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Abstract:

The present review gives an overview on the serotonin (5-hydroxytryptamine; 5-HT) system, its receptors and their relationship to

central nervous system physiology and disorders. Additionally, we also introduce the recent knowledge about the 5-HT receptor

ligands in preclinical research, clinical trials and as approved drugs.
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Abbreviations: AC – adenylate cyclase, ACh – acetylcholine,

ACTH – adrenocorticotropic hormone, cAMP – cyclic adeno-

sine monophosphate, CNS – central nervous system, CRH –

corticotropin-releasing hormone, DA – dopamine, GABA –

�-aminobutyric acid, 5-HT - serotonin, L-5-HTP – L-5-hydr-

oxytryptophan, NA – noradrenaline, TPH – tryptophan hy-

droxylase

Introduction

Serotonin (5-HT) is an important neurotransmitter in

the mammalian central nervous system (CNS) in-

volved in numerous physiological and behavioral dis-

orders such as major depression, anxiety, schizophre-

nia, mania, autism, obesity and drug addiction. This

review evaluates in detail the role of 5-HT receptors

in the physiology and pathophysiology of the CNS

and potential usefulness of 5-HT receptor ligands in

the development of therapeutic strategies to the treat-

ment of CNS disorders.

Serotonin (5-HT) in the CNS

Serotonin belongs to the evolutionarily oldest bio-

genic amines acting as neurotransmitters in the central

nervous system. It was isolated from mammals in

1946 as a substance in the serum with tonic actions on
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the vasculature, explaining its name. Seven years later

it was also found in the brain and subsequently char-

acterized as neurotransmitter. The first and rate-

limiting step of 5-HT synthesis is the hydroxylation of

L-tryptophan to L-5-hydroxytryptophan (L-5-HTP)

catalyzed by tryptophan hydroxylase (TPH). Re-

cently, it has been discovered that there are two TPH

enzymes, TPH1 and TPH2, which define two inde-

pendent 5-HT systems [96, 97]. TPH1 generates more

than 95% of the bodily 5-HT in the gut, from where it

is transported by platelets to all organs except the

brain since it can not cross the blood-brain barrier. In

the brain, TPH2 is exclusively responsible for the first

step of 5-HT synthesis [1, 39, 82]. Then, the enzyme

aromatic L-amino acid decarboxylase converts

L-5-HTP to 5-HT. The neurotransmitter is taken up

from neuronal cytoplasm to synaptic vesicles by ve-

sicular monoamine transporter and stored therein.

5-HT is released from the synaptic vesicles to the syn-

aptic space by a Ca2+-dependent process, while its re-

uptake from synaptic space to 5-HT neurons is carried

out by the membrane-bound 5-HT transporter occur-

ring in axons, bodies and/or dendrites of 5-HT neu-

rons. 5-HT is catabolized by mitochondrial type A

monoamine oxidase. First, 5-HT is oxidized to alde-

hyde and then to 5-hydroxyindoleacetic acid. The

main assemblages of 5-HT-synthesizing neurons are

located in the brainstem. In the brain, 5-HT cells form

9 groups, so-called raphe nuclei, whose relatively

small number of neurons by numerous descending

and ascending projections innervate almost all brain

areas. For this reason, 5-HT fulfills a significant role

in the regulation of many vital functions of the organ-

ism (sleep, circadian rhythm, mood, cognition, repro-

ductive behaviors, thermoregulation, nociceptive

transmission, motor, endocrine, cardiovascular and

respiratory functions, and intestinal peristalsis), and in

etiology of the related pathological states (depression,

anxiety, mania, schizophrenia, autism, obesity, drug

addiction, migraine and hypertension) [1, 31, 37].

5-HT acts via its receptors. Based on structural

(amino acid sequence), biochemical (postreceptor

mechanisms of signal transduction) and pharmacol-

ogical differences, 5-HT receptors were classified into

seven families (5-HT1-5-HT7) and at least 14 different

subtypes (Tab. 1). A majority of these receptors be-

long to the metabotropic receptor family (transmitting

signals through G proteins), except for 5-HT3 recep-

tors included into the ionotropic receptor family [for

review see: 4, 31, 42, 47, 51, 69].

The 5-HT1 receptor family

The 5-HT1 receptor family comprises the 5-HT1A,

5-HT1B, 5-HT1D, 5-HT1E and 5-HT1F receptors which

exhibit 40–63% overall sequence identity and couple

preferentially to Gi/o to inhibit cAMP formation ([42,

54, 69], Tab. 1).

5-HT1A receptors

Structure, distribution and functional effects in the
CNS

The 5-HT1A receptor gene has been located on human

chromosome 5q11.1-q13 and comprises of 421 amino

acids in humans and mice or 422 amino acids in rats

[42, 54]. It is widely distributed in the CNS, princi-

pally located in the hippocampus, cingulated and en-

thorhinal cortices, lateral septum and mesencephalic

raphe nucleus. 5-HT1A receptors are either autorecep-

tors in the raphe nuclei on the soma and dendities of

5-HT neurons (they control cell firing) or postsynap-

tic receptors in several limbic areas (they cause neu-

ronal hyperpolarization due to activation of G-

protein-coupled K+ channels). In the raphe nucleus,

activation of 5-HT1A autoreceptors also inhibits

voltage-dependent calcium currents [54]. 5-HT1A re-

ceptors are involved in several physiological, behav-

ioral, cognitive and developmental functions in ro-

dents. Among others, stimulation of 5-HT1A receptors

facilitates acetylcholine (ACh) and noradrenaline

(NA) release in the brain as well as corticotropin-

releasing hormone (CRH), adrenocorticotropic hor-

mone (ACTH) and cortisol blood levels [32, 49, 54].

On the other hand, activation of these receptors

evokes reduction in 5-HT and glutamate brain levels

and drop in growth hormone secretion [32, 49, 51].

The 5-HT1A receptors are involved in motor behavior

(activation evokes flat body posture, forepaw tread-

ing, tail flick, lower lip retraction and locomotor acti-

vation), copulatory behavior (activation reduces

penile reflexes, frequency and length of intromission,

and increases latency of ejaculation), pain perception

(activation evokes analgesia) and emotional behavior

(activation induces anxiolysis) [50, 51, 54]. The role

of 5-HT1A receptors in regulation of controlling emo-

tion is supported by the studies on 5-HT1A receptor

knockout mice that showed elevated anxiety-related

behavior [46, 67, 74] and antidepressant-like pheno-
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type ([46], Tab. 1). Stimulation of 5-HT1A receptors

induces a discriminative stimulus, hyperphagia and

hypothermia [47, 51, 54]. Recent literature data point

significance for 5-HT1A receptors in cognition [19],

especially deficient of cognitive function and the

negative symptoms in schizophrenia, although pre-

clinical studies indicate mixed results in regard to the

ability of 5-HT1A partial agonists or antagonists to im-

prove cognition in various paradigms [53, 59]. More

recently, 5-HT1A knock-out mice have a deficiency

for cognitive processing of ambiguous aversive cues

[9] while those over-expressing mutant mice in the

cortex and hippocampus showed enhanced social rec-

ognition compared with wild-type mice [9, 52, 59].

Additionally, some atypical antipsychotic drugs (e.g.

aripiprazole, bifeprunox, ziprasidone and those in

clinical trials (1-(2,3-dihydro-benzo[1,4]dioxin-5-yl)-

4-[5-(4-fluorophenyl)-pyridin-3-yl-methyl]-piperazine

(SLV-313), (3-exo)-8-benzoyl-N-{[(2S)7-chloro-2,3-dihydro-

1,4-benzodioxin-1-yl]methyl}-8-azabicyclo[3.2.1]oc-

tane-3-methanamine (SSR 181507)) that are more ef-

fective in reversing memory deficits than typical an-

tipsychotics display partial agonism at 5-HT1A recep-

tors [60, 85, 93]. Some 5-HT1A receptor agonists (e.g.

xaliproden) display neurotrophic activity in many

neurogenerative models in vivo and promotes effects

of nerve growth factor on neurite outgrowth in vitro

[104]. There are also other molecules (e.g. cyclobu-

tyl{[3-(5-fluoro-1H-indol-3-yl)propyl]amino}-8-fluoro-

chromane-5-carboxamide; WAY-211612) with dual

5-HT1A receptor antagonist/selective 5-HT reuptake

inhibitor properties that may represent a novel class of

antidepressants [10].

