administration (Wood et al.,

2001). Additionally, Deramciclane (EGIS 3886), a novel

5-HT2C receptor antagonist, was originated by Egis and is

currently in late phase II trials for the treatment of anxiety in

Hungary and Finland. In animal models, the compound

appeared nontoxic at low doses. It had a high affinity for 5-

HT2A and 5-HT2C receptors in dogs. It appeared to have an

anxiolytic effect in a variety of tests on animal models,

including punished drinking tests, social interaction tests

and maze tests in rats and marble burying tests in mice. It

does not have a muscle relaxant effect but appears to

improve the escape performance of rats in a learned help-

lessness model, indicating that it may also have potential for

the treatment of depression (Pälvimäki et al., 1998).

Preclinical evidence indicated that 5-HT3 receptor

antagonists would be potent inhibitors of anxiety with

minimal side effects (Jones and Piper, 1994). Unfortu-

nately, expectations were not fulfilled in the clinic (Olivier

et al., 2000), although there may still be scope for

investigating lower doses, because the animal studies

showed that these compounds generated bell-shaped

dose–response curves.

Thus, although it is clear that 5-HT drugs have an

important place in the treatment of GAD, more research is

needed to address issues such as whether SSRIs and SNRIs

improve the rate of wellness or remission from GAD and

whether prolonged therapy with these compounds for GAD

protects against later emergent depression.
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5. Social phobia

The high lifetime prevalence of social phobia (about

13%; Kessler et al., 1994) and its debilitating effects on

the patient’s life make it a much more significant health

issue than was appreciated a decade ago. It is characterized

by a high level of comorbidity with other disorders such as

depression, alcohol abuse, eating disorders and other anxi-

ety disorders (Liebowitz, 1999; Brunello et al., 2000).

Consequently, the most successful treatments are those that

will treat the social phobia and the comorbid conditions.

The first pharmacotherapeutic agents to be used success-

fully to treat social phobia were the MAOIs, whereas the

tricyclic antidepressants were less effective (Schneier,

2001). Phenelzine in particular became the drug of choice.

Trials with the reversible MAOIs have been disappointing

(Davidson, 1998) and the need for dietary restrictions with

the irreversible MAOIs has limited their usefulness.

In contrast to the tricyclic antidepressants, the SSRIs are

effective in treating social phobia and are now recommen-

ded as first-line treatment, being much safer drugs than the

MAOIs. Furthermore, they are also useful for treating

comorbid depression and panic (Lydiard, 1998). SSRIs are

also effective in treating agoraphobia, which may coexist

with social phobia (Bakker et al., 2000).

As with other phobias, cognitive–behavioural therapy

(CBT) has an important place in the treatment of social

phobia. Pharmacotherapy can facilitate CBT and may physi-

cians believe that the combination of the two is the optimal

therapy (Brunello et al., 2000).

6. Obsessive–compulsive disorder (OCD)

Tricyclic antidepressants were shown to be effective in

the treatment of OCD many years ago, but evidence

emerged that clomipramine was the most effective of the

tricyclics (Goodman, 1999). Its major differentiator from the

other tricyclics is that it has greater 5-HT uptake inhibitory

action, so it was no surprise when the SSRIs were shown to

be effective. There is some evidence that clomipramine may

be superior to the SSRIs in treating OCD, but the validity of

the meta-analytical studies showing this has been ques-

tioned (Cartwright and Hollander, 1998). There is little

doubt that the SSRIs are better tolerated than clomipramine

and, as a result, they are now the drugs of choice (Vythi-

lingum et al., 2000).

The treatment of OCD with SSRIs requires higher

doses and longer treatments than are required in depres-

sion. It may take 8 weeks or more before significant

benefits are attained and gradual improvement may con-

tinue over 6 months. Discontinuation of treatment causes

relapse, therefore, long-term treatments are indicated

(Cartwright and Hollander, 1998).

A mechanistic insight into OCD was achieved when it

was demonstrated that the nonselective 5-HT receptor

agonist meta-chlorophenylpiperazine (m-CPP) was shown

to exacerbate the symptoms of OCD (Hollander et al.,

1992). This does not accord with the known therapeutic

benefits of SSRIs in OCD, since they are believed to

enhance the functions of 5-HT. Further experiments with

the 5-HT1B/D receptor agonist sumatriptan showed that it

also exacerbated OCD symptoms, although this is not a

consistent observation (see Moret and Briley, 2000). It

should be noted that sumatriptan does not readily pen-

etrate the blood–brain barrier (Humphrey et al., 1991). In

contrast to these observations, patients have been reported

to obtain relief from OCD by taking hallucinogenic

agents, such as psylocibin or LSD, which activate

5-HT2A/C receptors. However, tryptophan depletion does

not have any effect on OCD symptoms (Delgado and

Moreno, 1998).

Related to OCD are the obsessive–compulsive spectrum

disorders (OCSD) such as body dysmorphic disorder and

pathological gambling. Autism (see Section 19) is also

classified among the OCSDs. As in OCD, these disorders

also respond to SSRIs (Hollander, 1998).

7. Panic disorder

Panic disorder is a significant health issue, having a

lifetime prevalence of up to 4% and coexisting with depres-

sion in nearly half of the cases (Wade, 1999). Furthermore,

patients with panic disorder and depression are at high risk

of committing suicide (Sheehan, 1999).

Antidepressants are able to relieve both the panic and the

depression but as with the treatment of depression, the

therapeutic benefit is not evident for 3 weeks or more and

may take considerably longer to reduce the panic attacks to

zero (den Boer and Slaap, 1998). For this reason, high-

potency benzodiazepines are often given in the early stages

of treatment.

The tricyclic antidepressants and the MAOIs were first

shown to be effective in treating panic disorder in the

1960s. The MAOIs are probably more effective than the

tricyclics; clomipramine, the partially 5-HT selective reup-

take inhibitor, is probably the most effective tricyclic. In

accordance with this observation, the effectiveness of the

SSRIs has been demonstrated in large-scale trials and the

SSRIs now established as the treatment of choice in panic

attacks (Goddard and Charney, 1998). The optimal ther-

apy is probably a combination of SSRIs and exposure

therapy (Bakker et al., 2000).

8. Posttraumatic stress disorder (PTSD)

Although this condition was probably familiar to our

warlike ancestors centuries ago, it was only relatively

recently, after veterans of the Vietnam war were studied,

that PTSD gained official recognition. PTSD is now recog-
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nized as a relatively common and treatable medical con-

dition. It has a lifetime prevalence of 5–10% (Ballenger

et al., 2000).

Psychotherapy is understandably a primary treatment

approach, but MAOIs and SSRIs have been shown to be

effective in a small number of trials (Friedman, 1997;

Davidson et al., 2001). It appears from the limited data that

the SSRIs and MAOIs are superior to the tricyclic anti-

depressants in PTSD (Friedman, 1997).

In spite of the limited evidence from clinical trials, SSRIs

are emerging as the pharmacotherapy of choice, although a

combination of SSRI and psychotherapy is probably the

most effective strategy. A bonus associated with the use of

SSRIs is that they reduce alcohol consumption (see Section

18); not surprisingly, many patients with PTSD self-med-

icate with alcohol and may become heavy drinkers or

alcohol dependent.

Some of the trials show a potential differentiation of

treatment response depending on the trauma, and it seems

that the war veterans are relatively refractory to treatment,

probably because they are severely impaired. Unfortunately,

the majority of published trials have been undertaken on this

cohort. This is clearly an area requiring further carefully

controlled studies, particularly in relation to the nature of the

trauma. Avariety of drug types have been tried in PTSD with

little success, and there are still questions over the methodo-

logy to assess the benefits (Friedman, 1997). This is compli-

cated by the fact that PTSD is often comorbid with disorders

in the anxiety–depression spectrum and is frequently asso-

ciated with a variety of somatic symptoms (Davidson et al.,

2001). This complex picture does not encourage the belief

that the pathophysiology of PTSD will become clearer in the

near future, but the benefit of SSRIs is perhaps an indicator

that other 5-HT-modulating drugs should be tried (Davidson

and Connor, 1999; Friedman, 2000).

9. Migraine

This is one of the major success stories of 5-HT research.

Based on the vascular theory of migraine, which states that

dilatation of extracranial vessels is responsible for the head-

ache, colleagues (Humphrey and Feniuk, 1991) reasoned that

selective 5-HT1 receptor agonists would constrict the dilated

vessels and thereby relieve the headache. This led to the

development of sumatriptan which, using current nomen-

clature, is a 5-HT1B/D receptor agonist. Clinical evaluation

of sumatriptan proved the theory to be correct and thus began

a new era of migraine therapy where migraneurs found long-

awaited relief from their debilitating headaches.

Since that time, several other ‘‘triptans’’ have been

developed and marketed (Deleu and Hanssens, 2000;

Tfelt-Hansen et al., 2000), some having considerably longer

durations of action than sumatriptan, which has a plasma

half-life of about 2 h. The reasoning behind increasing the

duration of action is to overcome headache recurrence,

which occurs in about 30% of patients. The triptans may

vary in their rates of headache recurrence, but it is evident

that recurrence does not correlate with duration of action

(Goadsby, 1999).

There is an additional component of the pathophysiology

of migraine that is also inhibited by the triptans: the sterile

neurogenic inflammation in the dura mater that gives rise to

plasma extravasation (Goadsby, 1999). The triptans vary in

their abilities to inhibit this response, although the effect is

believed to be mediated by 5-HT1B receptors. Evidence that

inhibiting the neurogenic inflammation alone is insufficient

to relieve migraine was obtained with the compound

CP-122,288. It is a conformationally restricted sumatriptan

analogue that potently inhibits neurogenic inflammation

without vasoconstrictor activity (Lee and Moskowitz,

1993). Disappointingly, in placebo-controlled trials at doses

believed to be in excess of those required to inhibit neuro-

genic inflammation, the compound was ineffective in treat-

ing acute migraine (Roon et al., 1997).