Pharmacology

The discovery of the exogenous 5-HT1A receptor

ligand 8-hydroxy-di-n-propylaminotetralin (8-OH-DPAT)

seemed to be a milestone in the characterization of

these receptors ([69, 92], Tab. 2). 8-OH-DPAT dis-

plays also a moderate affinity for 5-HT7 receptors and

presently is used as a 5-HT1A/7 receptor agonist. Sev-

eral agonists show selectivity and full agonistic activ-

ity for 5-HT1A receptors, particularly (R,S)-trans-8-

hydroxy-2-[N-n-propyl-N-(3’-iodo-2’-propenyl)amino]-

tetralin (8-OH-PIPAT), 1-[3-(3,4-methylenedioxyphe-

noxy)propyl]-4-phenyl piperazine (BP 554), 1-[2-(4-

fluorobenzoylamino)ethyl]-4-(7-methoxynaphthyl)pipera-

zine (S 14506), [(+)-R]-2-cyano-N,N-dipropyl-8-amino-

6,7,8,9-tetrahydro-3H-benz[e]indole (U92016A) and

xaliproden while other ligands, including anxiolytics

(so-called “pirones”) buspirone, gepirone and ipsapi-

rone, are partial agonists. Flesinoxan and osemozotan

show a high affinity for 5-HT1A receptors, however,

also a moderate affinity for dopamine (DA) D2 and

�1-adrenoceptors, respectively. The most selective

and silent 5-HT1A receptor antagonists are 4-(2’-methoxy)-

phenyl-1-[2’-(N-2’’-pyridyl)-p-fluorobenzamido]eth-

ylpiperazine (p-MPPF), 4-(2’-methoxy)phenyl-1-[2’-(N-2’’-

pyridinyl)-p-iodobenzamino]ethylpiperazine (p-MPPI),

N-{2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl}-N-(2-

pyridyl)cyclohexane carboxamide maleate (WAY 100635)

and (R)-N-[2-methyl-(4-indolyl-1-piperazinyl)ethyl]-

N-(2-pyridinyl)-cyclohexane carboxamide (WAY 101405),

all with good bioavailability and CNS penetration

([47, 92], Tab. 2).

Buspirone (a 5-HT1A partial agonist) has been in-

troduced as anxiolytic agent being effective in gener-

alized anxiety disorder, while its combination with

sertraline and cognitive-behavioral therapy was more

effective than placebo to promote smoking cessation

[20]. The 5-HT1A receptor agonist N-{3-[4-(4-cyclo-

hexyl-methanesulfonylaminobutyl)piperazin-1-yl]phe-

nyl}acetamide (PRX-00023) is in clinical trials for

depression (phase II) and generalized anxiety disorder

(phase I) treatments [76]. The 5-HT1A receptor an-

tagonist lecozotan [83] and the agonist xaliproden

[104] have passed clinical trail phase II as cognitive

enhancers in patients with Alzheimer’s disease while

tandospirone (a 5-HT1A receptor partial agonist) was

found to augment verbal memory in schizophrenic pa-

tients when used as an auxiliary drug to typical an-

tipsychotics [86].

5-HT1B receptors

Structure, distribution and functional effects in the
CNS

The 5-HT1B receptor gene has been located on human

chromosome 6q13 and comprises of 390 amino acids

in humans or 386 amino acids in mice and rats [47,

54, 80]. The highest expression of 5-HT1B receptors

in the CNS was found in the basal ganglia (particu-

larly in the substantia nigra, globus pallidus, ventral

pallidum, entopeduncular nucleus, caudate putamen)

and the frontal cortex [54, 80]. 5-HT1B receptors are

either autoreceptors on the terminals of 5-HT neurons

(they inhibit 5-HT release) or terminal heterorecep-

tors on �-aminobutyric acid (GABA), ACh and gluta-
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mate neurons (they control the release of these neuro-

transmitters) [54, 80]. Activation of the brain 5-HT1B

receptors is also linked with several other functional

responses in rodents. Thus, these receptors couple

negatively to adenylate cyclase (AC) under forskolin-

stimulated conditions and inhibit evoked synaptic po-

tentials in many brain areas. In vivo microdialysis

studies have detected a facilitatory effect of 5-HT1B

receptor stimulation on release of DA; an indirect ef-

fect linked with an inhibition of GABA release, while

an inhibitory response on glutamate, GABA and NA

release and a modulatory control on ACh release [2,

7, 32, 41]. Other physiological and behavioral effects

of 5-HT1B receptor stimulation include facilitation of

prolactin, ACTH, cortisol and renin secretion in the

blood, hypophagia, hypothermia, sexual behavior

(penile erection), motor behavior (locomotor hyperac-

tivation; rotation, myoclonic jerks), a stimulus cue in

drug discriminative paradigm and pain relieve [31,

49, 50, 81]. It was found that 5-HT1B receptors are

implicated in drug addiction as stimulation enhanced

rewarding effects of abused substances [61, 68, 71,

72]. Interestingly, 5-HT1B receptors control also im-

pulsivity and aggression as 5-HT1B receptor agonists

display anti-aggressive properties in wild-type mice

[80] while 5-HT1B receptor knock-out mice are less

anxious and more aggressive [81]. The 5-HT1B recep-

tor gene deletion in mice selectively enhances learn-

ing performance when the cognitive requirement of

the task is elevated [101] and enhances vulnerability

to cocaine [78].

Pharmacology

Several 5-HT1B receptor ligands with high affinity for

the receptors have been described (Tab. 2). The most

selective agonists include 1,4-dihydro-3-(1,2,3,6-

tetrahydro-4-pyridinyl)-5H-pyrrolo[3,2-b]-pyridin-5-

one (CP 93129), 5-propoxy-3-(1,2,3,6-tetrahydro-4-

pyridinyl)-1H-pyrrolo[3,2-b]pyridine hydrochloride

(CP 94253), 3-[3-(2-dimethylaminoethyl)-H-indol-5-

-yl]-N-(4-methoxybenzyl) acrylamide (GR 46611),

2-{5-[3-(4-methylsulfonylamino)benzyl-1,2,4-oxa-

diazol-5-yl]-1H-indole-3-yl}ethylamine (L 694247)

and 1’-methyl-5-{[2’-methyl-4’-(5-methyl-1,2,4-oxadiazol-

3-yl)biphenyl-4-yl]carbonyl}-2,3,6,7-tetrahydrospiro-

[furo[2,3-f]indole-3,4’-piperidine (SKF 99101H) while

so-called “triptans” (e.g. donitriptan, rizatriptan, zol-

mitriptan) do not show selectivity for 5-HT1B recep-

tors [69, 92]. N-{3-[3-(dimethylamine)ethoxy]-4-

methoxyphenyl}-2’-methyl-4’-(5-methyl-1,2,4-oxadi-

azol-3-yl)-[1,1’-biphenyl]-4-carboxamide hydrochloride

(SB 216641), 1’-methyl-5-([2’-methyl-4’-(5-methyl-1,2,4-

oxadiazol-3-yl)biphenyl)-4-yl]carbonyl)-2,3,6,7-tetra-

hydrospiro[furo[2,3-f]indole-3,4’-piperidine] hydrochlo-

ride (SB 224289) and 3-[(3-dimethylamino)-propyl]-

4-hydroxy-N-[4-(4-pyridinyl)-phenyl]benzamide (GR

55562) – the last drug being active following intracere-

bral administration – are antagonists with high affinity

and selectivity for 5-HT1B receptors, while N-[4-

methoxy-3-(4-methyl-1-piperazinyl)phenyl]-2’-methyl-

-4’-(5-methyl-[1,2,4]-oxadiazol-3-yl)-1,1’-biphenyl-4-

carboxamide (GR 127935) is a potent 5-HT1B/1D re-

ceptor antagonist [69, 92].

Rizatriptan, sumatriptan, zolmitriptan are only

5-HT1B/1D receptor ligands used in medicine for the

acute treatment of migraine [6, 11, 48].

5-HT1D receptors

Structure, distribution and functional effects in the
CNS

In the human, the gene encoding the 5-HT1D receptor

is on chromosome 1p34.2-p36.2. The 5-HT1D recep-

tor comprises of 377 amino acids in humans or 374

amino acids in mice and rats [42, 48, 54]. The highest

expression of 5-HT1D receptors in the rat brain was

found in the basal ganglia (particularly in the substan-

tia nigra, globus pallidus and caudate putamen), the

hippocampus and the cortex, while in the human brain

in the basal ganglia (the substantia nigra, globus palli-

dus), the midbrain (the periaqueductal grey) and the

spinal cord. 5-HT1D receptors are either autoreceptors

on the terminals of 5-HT neurons (they inhibit 5-HT

release) or terminal heteroreceptors on GABA, ACh

and glutamate neurons (they control the release of

these neurotransmitters) [32, 47, 54]. Activation of

the brain 5-HT1D receptors is linked with inhibition of

evoked synaptic potentials via Gi/o inhibition of AC

activity and cAMP formation, with reduction in 5-HT,

glutamate, GABA and ACh release in many brain ar-

eas as well as with a drop in ACTH, cortisol and pro-

lactin secretion [32, 47, 49]. It was proposed that

5-HT1D receptors are involved in pain perception

[54].
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Pharmacology

Recently some high affinity 5-HT1D receptor agonists

have been recognized (Tab. 2), however, their limita-

tion in functional assays is lack of 5-HT1D/5-HT1B re-

ceptor selectivity. The most selective agonists are

(S)-(-)-1-{2-[4-(4-methoxyphenyl)-1-piperazinyl]ethyl}-

N-methyl-isochroman-6-carboxamide (PNU 109291)

and (S)-(-)-3,4-dihydro-1-[2-[4-(4-aminocarbonyl)-

phenyl]-1-piperazinyl]ethyl-N-methyl-1H-2-benzopyran-

6-carboxamide (PNU 142633) that display 12-, 600-

and 3000-fold, respectively, selectivity over other

5-HT receptor subtypes [69, 92]. 1-{2-[4-(4-Fluoro-

benzoyl)-piperidin-1-yl]-ethyl}-3,3-dimethyl-1,2-dihy-

droindol-2-one (LY 310762) is a 5-HT1D preferring

antagonist and 3-[4-(4-chlorophenyl)piperazin-1-yl]-

1,1-diphenyl-2-propanol (BRL 15572) is the high af-

finity 5-HT1D receptor antagonist displaying 60-fold

selectivity over 5-HT1B receptors [47, 69, 92].

The mixed 5-HT1B/1D receptor agonists (i.e. “trip-

tans” – rizatriptan, sumatriptan, zolmitriptan) are used

in clinic as a first-line therapy for acute migraine [6,

11, 48].

5-HT1E receptors

Structure, distribution and functional effects in the
CNS

The human 5-HT1E receptor gene locates to chromo-

some 6q14-q15; the gene is intronless and encodes

a protein of 365 amino acids [42, 47, 54]. Its expres-

sion in the CNS of humans and animals was found

similar in all species with the highest levels in the cor-

tex (mainly in the frontal and entorhinal cortices),

caudate putamen and claustrum while lower expres-

sion levels of the protein have been seen in the hippo-

campus and the amygdala [47, 51, 54]. It was pro-

posed that 5-HT1E receptors function as postsynaptic

heteroreceptors as 5-HT lesions do not change the

5-HT1E receptor binding levels [51, 54]. In recombi-

nant cell system activation of 5-HT1E receptors in-

duces an inhibition of AC under forskolin-stimulated

conditions [47, 51].

Pharmacology

In functional assays in vitro BRL 54443 is a potent

agonist displaying the same affinity for 5-HT1E and

5-HT1F binding sites [92]. At present selective ago-

nists and antagonists at 5-HT1E receptors are unavail-

able.

5-HT1F receptors

Structure, distribution and functional effects in the
CNS

The human 5-HT1F receptor gene is located on chro-

mosome 3p11-p14.1 and consists of 366 amino acids

[47, 51, 54]. It was recognized in several CNS areas

(the dorsal raphe nucleus, hippocampus, cingulate and

entorhinal cortices, claustrum, caudate nucleus, brain-

stem) and – based on localization – suggested to func-

tion as an autoreceptor [51, 54]. Stimulation of the

5-HT1F receptor in rodents evokes neuronal hyperpo-

larization following Gi/o-mediated inhibition of AC

and cAMP formation [47, 51]. The antimigraine drugs,

so-called “triptans” (e.g. sumatriptan) show high af-

finity for the 5-HT1F receptor and it was suggested as

a brain target to control neurogenic inflammation as

a cause of migraine [6, 73].

Pharmacology

There are selective and potent 5-HT1F receptor ago-

nists: 4-fluoro-N-[3-(1-methyl-4-piperidinyl)-lH-indol-

5-yl]-benzamide (LY 334370) and (R)-(+)-N-(3-

dimethylamino-1,2,3,4-tetrahydro-9H-carbazol-6-yl)-

4-fluorobenzamide (LY 344864) that show 100- and

80-fold selectivity over other 5-HT receptors (the

later agonist is also orally active) while another ago-

nist 5-hydroxy-3-(1-methylpiperidin-4-yl)-1H-indole

(BRL 54443) has similar affinity for 5-HT1F and

5-HT1E receptors [54, 92]. Nowadays there are no se-

lective 5-HT1F receptor antagonists.

The 5-HT2 receptor family

The 5-HT2 receptor family consists of three subtypes

named the 5-HT2A, 5-HT2B and 5-HT2C receptors.

They exhibit 46-50% overall sequence identity and

couple to Gq/11 and the phosphoinositol hydrolysis

signal transduction system to stimulate the inositol

1,4,5-trisphosphate accumulation and intracellular

Ca2+ release ([4, 5, 51, 69], Tab. 1).
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Tab. 1. Serotonin (5-HT) receptors: the signalling pathways, knockout mouse phenotypes (if existing), and the drugs in current clinical use are
shown for all 7 families of 5-HT receptors

Family Subtype Main signalling
pathway

Main expression sites in the CNS Knock-out phenotype* Clinically
used drugs

5-HT
1

5-HT
1A

G
i/o

AC i Widespread in brain (mainly hippocampus,
cortex, raphe nuclei)

Increased anxiety [46, 67, 74]

Antidepressant-like phenotype [46]

Cognitive impairment [9]

“pirones” Ag

5-HT
1B

G
i/o

AC i Widespread in brain (mainly basal ganglia,
cortex)

Increased aggression [80]

Decreased anxiety [80]

Enhanced learning performance [101]

Enhanced cocaine response [78]

“triptans” Ag

5-HT
1D

G
i/o

AC i Basal ganglia, hippocampus, cortex “triptans” Ag

5-HT
1E

G
i/o

AC i Cortex, caudate putamen, claustrum (not existing in mice)

5-HT
1F

G
i/o

AC i Dorsal raphe nucleus, hippocampus, cortex,
claustrum, caudate nucleus, brainstem