On the basis of its activity in an animal model of

neurogenic inflammation, LY334370, a selective 5-HT1F

receptor agonist was evaluated clinically as a treatment for

migraine. It was active, albeit at relatively high doses but

with a clean side effect profile (Goldstein et al., 1999). The

triptans also have activity at the 5-HT1F receptor, so a full

exploration of the potential of 5-HT1F receptor agonists in

the treatment of migraine is still required.

10. Pain

Tricyclic antidepressants have been used for many years

in the treatment of chronic pain, particularly postherpetic

neuralgia, facial pain and painful diabetic neuropathy. In

contrast to the antidepressant effect, the analgesic effect is

apparent within days and only requires relatively small

doses. This is a case where the SSRIs are probably inferior

to the tricyclics, although the evidence is limited (Smith,

1998; Lynch, 2001). It is unlikely that the tricyclics owe their

antinociceptive effects to their ancillary receptor blocking

properties because venlafaxine, which is a more selective

5-HT and noradrenaline uptake inhibitor, is at least as

effective as the tricyclics at providing pain relief (Barkin

and Fawcett, 2000). It seems therefore that combined inhibi-

tion of 5-HT and noradrenaline uptake provides the optimal

profile for chronic pain relief.

5-HT applied to a blister base causes pain, and this has

been used as a model in human volunteers. The effect can be

blocked by 5-HT3 receptor antagonists (Fozard, 1994). The

observation that the dorsal horn of the spinal cord contains a

dense population of 5-HT3 receptors also prompted investi-

gations of 5-HT3 receptors and nociception. However, it

seems that in spinal analgesia, 5-HT probably stimulates

GABA release through 5-HT3 receptors and this induces

analgesia (Alhaider et al., 1991). In this case, 5-HT3

receptor antagonists block the analgesia.
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5-HT3 receptor antagonists have not found a place as

analgesic agents, although the initial evaluations in migraine

were promising (Fozard, 1994). In irritable bowel syndrome

(IBS), however, 5-HT3 receptor antagonists are effective in

relieving the pain (see Section 15).

11. Cognitive disorders

There is no drug currently available that has unequivocal

benefit in cognitive disorders such as Alzheimer’s disease,

although cholinesterase inhibitors are effective in some

patients. 5-HT research provides some encouragement that

valuable drugs may become available in the future.

There is experimental evidence in animals that 5-HT6

receptor antagonists are able to enhance cognitive func-

tion (Reavill and Rogers, 2001; Woolley et al., 2001).

This may link to the apparent involvement of 5-HT6

receptors in the control of central cholinergic function

(Bourson et al., 1998). Several pharmaceutical companies

are developing novel 5-HT6 receptor antagonists and the

hope is that these compounds will have therapeutic

benefit in cognitive disorders.

Recently, the 5-HT6 receptor polymorphism C267T was

associated with Alzheimer’s disease, subjects with the 267C

allele being more susceptible to the disease. Furthermore,

this was independent of the coexistence of depression (Liu

et al., 2001).

5-HT3 receptor antagonists were shown to enhance

cholinergic function and this corroborated behavioural evid-

ence that they had cognition-enhancing properties in experi-

mental animals (Costall and Naylor, 1994b). Clinical results

have been variable with both encouraging and disappointing

results (Preston et al., 1992; Broocks et al., 1998).

A great deal of research has been undertaken on the role

of 5-HT in cognition and further information can be found

in two recent reviews (Meneses, 1999; Buhot et al., 2000).

12. Aggression

One of the few sustainable observations linking a bio-

chemical marker of 5-HT function to a psychiatric mani-

festation is that low CSF 5-HIAA concentrations predict a

higher risk of suicide in depressed patients (Asberg et al.,

1976). Low CSF 5-HIAA has also been observed in subjects

with aggressive and impulsive behaviours and Linnoila and

Virkkunen (1992) have postulated a ‘‘low 5-HT syndrome,’’

a disorder of impulse control observed in a subgroup of

violent offenders. The subjects show hypoglycaemia, altered

diurnal rhythms and increased alcohol consumption. There

is, however, no definitive evidence to show whether low

5-HT functioning is either causal or just correlated with

aggression (Berman et al., 1997).

A further link between 5-HT and aggression comes from

the observation that the 5-HT1B receptor knockout mouse

shows increased aggression (Ramboz et al., 1996), and this

accords with earlier observations that ‘‘serenic’’ compounds,

such as eltoprazine, which have 5-HT1A/5-HT1B receptor

agonist and 5-HT2C receptor antagonist activity, decrease

aggression in animal models (Olivier et al., 1986). Eltopra-

zine was tested clinically against aggression in mentally

handicapped patients, but the results were disappointing

(de Koning et al., 1994).