“triptans” Ag

5-HT
2

5-HT
2A

G
q/11

PLC s Cortex, claustrum, hippocampus,
hypothalamus, basal ganglia

Decreased anxiety [98] sarpogrelate Ant

5-HT
2B

G
q/11

PLC s Cerebellum, septum, hypothalamus,
amygdala

5-HT
2C

G
q/11

PLC s Choroid plexus, cortex, hippocampus,
amygdala, striatum, substantia nigra

Increased appetite, overweight [87]

Spontaneous convulsions [87]

Cognitive impairment [87]

Enhanced cocaine response [77]

5-HT
3

Pentamer of
5-HT

3A
with

5-HT
3B

,
C
,

D
and

E

Ion channel Widespread in brain (mainly area postrema,
nucleus tractus solitarius, dorsal vagal

complex, limbic structures)

Reduced pain perception

(5-HT
3A

) [50]

“setrons” Ant

5-HT
4

5-HT
4

G
s

AC s Basal ganglia, cortex, septum, hippocampus Decreased stress response [23]
Increased convulsive response [23]

“serods” Ag

“saprides” Ag

5-HT
5

5-HT
5A

G
i/o

AC i Hippocampus, hypothalamus, olfactory
bulb, cortex, thalamus, striatum, pons

Increased exploratory activity [36]

Altered LSD response [36]

5-HT
5B

? Habenula, raphe nuclei, hippocampus

(in rodents); pseudogene (in humans)

5-HT
6

5-HT
6

G
s

AC s Widespread in brain (mainly striatum,

amygdala, hippocampus, cortex)

Altered alcohol response [16]

5-HT
7

5-HT
7

G
s

AC s Thalamus, hippocampus, cortex, amygdala,
suprachiasmatic nucleus

Antidepressant-like phenotype [38]

Disturbed circadian rhythms [84]

Disturbed thermoregulation [44]

* – related to the CNS function. Abbreviations: AC – adenylate cyclase; CNS – central nervous system; LSD – lysergic acid diethylamide;
PLC – phospholipase C; i – inhibition; s – stimulation; Ag – agonist, Ant – antagonist; ? – lack of data



5-HT2A receptors

Structure, distribution and functional effects in the
CNS

The 5-HT2A receptor gene is located on human chro-

mosome 13q14-q21 and comprises of 471 amino ac-

ids in humans, rats and mice [47, 51]. It is widely dis-

tributed in the CNS, the highest expression was found

in the cortex, claustrum, hippocampus, hypothalamus

and basal ganglia. 5-HT2A receptors are expressed on

DA, GABA, glutamate and ACh neurons where func-

tion as somatodendritic heteroreceptors [19, 51, 55].

Activation of the brain 5-HT2A receptors is linked

with neuronal depolarization in several brain areas [5,

55]. In vivo microdialysis studies indicate a facilita-

tory effect of 5-HT2A receptor stimulation on release

of DA, glutamate and GABA while inhibitory re-

sponses on NA release [7, 17, 26, 32, 56]. Other

physiological and behavioral effects of 5-HT2A recep-

tor stimulation in rodents include facilitation of oxy-

tocin, renin, prolactin, ACTH and cortisol blood se-

cretion, induction of hyperthermia, motor behaviors

(head twitches, wet dog shakes), a stimulus cue in

drug discriminative paradigm and pain control [49-51,

55]. These receptors are known to control the neuro-

chemical and behavioral responses of addicted sub-

stances [18, 29-31] as well as regulate sleep architec-

ture [88]. Global disruption of 5-HT2A receptor sig-

naling in mice reduced inhibition in conflict anxiety

paradigms without affecting fear-conditioned and

depression-related behaviors [98]. Interestingly,

5-HT2A receptors are proposed as an important brain

target for the developing antipsychotic drugs as mixed

5-HT2A and DA D2 receptor antagonists show benefi-

cial effects for the treatment of negative symptoms of

schizophrenia [12, 75]. It was also found that a high

5-HT2A receptor affinity and an antagonistic profile

enhance antidepressant-like properties of drugs (e.g.

nefazodone) [25].

Pharmacology

There are several agonists that show high affinity for

5-HT2A receptors (Tab. 2). The commonly used

1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI),

1-(2,5-dimethoxy-4-bromophenol)-2-aminopropane (DOB)

and 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane

(DOM) are mixed 5-HT2A/2B/2C receptor ligands in

binding assays while in the in vivo functional studies

they behave like agonists at 5-HT2A receptors [69,

92]. The most potent 5-HT2A receptor antagonists are

4-(4-fluorobenzoyl)-1-(4-phenylbutyl)piperidine oxalate

(4F 4PP), R-(+)-�-(2,3-dimethoxyphenyl)-1-[4-fluoro-

phenylethyl]-4-piperidinemethanol (M 100907), (2R,4R)-

5-[2-[2-[2-(3-methoxyphenyl)ethyl]phenoxy]-ethyl]-1-

methyl-3-pyrrolidinol (R 96544) and sarpogrelate; the

first two drugs display also > 100 selectivity over other

5-HT receptors. Other 5-HT2A receptor antagonists

like cinanserin (DA D4), ketanserin (5-HT2C, 5-HT1D,

�1-adrenoceptor), risperidone (DA D2) and 1(Z)-

[2-(dimethylamino)ethoxyimino]-1(2-fluorophenyl)-3-

(4-hydroxyphenyl)-2(E)-propene (SR 46349B) (5-HT2B)

possess high affinity for other neurotransmitter recep-

tors (in brackets) [12, 75, 92] while nefazodone is

a 5-HT/NA uptake inhibitor [25].

The selective 5-HT2A antagonist sarpogrelate is

clinically used as an anti-platelet agent for the treat-

ment of peripheral arterial disease [63], while other

non-selective receptor blockers are either antidepres-

sants (e.g. nefazodone; [25]) or antipsychotics (e.g.

olanzapine, risperidone; [75]). Antagonists/inverse

agonists of 5-HT2A receptors, such as eplivanserin, pi-

mavanserin, pruvanserin and volinanserin, are cur-

rently being investigated as therapeutics that could

improve the treatment of sleep maintenance and qual-

ity in people with insomnia [88].

5-HT2B receptors

Structure, distribution and functional effects in the
CNS

The 5-HT2B receptor gene is located on human chro-

mosome 2q36.3-2q37.1 and comprises of 481 amino

acids in humans, 504 amino acids in mice and 479

amino acids in rats [5, 55]. Its localization in the CNS

is restricted to some brain regions including the cere-

bellum, lateral septum, hypothalamus and amygdala

and based on autoradiographic studies was hypothe-

sized to act as a heteroreceptor [4, 51]. Stimulation of

the rodent brain 5-HT2B receptors has been reported

to evoke changes in motor behavior (reduced groom-

ing), emotional behavior (anxiolysis), food intake

(hyperphagia) and pain perception [47, 55]. Recent

studies link 5-HT2B receptors with the precipitation of

migraine and the action of 5-HT2 receptor antagonists

(e.g. cyproheptadine, pizotifen) that display a high af-

finity for 5-HT2B receptors [48].
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Tab. 2. Pharmacology of 5-HT receptors

5-HT RECEPTOR FAMILY REFERENCES

5-HT
�

5-HT
��

agonists

partial agonists

antagonists

8-OH-DPAT, 8-OH-PIPAT, BP 554, flesinoxan, LY 228729, osemozotan (=MKC-242), PRX-00023, S 14506,
U 92016A, xaliproden (=SR 57746A)

BMY 7378, buspirone, F13714, gepirone, ipsapirone, MDL 73005EF, NAN-190, SDZ 216525, tandospirone,
WAY 100135

lecozotan (SRA-333), p-MPPF, p-MPPI, robalzotan (=AZD 7371,NAD-299), WAY 100635, WAY 101405

47, 69, 92

5-HT
��

agonists

antagonists

almotriptan, CGS 12066B, CP 94253, CP 93129, donitriptan, eletriptan, GR 46611, naratriptan, RU 24969,
rizatriptan, RU 24969, SKF 99101H, zolmitriptan

AR-A00002, GR 55562, GR 127935, NAS-181, SB 216641, SB 224289, SB 616234

47, 69, 92

5-HT
��

agonists

antagonists

almotriptan, eletriptan, frovatriptan, GR 46611, L 694247, L 703664, LY 310762, naratriptan, PNU 109291,
PNU 142633, rizatriptan, sumatriptan, zolmitriptan

BRL 15572

47, 69, 92

5-HT
��

agonists

antagonists

BRL 54443

?