13. Premenstrual dysphoria (PMD)

PMD occurs in about 5% of women of child-bearing age

and is characterized by irritability and anger during the

luteal phase of the menstrual cycle. The strong link between

5-HT function and aggression, coupled with the observation

that PMD sufferers are often depressed, prompted the

suggestion that PMD is a disorder of the 5-HT system

(Eriksson, 1999; Steiner and Born, 2000).

This theory is borne out by a trial showing that the SSRI

paroxetine was more effective in treating PMD than the

noradrenergic antidepressant maprotiline (Eriksson et al.,

1995). Furthermore, the SSRIs provide relief in 1–2 days

(Sundblad et al., 1992), in contrast to their delayed onset in

depression. This offers the major advantage that only short

periods of treatment to cover the luteal phase are required.

Further support for the 5-HT theory of PMD is that the

5-HT1A receptor partial agonist, buspirone, the nonselec-

tive 5-HT receptor agonist meta-chlorophenylpiperazine,

the 5-HT-releasing agent fenfluramine and the 5-HT pre-

cursor tryptophan all have beneficial effects in PMD

(Eriksson, 1999). Since these compounds are not antide-

pressants, it is clear that the relief of PMD is not equivalent

to an antidepressant effect but depends specifically on the

enhancement of 5-HT function. SSRIs enhance 5-HT func-

tion acutely in some regions of the brain where their effects

are not counteracted by autoreceptor inhibition (Hjorth et al.,

2000). This must give a pointer to the key regions involved

in the manifestation of PMD.

14. Chemotherapy and radiation-induced emesis

The emesis induced by chemotherapy and radiation in

cancer patients can be so severe that patients may withdraw

from therapy. The discovery that 5-HT3 receptor antagonists

inhibit the emesis revolutionised the treatment of cancer

with chemotherapy and radiation.

The discovery arose from carefully reasoned experi-

mental research. It was shown in animal studies that

chemotherapeutic agents such as cisplatin released 5-HT

in the gut in vast quantities. This, in turn, activated 5-HT3

receptors in the gut, firing off a vagally mediated response

that resulted in emesis. Further animal studies showed that

this response was blocked by 5-HT3 receptor antagonists

(Andrews, 1994). The two leading 5-HT3 receptor antag-
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onists, ondansetron and granisetron, were shown to be

effective clinically, and both were marketed in a relatively

short time. They are both effective by the intravenous or

oral routes (Walton, 2000).

This is a case where tool compounds were available

before clinical applications were defined. The 5-HT3 recep-

tor was the ‘‘M’’ receptor on guinea pig ileum discovered by

Gaddum and Picarelli in (1957), and several companies had

been using the same preparation to discover selective agents

that blocked the receptor. The discovery of tool compounds

allowed the evaluation of potential therapeutic applications

resulting in the success described above. Several other

therapeutic applications were predicted from experiments

in animal models, but, so far, the antiemetic application is

the only one that has become firmly established (Greenshaw

and Silverstone, 1997).

15. Irritable bowel syndrome (IBS)

IBS is associated with recurrent abdominal pain and

abnormal bowel activity that may reflect hypersensitivity of

the GI tract to normal stimuli. The mechanism underlying the

hypersensitivity is not understood, but there is evidence that

it is mediated by 5-HT, possibly through 5-HT3 and/or 5-

HT4 receptors (Humphrey et al., 1999; Houghton et al.,

1999). IBS is a complex disorder, and there may be a strong

central component to the pathophysiology; in about half the

patients with IBS, there is comorbid anxiety and/or depres-

sion (Farthing, 1999). It is likely that IBS is a cluster of

related disorders rather than a single entity. It follows that one

drug will not be effective in all cases of IBS and in practice, a

wide range of drugs is used in its treatment (Farthing, 1998).

5-HT3 receptor antagonists were predicted to be effective

in diarrhoea-predominant IBS, and this led to the devel-

opment of the long-acting 5-HT3 receptor antagonist, alo-

setron (Humphrey et al., 1999). Although trials with

ondansetron and granisetron showed a reversal in rectal

hypersensitivity in IBS patients, alosetron gave an encour-

aging improvement in IBS symptoms, but only in women

(Camilleri, 2000). Alosetron was approved for the treatment

of IBS but has since been withdrawn because of rare reports

of serious gastrointestinal adverse events among patients

taking the drug.