92

5-HT
��

agonists

antagonists

BRL 54443, LY 344370, LY 334 864, naratriptan, rizatriptan, sumatriptan, zolmitriptan

?

54, 92

5-HT
�

5-HT
��

agonists

antagonists

DOB, DOI, DOM, PNU 22394, TCB-2

4F 4PP, ACP 103, AR 116081, cinanserin, eplivanserin, ketanserin, M11939, nefazodone, PNU 96415E,
primavanserin, privanserin, R 96544, risperidone, sarpogrelate, SR 46349B, volinaserin (=M100907)

12, 69, 75, 92

5-HT
��

agonists

antagonists

�-Me-5-HT, 5-methoxytryptamine, BW 723C86

EGIS-7625, LY 23728, LY 266097, LY 287375, LY 272015, RS 127445, SB 200646, SB 204741,
SB 215505, SB 221284

51, 69, 70, 92

5-HT
��

agonists

partial agonists

antagonists

1-methylpsilocin, ALEPH-2, CP 809101, lorcaserin (=APD 356), mCPP, MK 212, Org 12962, Ro 60-0175,
WAY 629, WAY 161503, WAY 163909, YM 348

IL 639, PNU 22394

RS 102221, SB 242084, SDZ SER-082

40, 55, 69, 92

5-HT
�

5-HT
�

receptors
agonists

partial agonists

antagonists

1-phenylbiguanide, 2-methyl-5-HT, m-chlorophenylbiquanide, SR 57227A

MD-354, RS 56812

bemesetron, dolasetron, granisetron, itasetron, ondansetron, palonosetron,
Y 25130, zatosetron

91, 92

5-HT
�

5-HT
	

agonists

partial agonists

antagonists

BIMU 1, BIMU 8, cisapride, LS 650155, ML 10302, mosapride, RS 67506, TD-5108, zacopride

CJ 033466, ML 10302, PF 00885706, PF 01354082, prucalopride (=R093877), PRX-03140,
RS 17017, RS 67333, RS 67506, SL65.0155, tegaserod (=HTF-919), VRX-03011

GR 113808, GR 125487, LY 353433, RS 23597-190, RS 39604, RS 67532,
SB 204070, SB 203186, SB 207266, SDZ 205557

12, 15, 27, 69,
92

5-HT
�

5-HT



agonists

antagonists

?

SB 699551

92, 99

5-HT
�

5-HT
�

agonists

antagonists

E-6801, EMD 386088, R-13c, WAY 466 (=WAY 208466WAY 181187, WAY 208466 (=WAY 466)
BCG20-761, BVT 74316, LY 483518, MS-245, PRX-07034, Ro 04-6790,

Ro 630563, Ro 4368554, SAM-531, SB 258510A, SB 258585, SB 271046,
SB 357134, SB 399885, SB 742457, SGS-518, SUVN-502, SYN-114

27, 34, 40, 69,
92, 99

5-HT
�

5-HT
�

receptors
agonists

antagonists

AS 19, LP 12, LP 44

DR 4004, DR 4365, DR 4446, SB 258719, SB 258741, SB 2656104-A, SB 269970, SB 691673

45, 90, 92, 99

? - lack of data

LIGANDS



Pharmacology

�-Methyl-5-hydroxytryptamine (�-Me-5-HT), 5-meth-

oxytryptamine and �-methyl-5-(2-thienylmethoxy)-

1H-indole-3-ethanamine (BW 723C86) are full ago-

nists at 5-HT2B receptors that show some affinity for

5-HT2A (21-, 25- and 100-fold lower than for 5-HT2B

receptors, respectively) and 5-HT2C (264-, 400- and

10-fold lower than for 5-HT2B receptors, respectively)

receptor sites [51, 69, 92]. N-(1-Methyl-1H-indol-5-

yl)-N’-3-pyridinylurea (SB 200646) and 2,3-dihydro-

5-(methylthio)-N-3-pyridinyl-6-(trifluoromethyl)-1H-

indole-1-carboxamide (SB 221284) are mixed

5-HT2B/2C receptor antagonists [69, 92]. The most se-

lective 5-HT2B receptor antagonists include 1-[(3,4-

dimethoxyphenyl)methy]-2,3,4,9-tetrahydro-6-methyl-

1H-pyrido[3,4-b]indole (LY 272015), 4-(4-fluoro-1-

naphthalenyl)-6-(1-methylethyl)-2-pyrimidinamine (RS

127445) and N-(1-methyl-1H-indolyl-5-yl)-N’’-(3-

methyl-5-isothiazolyl)urea (SB 204741) that display

20-, 1000- and 135-fold selectivity over 5-HT2A and

5-HT2C sites ([70, 92]; Tab. 2).

Cyproheptadine and pizotifen, the non-selective

5-HT2B receptor antagonists, are clinically used in

migraine prophylaxis [48].

5-HT2C receptors

Structure, distribution and functional effects in the
CNS

The 5-HT2C receptor gene is located on human chro-

mosome Xq24 and comprises of 458 amino acids in

humans, 459 amino acids in mice and 460 amino ac-

ids in rats [5, 8, 55]. At least 14 functional isoforms of

the 5-HT2C receptor have been identified; they are

products of posttranslational modification of the re-

ceptor mRNA by adenine deaminase editing with no

pharmacological differences between the variants [8,

55]. The highest 5-HT2C receptor levels in both hu-

mans and rodents are present in the choroid plexus,

while much lower distribution is found in the cerebral

cortex, hippocampus, amygdala, striatum (ventral and

dorsal parts) and substantia nigra [5, 55, 56]. 5-HT2C

receptors are localized to GABA, glutamate and DA

neurons where act as somatodendritic heteroreceptors

[5, 47, 55]. Activation of the brain 5-HT2C receptors

evokes neuronal depolarization in several brain areas.

In vivo neurochemical findings show an inhibitory ef-

fect of 5-HT2C receptor stimulation on release of DA

and NA [26, 32, 55, 56]. Other physiological and be-

havioral effects of 5-HT2C receptor stimulation in ro-

dents include facilitation of neuroendocrine function

(prolactin and ACTH blood secretion), induction of

hyperthermia, hypophagia, motor behaviors (hypolo-

comotion, oral dyskinesis), sexual responses (penile

erections) and a stimulus cue in drug discriminative

paradigm [35, 47, 55]. They also control emotional

behavior (anxiogenesis) [35, 55] and pain perception

[50]. Mutant mice lacking 5-HT2C receptors suffer

from obesity, spontaneous convulsions and cognitive

impairment [87], are insensitive to 5-HT2C receptor

agonist-induced hypolocomotor and anxiogenic ef-

fects [87] and show enhanced behavioral responses to

cocaine [77]. Hyperphagic or proconvulsant re-

sponses in 5-HT2C knock-out mice are probably the

developmental or neuroadaptive answers since

5-HT2C receptor antagonists do not induce such ef-

fects [55, 87]. Importantly, activation of 5-HT2C re-

ceptors makes a tonic, inhibitory influence on DA-

ergic and NA-ergic transmission in the cortical areas

[26, 56] and involvement of these receptors in some

mental health disorders (e.g. schizophrenia, drug ad-

diction, obesity, obsessive–compulsive disorder or de-

pression) has been suggested [18, 29, 30, 58, 79, 95].

Pharmacology

There are some high affinity 5-HT2C receptor agonists

that display diverse receptor selectivity (Tab. 2). The

most commonly used are 6-chloro-2-(1-piperazin-

yl)pyrazine (MK 212) and (S)-6-chloro-5-fluoro-�-

methyl-1H-indole-1-ethanamine (Ro 60-0175). MK

212 has 25-fold selectivity for 5-HT2C receptors over

5-HT2A sites [69, 92] while in the case of Ro 60-0175

there is no affinity separation for 5-HT2C, 5-HT2A and

5-HT2B receptors in binding assays, however, this

drug in the in vivo functional studies evokes only

5-HT2A receptor-related responses [55, 69, 92]. A most

selective alternative to the above agonists are 2-[(3-

chlorophenyl)methoxy]-6-(1-piperazinyl)pyrazine (CP

809191) and 8,9-dichloro-2,3,4,4a-tetrahydro-1H-

pyrazino[1,2-a]quinoxalin-5(6H)-one (WAY 163909)

that display 100- and 66-fold selectivity over other

5-HT receptor subtypes [69, 92]. 1,2,3,4,5,6- Hexa-

hydro-6-methylazepino[4,5-b]indole (PNU 22394) is

a partial agonist at 5-HT2C receptors [92]. The most

selective and potent 5-HT2C receptor antagonists

(100-fold selectivity over other 5-HT receptors) are
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8-[5-(2,4-dimethoxy-5-(4-trifluoromethylphenylsulf-

onamido)phenyl-5-oxopentyl]-1,3,8-triazaspiro[4.5]

decane-2,4-dione (RS 102221) (the drug shows low

bioavailability) and 6-chloro-2,3-dihydro-5-methyl-

N-{6-[(2-methyl-3-pyridinyl)oxy]-3-pyridinyl}-1H-indole-

1-carboxyamide (SB 242084). (+)-cis-4,5,7a,8,9,10,

11,11a-Octahydro-7H-10-methylindolo[1,7-bc][2,6]-

naphthyridine (SDZ SER-082) is a mixed 5-HT2C/2B

receptor antagonist [55, 92].

Currently, a new generation of 5-HT2C selective

agonists has been developed (including 2-chloro-

6-(1-piperazinyl)-3-(trifluoromethyl)pyridine (Org 12962),

(S)-2-(6-bromo-2,3-dihydroindol-1-yl)-1-methylethylamine

(VER-3323) and 6,7-dichloro-2,3,4,5-tetrahydro-1H-3-

benzazepine (YM 348) and at least one, lorcaserin, is

currently undergoing clinical trials to produce weight

loss in the obesity [40, 93].

The 5-HT3 receptor family

5-HT3 receptor family is a cation-selective ligand-

gated ion channel assembled as a pentamer of several

subunits (Tab. 1). Molecular composition of the

5-HT3 receptor family include multiple isoforms

(5-HT3A, 5-HT3B, 5-HT3C, 5-HT3D and 5-HT3E) that

are products of different genes located on human

chromosome 11 (5-HT3A and 5-HT3B: 11q23.1-q23.2)

being a local duplication event, or on human chromo-

some 3 (5-HT3C 5-HT3D and 5-HT3E: 3q27.1) [3, 66].

Alternative splicing of the 5-HT3A subunit results in

at least four subunits named 5-HT3A(a), 5-HT3A(b),

5-HT3AT and 5-HT3AL. These variants show similar

physiological and pharmacological profiles [3, 51,

91]. To provide functional properties of the 5-HT3 re-

ceptor, the heteromeric combination of 5-HT3A and

5-HT3B subunits is necessary [3, 47].

5-HT3 receptors

Structure, distribution and functional effects in the
CNS

The 5-HT3A receptor comprises of 478 amino acids in

humans, 487 amino acids in mice and 483 amino ac-

ids in rats. The 5-HT3B receptor comprises of 441

amino acids in humans and 437 amino acids in ro-

dents. The 5-HT3C, 5-HT3D and 5-HT3E receptor

comprise of 447, 279 and 471 amino acids, respec-

tively, and were found only in humans [3, 24, 42].

The 5-HT3 receptor binding is widely distributed in

the CNS with the highest densities in the area pos-

trema, nucleus tractus solitarius, trigeminal nucleus,

dorsal vagal complex and several limbic structures [3,

91]. The 5-HT3A receptor subunit is found in the dor-

sal vagal complex, hippocampus, cerebral cortex,

amygdala and caudate nucleus while 5-HT3B receptor

subunit is located mainly in the hippocampus, amyg-

dala and caudate nucleus [3, 37, 51]. 5-HT3 receptors

are heteroreceptors localized to GABA, glutamate and

ACh neurons [24, 91]. The brain 5-HT3 receptors me-

diate rapid neuronal depolarization and excitation in

several areas due to a transient inward current, result-

ing from the opening of nonselective cation channels

(Na+ and Ca2+ influx, K+ efflux) [24, 91]. Activation

of 5-HT3 receptors facilitates in vivo 5-HT, cholecys-

tokinin, DA and GABA release, decreases glutamate

release and modulates ACh release [3, 21, 24, 32, 49,

91]. Their stimulation enhances ACTH and prolactin

secretion [32, 49]. Other functional effects of 5-HT3

receptor stimulation in rodents include induction of

motor behavior (contralateral turning following direct

intra-striatal agonist infusions), a stimulus cue in the

discriminative stimulus paradigm, dysfunction of cog-

nition, causing pain and sensitization of nociceptive

neurons, induction of nausea and vomiting [19, 24,

50, 91]. The 5-HT3 receptors also control emotional

behavior (stimulation causes anxiogenesis) [3, 91]

and, due to their facilitatory role with respect to DA

function, are thought to be engaged in induction of

psychosis and drug addiction [3, 28].

Pharmacology

Several, high affinity 5-HT3 receptor agonists have

been developed (Tab. 2). 2-Methyl-5-hydroxytryptamine

is a 5-HT3 receptor agonist and 5-HT6 receptor ligand

[91, 92]. m-Chlorophenylbiguanide and 1-(6-chloro-

2-pyridinyl)-4-piperidinamine (SR 57227) are potent

and selective 5-HT3 receptor agonists; the later ago-

nist is active in vivo and penetrates to the brain [91,

92]. The best characterized partial agonists include

m-chlorophenylguanidine (MD-354) and (R)-N-(1-az-

abicyclo[2.2.2]oct-3-yl)-2-(1-methyl-1H-indol-3-yl)-

2-(1-methyl-1H-indol-3-yl)-2-oxoacetamide (RS 56812).

There are several 5-HT3 receptor selective antagonists

such as bemesetron, dolasetron, granisetron, itasetron,

ondansetron, N-(1-azabicyclo[2.2.2]oct-3-yl)-6-chloro-
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4-methyl-3-oxo-3,4-dihydro-2H-1,4-benzoxazine-8-

carboxamide (Y 25130) and zatosetron [91, 92].

Several 5-HT3 receptor antagonists, so-called “setrons”

(e.g. granisetron, ondansetron), have been introduced

to clinic for the prevention of acute, delayed, and

overall chemotherapy-induced nausea and vomiting

[13]; palonosetron is in phase III clinical trials [64,

93]. Another clinical application of the above 5-HT3

receptor antagonists is the treatment of irritable-bowel

syndrome [33].

The 5-HT4 receptor family

The 5-HT4 receptor family consists of the receptor

that exists in multiple isoforms (5-HT4A, 5-HT4B,

5-HT4C, 5-HT4D, 5-HT4E, 5-HT4F, 5-HT4G, 5-HT4H,

5-HT4HB) being post-translational modification of C-

terminus and showing similar pharmacology [15, 42].

5-HT4 receptors are functionally coupled positively to

AC via Gs and enhance cAMP formation ([15, 42],

Tab. 1).