The diversity of symptoms in IBS is reflected in the

drugs acting on 5-HT4 receptors that are being developed

for treating the condition: Tegaserod (HTF-919) and pruca-

lopride (R93877) are 5-HT4 receptor partial agonists and

piboserod (SB-207266) is an antagonist. (De Ponti and

Tonini, 2001). The agonists are intended to have prokinetic

activity, like the mixed 5-HT4 receptor agonist/5-HT3

receptor antagonist cisapride. They are therefore indicated

for constipation-predominant IBS. On the other hand, the

antagonist piboserod was indicated for diarrhoea-predom-

inant IBS. Although it was shown to decrease rectal sens-

itivity (Houghton et al., 1999), the therapeutic benefit of

piboserod in IBS was not considered sufficient to warrant

further clinical studies.

16. Obesity and appetite disorders

There is preclinical evidence to support serotonergic

enhancement as a way of reducing feeding (Curzon, 1995;

Halford and Blundell, 2000), and for many years, dexfen-

fluramine, either alone or in combination with phentermine,

was in widespread use as an appetite suppressant before it

was withdrawn from the market because of an association

with valvular heart disease (Curzon and Gibson, 1999). It is

a 5-HT-releasing agent related to amphetamine but without

stimulant properties. Presumably, dexfenfluramine indi-

rectly activated postsynaptic 5-HT receptors to suppress

appetite, but the receptors involved have not been eluci-

dated, although recent evidence implicates 5-HT2C recep-

tors (Vickers et al., 2001). This is supported by clinical

evidence that meta-chlorophenylpiperazine reduces food

intake (Sargent et al., 1997).

The other interesting link between 5-HT2C receptors and

obesity is the observation that 5-HT2C receptor knockout

mice become obese at about 5–6 months of age (Tecott

et al., 1995). However, it is still unclear whether this

represents a lead into novel antiobesity treatments because

selective 5-HT2C receptor antagonists do not induce weight

gain in experimental animals (Wood et al., 2001). The

interpretation of phenotypic data on genetic knockouts of

the 5-HT system is of course complicated by the fact that

5-HT has a crucial role in the development of neurones.

Nevertheless, it will be interesting to see if selective

5-HT2C receptor agonists have any therapeutic value as

appetite suppressants.

Sibutramine is one of the few recently launched treat-

ments for obesity. It was originally developed as an anti-

depressant, being a nontricyclic, nonselective monoamine

reuptake inhibitor (Lean, 1997). Venlafaxine is similarly a

nontricyclic mixed noradrenaline and 5-HT uptake inhibitor

that suppresses appetite, although it is marketed as an

antidepressant. Whether the mode of action of these com-

pounds in obesity is through 5-HT mechanisms is unknown

but they clearly differ from the tricyclic antidepressants,

which tend to increase body weight.

The current trend in seeking the next generation of

antiobesity drugs is to move away from 5-HT research

and investigate peptide mediators, such as leptin, and ways

of stimulating energy expenditure, such as b3 receptor

agonists or inhibition of absorption, exemplified by orliststat

(Bray, 1999).

17. Sexual dysfunction

Depressed patients often have sexual dysfunction, and it

has been known for many years that antidepressants
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themselves can cause sexual dysfunction (Rothschild,

2000). This side effect has been brought into sharp relief

by the SSRIs, possibly because they do not have many of

the other side effects of the tricyclic antidepressants so that

sexual dysfunction becomes one of the most reported side

effects. The most commonly reported changes are delayed

ejaculation in males and absent or delayed orgasm in males

and females.

The underlying mechanism is not clear, and various

augmentation therapies have been shown to have beneficial

effects in counteracting the sexual dysfunction (Rosen et al.,

1999). Some may give insight into the 5-HT mechanisms

involved. For instance, there have been reports that the

5-HT1A receptor partial agonist, buspirone, can reverse the

sexual dysfunction induced by SSRIs (Norden, 1994). This

combination has an additional advantage in that it may

improve the therapeutic response in depression (Menkes,

1995). There is also a report that the 5-HT3 receptor

antagonist granisetron has some beneficial effects in revers-

ing the sexual dysfunction induced by fluoxetine (Nelson

et al., 1997).

This particular effect of the SSRIs has been used thera-

peutically in men with premature ejaculation (Kara et al.,

1996; Ludovico et al., 1996). Premature ejaculation has a

very high prevalence rate, possibly occurring in up to 40%

of adult males (Spector and Carey, 1990), so this is

potentially a significant area of therapeutic benefit.

18. Alcoholism, drug dependence and abuse

The darker side of 5-HT pharmacology is that several

drugs emerging from 5-HT research have become drugs of

abuse. One that has achieved notoriety in the popular press

because of its toxicity is 3,4-methylenedioxymethamphet-

amine (MDMA, ‘‘Ecstasy’’). Originally conceived as a

potential appetite suppressant, it entered the recreational drug

scene in the 1970s. Unfortunately, there have been several

reported cases of fatalities that were not associated with

excessive dosage. Why some individuals are so susceptible

to MDMA toxicity is still not clear (Burgess et al., 2000).

In animals, the acute effect of MDMA is a typical

amphetamine-like sympathomimetic response. MDMA

releases 5-HT in the brain, and this results in a reversible

depletion. However, chronic administration induces seroto-

nergic neurotoxicity, and it is a major concern that regular

Ecstasy users may be exposing themselves to this risk.

There is already evidence of psychiatric syndromes and

cognitive deficits that may have been caused by repeated

use of Ecstasy (McGuire, 2000; Morgan, 2000).

On the positive side, some 5-HT drugs may be beneficial

in treating drug and alcohol dependence. For instance,

SSRIs are beneficial in reducing alcohol consumption in

alcohol-dependent individuals (Pettinati et al., 2001). This is

not an indirect effect on an underlying depression. 5-HT3

receptor antagonists may also be useful in treating alcohol-

ism. They reduce alcohol consumption in animal models

and in clinical subjects, although the clinical data are

variable (Ye et al., 2001).

There is considerable experimental evidence that 5-HT

plays a crucial role in impulsivity and craving and that

uncontrolled drug-seeking behaviour is most likely in a state

of lowered 5-HT function (Ciccocioppo, 1999). This argues

for the use of SSRIs and/or 5-HT receptor agonists in the

treatment of drug addiction.

19. Autism

One of the earlier biochemical findings in autism was

an above-average concentration of 5-HT in the blood

(Anderson et al., 1990), and this has been substantiated

by other investigators. The meaning of this observation has

never been put into context but has prompted trials of

drugs that have effects on the 5-HT system. If the high

blood concentration of 5-HT signifies an overactive sero-

tonergic system, then 5-HT receptor agonists should be

beneficial and SSRIs should exacerbate the symptoms. On

the contrary, the SSRIs and the 5-HT1A receptor partial

agonist buspirone have shown beneficial effects in several

trials (Buitelaar and Willemsen-Swinkels, 2000). The

effectiveness of these agents depends on the type of

symptoms present in the patient.

Because of the similarities between autism and schizo-

phrenia, it is not surprising that antipsychotic agents have

been used to treat autism. The lower level of side effects in

the atypical agents has prompted their wider investigation

and risperidone seems to be emerging as a moderately

effective agent (Hunsinger et al., 2000). It is tempting to

speculate that the benefit is related to blockade of 5-HT

receptors rather than dopamine receptors, but this remains

an open question.

A multitude of different treatments has been tried for

autism and the 5-HT-related drugs referred to above, like

several other treatments, provide only modest benefit.

However, the hyperserotonemia does provide an avenue of

research that still requires much more investigation.

20. Other issues

There are other therapeutic areas where 5-HT-derived

drugs may have some benefit that we have not covered. The

interested reader might want to consult the following

articles: asthma (Cazzola and Matera, 2000); glaucoma

(Osborne et al., 2000); cardiovascular disease (Frishman

and Grewall, 2000) and urinary incontinence (Wein, 2001).

The more recently discovered 5-HT6 and 5-HT7 recep-

tors are still being evaluated for potential therapeutic appli-

cations (Branchek and Blackburn, 2000; Vanhoenacker

et al., 2000), so it is too early to predict how much impact

they may have in the future. Several 5-HT receptors such as
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5-HT4, 5-HT7 and 5-HT2C have genetic variants, and these

may influence the effectiveness of therapeutic agents or

offer new opportunities for more selective management of

disease. Recently, a potential link between a 5-HT2C

receptor allele and vulnerability to affective disorders was

reported (Lerer et al., 2001).

There is a further dimension to 5-HT receptors that may

be exploitable for drug discovery in the future: the diversity

of signalling that has been observed with several 5-HT

receptors (Pauwels, 2000). By driving or inhibiting signal-

ling along particular pathways, agonists or antagonists could

have novel actions and possibly more selective actions in

the treatment of disease.

21. Conclusion

There is little doubt from this brief review that 5-HT

research has had an enormous impact on medicine. There

are also many avenues that remain unexplored so there are

undoubtedly further advances to be made. In the next few

years, we may see compounds selective for 5-HT1F,

5-HT2C, 5-HT6 and 5-HT7 receptors being evaluated

clinically and possibly making further significant impacts

on the treatment of disease.
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Hietala J. Deramciclane, a putative anxiolytic drug, is a serotonin

5-HT2C receptor inverse agonist but fails to induce 5-HT2C receptor

down-regulation. Psychopharmacology 1998;136:99–104.

Pauwels PJ. Diverse signalling by 5-hydroxytryptamine (5-HT) receptors.

Biochem Pharmacol 2000;60:1743–50.

Perez V, Puigdemont D, Gilaberte I, Alvarez E, Artigas F. Augmentation of

fluoxetine’s antidepressant action by pindolol: analysis of clinical, phar-

macokinetic, and methodological factors. J Clin Psychopharmacol

2001;21:36–45.

Pettinati HM, Volpicelli JR, Luck G, Kranzler HR, Rukstalis MR, Cnaan A.

Double-blind clinical trial of sertraline treatment for alcohol depend-

ence. J Clin Psychopharmacol 2001;21:143–53.