5-HT4 receptors

Structure, distribution and functional effects in the
CNS

The human 5-HT4 receptor gene was mapped to chro-

mosome 5q31-q33 and comprises of 387 amino acids

in humans and rodents [15, 47, 69]. In the brain only

the 5-HT4A, 5-HT4B and 5-HT4C receptor isoforms

were found (the 5-HT4D isoform was detected in the

gut), especially in the nigrostriatal and mesolimbic

DA systems (the substantia nigra, ventral tegmental

area, dorsal and ventral striatum) as well as in the pre-

frontal cortex, septum and hippocampus [4, 14, 15].

5-HT4 receptors are heteroreceptors on GABA, ACh

and glutamate cell bodies and/or terminals. Activation

of the brain 5-HT4 receptors induces neuronal excit-

ability and slowing of repolarization by reducing the

Ca2+-evoked K+ currents responsible for after-

hypolarization that lead to the enhancement of several

neurotransmitter release in the brain areas. Following

5-HT4 receptor stimulation, an increase of ACh or

GABA (a direct effect), 5-HT or DA (an indirect ef-

fect) release as well as of ACTH and cortisol secre-

tion in the plasma were reported [14, 15]. Behavioral

effects of 5-HT4 receptor stimulation in rodents in-

clude facilitation of memory consolidation [19, 52,

57] and reduction in the physiological drive to eat

[15], while the receptor antagonism mediates anxiety

(antagonists display both anxiolytic and anxiogenic

properties in different animals models) [14, 15, 51].

Male 5-HT4 knock-out mice exhibit a hyposensitivity

to anorexic stress and an enhancement to pentyl-

enetetrazol-induced convulsive responses [23].

Pharmacology

The high affinity 5-HT4 receptor agonists (Tab. 2) in-

clude benzamides (e.g. cisaparide and zacopride) and

benzimidazolones (e.g. 1-(3-ethyl-2,3-dihydro-N-[endo-

8-methyl-8-azabicyclo(3.2.1)-oct-3-yl]-2-oxo-1H)ben-

zimidazole-1-carboxamide (BIMU 1), endo-N-(8-methyl-

8-azabicyclo[3.2.1]oct-3-yl)-2,3-dihydro-3-(1-methyl)-

ethyl-2-oxo-1 H-benzimidazole-1-carboxamide (BIMU

8)), however, they display diverse receptor selectivity.

BIMU 1, BIMU 8 and zacopride are also highly

potent 5-HT3 receptor ligands [15, 69, 92]. The group

of partial agonists at 5-HT4 receptors comprises

5-amino-6-chloro-2-methyl-N-{[1-(2-methylpropyl)-4-

piperidinyl]methyl}-imidazo[1,2-a]-pyridine-8-carboxamide

(CJ 033466), PRX-03140 (the chemical name not

available; synthesized by Epix Pharmaceuticals, Inc.),

1-(4-amino-5-chloro-2-methoxyphenyl)-5-(piperidin-1-

yl)-1-pentanone (RS 17017), 1-(4-amino-5-chloro-2-

methoxyphenyl)-3-[1-butyl-4-piperidinyl]-1-propanone (RS

67333), 1-(4-amino-5-chloro-2-methoxyphenyl)-3-[1-2-

methylsulfonylamino)ethyl-4-piperidinyl]-1-propanone

(RS 67506), 5-(8-amino-7-chloro-2,3-dihydro-1,4-ben-

zodioxin-5-yl-)-3-[1-(2-phenylethyl)-4-piperidynyl]-1,3,4-

oxadiazo-(3H)-one (SL65.0155), tegaserod and 6,7-

dihydro-4-hydroxy-7-isopropyl-6-oxo-N-[3-(piperidin-

1-yl)propyl]thieno[2,3-b]pyridine-5-carboxamide (VRX-

03011). The most selective and potent 5-HT4 receptor

antagonists (more than 300-fold selectivity over other

5-HT receptors) are 1-[2-[(methylsulfonyl)amino]-

ethyl]-4-piperidinylmethyl ester (GR 113808), 5-fluoro-

2-methoxy-[1-[2-[(methylsulfonyl)amino]-ethyl]-4-

piperidinyl]-1H-indole-3methylcarboxylate (GR 125487)

and 1-(4-amino-5-chloro-2-(3,5-dimethoxybenzyloxy-

phenyl)-5-(1-piperidinyl)-1-pentanone (RS 67532); all

of them show good bioavailability [15, 69, 92].

Some 5-HT4 receptor agonists – so called “sa-

prides” (e.g. cisapride, mosapride) or 5-HT4 receptor

partial agonists – so called “serods” (e.g. tegaserod),

have been on the market for gastro-intestinal patholo-
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gies [33]. Since 5-HT4 receptors have recognized ef-

fects on memory, depression and feeding in animal

models, there is still hope that 5-HT4 receptor drugs

will be commercialized for brain disorders. Presently,

the 5-HT4 partial agonists PRX-03140 and SL65.0155

are in phase II clinical trails for Alzheimer’s disease

[27, 93].

The 5-HT5 receptor family

The 5-HT5 receptor family consists of two subunits

named the 5-HT5A and 5-HT5B receptors (Tab. 1) that

have 70-88% overall sequence homology and a com-

parable pharmacology in radioligand binding studies

[42, 47, 51, 65]. In the rat and the human, recombi-

nant 5-HT5A receptor is negatively coupled to AC cy-

clase activity and induces preferentially inhibition of

forskolin-stimulated cAMP production [4, 47].

5-HT5 receptors

Structure, distribution and functional effects in the
CNS

The 5-HT5A receptor gene is located on human chro-

mosome 7 (position 7q36) and on mouse chromosome

5 (position 5B) and comprises of 357 amino acids in

humans and rodents [47, 65]. The 5-HT5B receptor

gene is located on human chromosome 2 (position

2q11-q13) and on mouse chromosome 1 (position 1F)

and comprises of 370-371 amino acids in rodents [47,

65]. Both genes contain an intron. In the brain, the

5-HT5A isoform-labeled structures include hippocam-

pus, hypothalamus, olfactory bulb, cerebral cortex,

thalamus, striatum, pons and habenula and the recep-

tor transcripts are predominantly expressed by astro-

cytes, however, they may also colocalized with neu-

rons [51, 65]. The presence of the 5-HT5B receptor

transcript has been demonstrated in the hippocampus,

habenula and dorsal raphe nucleus in rodents [51, 65].

It was suggested that 5-HT5 receptors are heterorecep-

tors on GABA neurons or terminal autoreceptors in

the mouse frontal cortex. The 5-HT5A knock-out mice

display increased exploratory activity and altered

LSD response, but no change in anxiety-related be-

haviors [36].

Pharmacology

There are no selective agonists for 5-HT5 receptor at

present. The one recognized 5-HT5 receptor antago-

nist N-[2-(dimethylamino)ethyl]-N-[[4’-[[(2-phenyleth-

yl)amino]methyl][1,1’-biphenyl]-4-yl]methyl]cyclo-

pentanepropanamide (SB 699551) displays a 100-fold

selectivity for 5-HT5A receptors over other 5-HT re-

ceptors [92, 99].

The 5-HT6 receptor family

The 5-HT6 receptor family consists of the receptor

that exists in two splice variants (as the gene contains

two introns) with no pharmacological differences be-

tween the variants [42, 47, 51]. The 5-HT6 receptors

are positively coupled to AC via Gs and cAMP forma-

tion ([47, 51]; Tab. 1).