Preston GC, Millson DS, Ceuppens PR, Warburton DM. Effects of

the 5-HT3 receptor antagonist GR68755 on a scopolamine-induced

cognitive deficit in healthy subjects. Br J Clin Pharmacol 1992;

33:546P.

Ramboz S, Saudou F, Amara DA, Belzung C, Segu L, Misslin R, Buhot

MC, Hen R. 5-HT1B receptor knockout—behavioral consequences.

Behav Brain Res 1996;73:305–12.

Reavill C, Rogers DC. The therapeutic potential of 5-HT6 receptor antag-

onists. Curr Opin Invest Drugs 2001;2:104–9.

Reavill C, Kettle A, Holland V, Riley G, Blackburn TP. Attenuation of

haloperidol-induced catalepsy by a 5-HT2C receptor antagonist. Br J

Pharmacol 1999;126:572–4.

Roberts C, Price GW, Gaster L, Jones BJ, Middlemiss DN, Routledge C.

Importance of h5-HT1B receptor selectivity for 5-HT terminal autore-

ceptor activity: an in vivo microdialysis study in the freely moving

guinea pig. Neuropharmacology 1997;36:549–57.

Romero L, Bel N, Artigas F, de Montigy C, Blier P. Effect of pindolol on

the function of pre- and postsynaptic 5-HT1A receptors: in vivo micro-

dialysis and electrophysiological studies in the rat brain. Neuropsycho-

pharmacology 1996;15:349–60.

Roon K, Diener HC, Ellis P, Hettiarachchi J, Poole P, Christiansen I, Ferrari

MD, Olesen J. CP-122,288 blocks neurogenic inflammation, but is not

effective in aborting migraine attacks: results of two controlled clinical

trials. Cephalalgia 1997;17:245.

Rosen RC, Lane RM, Menza M. Effects of SSRIs on sexual function: a

critical review. J Clin Psychopharmacol 1999;19:67–85.

Rothschild AJ. Sexual side effects of antidepressants. J Clin Psychiatry

2000;61(Suppl 11):28–36.

Rudolph RL, Fabre LF, Feighner JP, Rickels K, Entsuah R, Derivan A. A

randomized, placebo-controlled, dose– response trial of venlafaxine

hydrochloride in the treatment of major depression. J Clin Psychiatry

1998;59:116–22.

Sargent PA, Sharpley AL, Williams C, Goodall EM, Cowen PJ. 5-HT2C

receptor activation decreases appetite and body weight in obese sub-

jects. Psychopharmacology 1997;133:309–12.

Schildkraut JJ. The catecholamine hypothsis of affective disorders: a review

of the supporting evidence. Am J Psychiatry 1965;122:509–21.

Schneier FR. Treatment of social phobia with antidepressants. J Clin Psy-

chiatry 2001;62(Suppl 1):43–8.

Schreiber R, Brocco M, Millan MJ. Blockade of the discriminative stimulus

effects of DOI by MDL 100,907 and the atypical antipsychotics, clo-

zapine and risperidone. Eur J Pharmacol 1994;264:99–102.

Selkirk JV, Scott C, Ho M, Burton MJ, Watson J, Gaster LM, Collin L,

Jones BJ, Middlemiss DN. SB-224289- a novel, selective human

5-HT1B receptor antagonist with negative intrinsic activity. Brit J Phar-

macol 1998;125:202–8.

Sheehan DV. Current concepts in the treatment of panic disorder. J Clin

Psychiatry 1999;60(Suppl 18):16–21.

Silverstone PH, Salinas E. Efficacy of venlafaxine extended release in

patients with major depressive disorder and comorbid generalized anxi-

ety disorder. J Clin Psychiatry 2001;62:523–9.

Slater P, Doyle CA, Deakin JFW. Abnormal persistence of cerebellar sero-

B.J. Jones, T.P. Blackburn / Pharmacology, Biochemistry and Behavior 71 (2002) 555–568 567



tonin1A receptors in schizophrenia suggests failure to regress in neo-

nates. J Neural Transm 1998;105:305–15.

Smith AJ. The analgesic effects of selective serotonin reuptake inhibitors.

J Psychopharmacol 1998;12:407–13.

Spector IP, Carey MP. Incidence and prevalence of sexual dysfunctions: a

critical review of the empirical literature. Arch Sex Behav 1990;19:

389–408.

Stahl SM, Nierenberg AA, Gorman JM. Evidence of early onset of anti-

depressant effect in randomized clinical trials. J Clin Psychiatry 2001;

62(Suppl 4):17–23.

Stamford JA, Davidson C, McLaughlin DP, Hopwood SE. Control of dorsal

raphe 5-HT function by multiple 5-HT1 autoreceptors: parallel purposes

or pointless plurality? Trends Neurosci 2000;23:459–65.

Steiner M, Born L. Diagnosis and treatment of premenstrual dysphoric

disorder: an update. Int Clin Psychopharmacol 2000;15(Suppl 3):

S5–7.

Sundblad C, Modigh K, Andersch B, Eriksson E. Clomipramine effectively

reduces premenstrual irritability and dysphoria: a placebo-controlled

trial. Acta Psychiatr Scand 1992;85:39–47.

Talvik-Lotfi M, Nyberg S, Nordström A-L, Ito H, Halldin C, Brunner F,

Farde L. High 5-HT2A receptor occupancy in M100907-treated schiz-

ophrenic patients. Psychopharmacology 2000;148:400–3.

Tecott LH, Sun LM, Akana SF, Strack AM, Lowenstein DH, Dalman MF,

Julius D. Eating disorder and epilepsy in mice lacking 5-HT2C seroto-

nin receptors. Nature 1995;374:542–5.

Tfelt-Hansen P, De Vries P, Saxena PR. Triptans in migraine A comparative

review of pharmacology, pharmacokinetics and efficacy. Drugs 2000;

60:1259–87.

Vanhoenacker P, Haegeman G, Leysen JE. 5-HT7 receptors: current knowl-

edge and future prospects. Trends Pharmacol Sci 2000;21:70–7.

Varty GB, Higgins GA. Reversal of a dizocilpine-induced disruption of

prepulse inhibition of an acoustic startle response by the 5-HT2 receptor

antagonist ketanserin. Eur J Pharmacol 1995;287:201–5.

Vickers SP, Dourish CT, Kennett GA. Evidence that hypophagia induced by

d-fenfluramine and d-norfenfluramine in the rat is mediated by 5-HT2C

receptors. Neuropharmacology 2001;41:200–9.

Vythilingum B, Cartwright C, Hollander E. Pharmacotherapy of obsessive–

compulsive disorder: experience with selective serotonin reuptake

inhibitors. Int Clin Psychopharmacol 2000;15(Suppl 2):S7–S13.

Wade AG. Antidepressants in panic disorder. Int Clin Psychopharmacol

1999;14(Suppl 2):S13–7.

Walton S. Advances in the use of 5-HT3 receptor antagonists. Expert Opin

Pharmacother 2000;1:207–23.

Wein AJ. Pharmacological agents for the treatment of urinary incontinence

due to overactive bladder. Expert Opin Invest Drugs 2001;10:65–83.

Winter JC, Fiorella DJ, Timineri DM, Filipink RA, Helsley SE, Rabin RA.

Serotonergic receptor subtypes and hallucinogen-induced stimulus con-

trol. Pharmacol, Biochem Behav 1999;64:283–93.

Wood MD, Reavill C, Trail B, Wilson A, Stean T, Kennett GA, Lightowler

S, Blackburn TP, Thomas D, Gager TL, Riley G, Holland V, Bromidge

SM, Forbes IT, Middlemiss DN. SB-243213; a selective 5-HT2C recep-

tor inverse agonist with improved anxiolytic profile: lack of tolerance

and withdrawal anxiety. Neuropharmacology 2001;41:186–99.

Woolley DW, Shaw E. A biochemical and pharmacological suggestion about

certain mental disorders. Proc Natl Acad Sci U S A 1954;40:228–31.

Woolley ML, Bentley JC, Sleight AJ, Marsden CA, Fone KCF. A role for

5-ht6 receptors in retention of spatial learning in the Morris water maze.

Neuropharmacology 2001;41:210–9.

Ye J-H, Ponnudurai R, Schaefer R. Ondansetron: a selective 5-HT3 receptor

antagonist and its applications in CNS-related disorders. CNS Drug Rev

2001;7:199–213.

Yocca FD, Iben L, Meller E. Lack of apparent receptor reserve at postsy-

naptic 5-hydroxytryptamine1A receptors negatively coupled to adenylyl

cyclase activity in rat hippocampal membranes. Mol Pharmacol 1992;

41:1066–72.

Zoldan J, Friedberg G, Livneh M, Melamed E. Psychosis in advanced

Parkinson’s disease: treatment with ondansetron, a 5-HT3 receptor

antagonist. Neurology 1995;45:1305–8.

B.J. Jones, T.P. Blackburn / Pharmacology, Biochemistry and Behavior 71 (2002) 555–568568


	The medical benefit of 5-HT research
	Introduction
	Depression
	Schizophrenia
	Generalized anxiety disorder (GAD)
	Social phobia
	Obsessive-compulsive disorder (OCD)
	Panic disorder
	Posttraumatic stress disorder (PTSD)
	Migraine
	Pain
	Cognitive disorders
	Aggression
	Premenstrual dysphoria (PMD)
	Chemotherapy and radiation-induced emesis
	Irritable bowel syndrome (IBS)
	Obesity and appetite disorders
	Sexual dysfunction
	Alcoholism, drug dependence and abuse
	Autism
	Other issues
	Conclusion
	References