5-HT6 receptors

Structure, distribution and functional effects in the
CNS

The 5-HT6 receptor gene is located on human chro-

mosome 1p35-p36 and comprises of 440 amino acids

in humans and mice while of 438 amino acids in rats

[47, 102]. The highest 5-HT6 receptor levels are lo-

cated in the striatum (the dorsal and ventral parts),

amygdala, hippocampus, cortex and olfactory tuber-

cle [5, 102]. 5-HT6 receptors are localized postsynap-

tic to 5-HT neurons on ACh, GABA and glutamate

neurons where their immunoreactivity is associated

with dendritic processes [32, 102]. Activation of the

brain 5-HT6 receptors evokes neuronal depolarization

in several brain areas. In vivo neurochemical findings

indicate a facilitatory effect of 5-HT6 receptor stimu-

lation on release of 5-HT, DA and GABA release

while a fall in ACh synaptic levels [32, 49, 102]. As

indicated following antagonists or antisense oligonu-

cleotides administration, 5-HT6 receptors have a role

in motor behaviors (a specific behavioral syndrome of

yawning, stretching and chewing appears), food in-

take and body weight (reduction) as well as learning

and memory processes (enhancement in retention of

spatial learning) [19, 47, 51, 52, 62, 102] while 5-HT6

knock-out mice display altered alcohol response [16].
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To note, several antipsychotic (e.g. clozapine, olan-

zapine and seroquel) and antidepressant (e.g. amitryp-

tyline, doxepin and nortryptyline) drugs have high af-

finity and an antagonistic profile for 5-HT6 receptors

and these receptors are proposed as an important brain

target for the developing treatment strategy for

schizophrenia and depression [51, 99, 102].

Pharmacology

5-Chloro-2-methyl-3-(1,2,3,6-tetrahydro-4-pyridinyl)-

1H-indole (EMD 386088) is a potent agonist that

shows moderate affinity for 5-HT6 receptors and dis-

plays selectivity over other 5-HT receptor subtypes

[69, 99]. Recently synthesized selective agonists with

nanomolar affinity for 5-HT6 receptors are 6-chloro-

N-(3-(2-(dimethylamino)ethyl)-1H-indol-5-yl)imidazo-

[2,1-b]thiazole-5-sulfonamide (E-6801), N1-(6-chloro-

imidazo[2,1-b][1,3]thiazole-5-sulfonyl)tryptamine (WAY

181187) and WAY 208466 (the chemical name not

available; synthesized by Wyeth Research) ([69, 92,

99]; Tab. 2). The most potent and selective 5-HT6 re-

ceptor antagonists include 4-amino-N-[2,6-bis(meth-

ylamino)-4-pyrimidinyl]-benzene sulfonamide (Ro 04-

6790) (no affinity at a range of other receptors), 4-

iodo-N-[4-methoxy-3-(4-methyl-1-piperazinyl)phenyl]-

benzenesulfon-amide SB 258585 (>160-fold selectiv-

ity over other 5-HT receptors) and N-(3,5-dichloro-

2-methoxyphenyl)-4-methoxy-3-(1-piperazinyl)benzen-

esulfonamide (SB 399885) (>200-fold selectivity

over other 5-HT receptors) [69, 92, 99].

Several 5-HT6 receptor antagonists are in clinical

trials for cognitive dysfunction in Alzheimer’s de-

mentia (phase II: SB 742457 (a quinolinylpiperazine

derivative, the full chemical name not available; syn-

thesized by GlaxoSmithKline), SAM-531 (the full

chemical name not available; synthesized by Wyeth

Research) or phase I: PRX-07034 (the full chemical

name not available; synthesized by Epix Pharmaceuti-

cals, Inc.), SYN-114 (the full chemical name not

available; synthesized by Synosia/Roche), SUVN-502

(the full chemical name not available; synthesized by

Suven) or in schizophrenia (phase II: SGS-518 (the

full chemical name not available; synthesized by

Lundbeck/Lilly)) [27, 34, 62, 93, 94, 103]. In addi-

tion, 5-HT6 receptor antagonists BVT 74316 (the

chemical name not available), PRX-07034 and

SUVN-502 have recently entered I phase of clinical

trials for the treatment of obesity [40, 43, 93, 94].

The 5-HT7 receptor family

The 5-HT7 receptor family consists of the receptors

that exist in four splice variants (5-HT7A, 5-HT7B,

5-HT7C, 5-HT7D) which differ in the C-terminus with

no major pharmacological differences and signal

transduction pathways (they are positively coupled to

AC via Gs and elevate cAMP ([42, 47, 51]; Tab. 1).

The 5-HT7A and 5-HT7B variants exist both in hu-

mans and rats; the 5-HT7C isoform was found only in

rats, while the 5-HT7D isoform was located to humans

[42, 51].

5-HT7 receptors

Structure, distribution and functional effects in the
CNS

The 5-HT7 receptor has been located on human chro-

mosome 10q23.3-q24.4 and comprises of 445 amino

acids in humans and of 448 amino acids in rodents

[45, 47, 51]. The high density of 5-HT7 receptors has

been localized to the thalamus, hippocampus, cerebral

cortex, amygdala and suprachiasmatic nucleus, while

moderate binding densities were reported to the hypo-

thalamus, central grey and dorsal raphe nucleus [45,

90]. The cellular localization of 5-HT7 receptors was

found on the postsynaptic membranes on GABA and

glutamate neurons. Activation of 5-HT7 receptors in-

duces the postspike medium-duration after-hyper-

polarization and enhancement of the after-

depolarization. These receptors control some neuro-

endocrine responses (stimulation facilitates ACTH

and cortisol secretion). Moreover, 5-HT7 receptors

have been consistently implicated in the etiology of

circadian rhythm regulation, sleep architecture, mood,

seizure activity, pain perception, cognition and ther-

moregulation [22, 45, 90]. A role for 5-HT7 receptors

in the regulation of circadian rhythms was confirmed

in the 5-HT7 receptor knock-out mice [84], which also

show a phenotype similar to antidepressant treated

mice [38] and disturbed thermoregulation [44]. Re-

cently it was demonstrated that several antidepressant

and antipsychotic drugs bind to 5-HT7 receptors with

high affinity that may suggest the possibility that ac-

tions at these receptors may therapeutically comple-

ment the antidepressant efficacy and antipsychotic

drug action, respectively [89, 90, 100].
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Pharmacology

Several high affinity 5-HT7 receptor ligands have

been synthesized (Tab. 2). The most potent agonists

are (2S)-(+)-5-(1,3,5-trimethylpyrazol-4-yl)-2-(dimethyl-

amino)tetralin (AS 19), 4-(2-diphenyl)-N-(1,2,3,4-tet-

rahydronaphthalen-1-yl)-1-piperazinehexanamide (LP

12) and 4-[2-(methylthio)phenyl]-N-(1,2,3,4-tetrahydro-

1-naphthalenyl)-1-piperazinehexanamide (LP 44). LP

12 has a 33-fold selectivity for 5-HT7 receptors over

5-HT1A, 5-HT2A and DA D2 sites, while LP 44 shows

a 200-fold selectivity for 5-HT7 receptors over

5-HT1A and 5-HT2A receptors [45, 92]. According to

the information provided by Tocris [92], AS 19 is a

selective 5-HT7 receptor agonist with a potency of

IC50 = 0.83 nM. The most selective and potent 5-HT7

receptor antagonists include 3-methyl-N-[(1R)-1-

methyl-3-(4-methyl-1-piperidinyl)-propyl]-N-methyl-

benzenesulfonamide (SB 258719) and (2R)-1-[(3-

hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)-

ethyl]pyrrolidine (SB 269970) (>100- and >60-fold

selectivity over other 5-HT receptors, respectively);

the latter antagonist shows also good bioavailability

[45, 92, 99].

Conclusions

The present state of knowledge of the 5-HT system

justifies the opinion that it controls many physiologi-

cal events in the organism while pharmacological in-

terventions in the 5-HT neurotransmission can effi-

ciently counteract the effects of many disturbances in

the CNS. Identification of 5-HT brain targets and their

detailed characterization led to utilize this knowledge

to develop receptor-specific drugs and better treat

CNS disorders.
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