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Preface 

In 1966, Vittorio Erspamer, the editor of the first monograph within the 
Handbook of Experimental Pharmacology series that dealt with 5-hydroxy
tryptamine (Vol. XIX) wrote in the Preface: "In a decade of intense and 
dedicated work, an immense amount of experimental data has been collected, 
the significance of which ... has spread into all fields of biology and medi
cine ... ". Three decades later, a dramatic further increase in our knowledge of 
all neuroscientific aspects of the serotoninergic system in the CNS has been 
achieved, and we are witnessing persisting interest in the biology of serotonin 
of scientists working in various basic biomedical and clinical disciplines. The 
scientific advance was made possible by significant improvements in analytical 
and morphological technologies of high sensitivity and cellular/subcellular 
resolution (e.g., patch clamp techniques, in vivo microdialysis, electrophysi
ological recording techniques, quantitative ligand autoradiography, immuno
histochemistry, cytochemistry, catalytic enzyme histochemistry, and PET / 
SPECT techniques) and in molecular biology (e.g., in situ hybridization, PCR 
cloning, DNA transfection studies, and targeted gene disruption). Particular 
progress has been made in the anatomy, physiology, and pharmaco'ogy of 
serotoninergic neurons and their modulatory role in brain functions, in s ~roto
nin receptors and their transduction mechanisms, and in the potential role of 
serotonin in neuropsychiatric diseases, such as eating disorders, antisocial 
personality disorders, obsessive-compulsive disorder, seasonal affective disor
der, and major depression. 

Serotoninergic neurons and mechanisms deserve continuing attention 
because 5-HT neurons are obligatory architectural components of neuronal 
networks in all presently existing forms of vertebrates and invertebrates, and 
because serotoninergic neurons provide neuronal networks with modulatory 
capabilities. They are essential for basic properties of the nervous system, 
namely development and adult neuroplasticity, long-term control of gene 
expression for peptides in target neurons, control of electrical excitability, 
maintenance of coherency of network functioning in response to afferent 
input and gating of tonic and phasic motor activity and timing of motor 
coordination during waking. Further functions significantly influenced by 
serotoninergic neurons are neuroendocrine secretion and autonomic tone, 
adaptation of behavior in response to external and internal demand, and 
facilitation of social behavior by restraining of irritability and aggression. 



VI Preface 

The present monograph contains 28 contributions on basic biological and 
applied medical aspects of central serotoninergic neurons and their receptors 
in the vertebrate CNS. Chapters 1-3 deal with the development, adult plastic
ity, anatomy, projections, target cell relationship, and physiology of 5-HT 
neurons. Chapters 4---6 cover recent findings on the molecular biology and 
regulation of tryptophan hydroxylase and of serotonin-storing vesicles. Chap
ters 7-19 deal with the distribution, molecular biology, transductional, electro
physiological and pharmacological characteristics of 5-HT receptors and their 
functional role. Chapters 20-24 focus on the role of 5-HT receptors in hor
mone secretion, in the action of hallucinogens, in acute effects of alcohol and 
the development of alcoholism, in the pathophysiology of migraine, and in 
nociception. Chapters 25 and 26 review and discuss recent data on the molecu
lar biology, and the distribution and function of monoamine oxidase and of the 
serotonin transporter protein. Chapters 27 and 28 are devoted to animal 
models of integrated serotoninergic functions and the psychiatric use of 
drugs which interact with the serotonin transporter and with serotonin recep
tor sUbtypes. 

Berlin 
Bonn 

H.G. BAUMGARTEN 

M. GOTHERT 
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CHAPTER 1 

Development and Adult Plasticity of 
Serotoninergic Neurons and Their Target Cells 

E.C. AZMITIA and P.M. WHITAKER-AzMITIA 

A. Introduction 
Twenty-five years of work on the development and neuroplasticity of the 
serotonin system has revealed many specific parallels between these two 
states. The trophic factors involved in developmental processes appear to be 
similar to those involved in adult neuroplasticity and the maintenance of 
neural connections. We once spoke of the trophic role serotonin plays in brain 
development prior to the time it assumes its role as a neurotransmitter in the 
mature brain. Now we speak of the role serotonin plays throughout the life of 
the brain. as a factor regulating both the maintenance and plasticity of mature 
neuronal and glial phenotypes. 

Serotonin (5-HT) functions as a major trophic factor at many develop
mental stages. It can influence embryogenesis in many organisms (starfish. 
amphibians. rat) by influencing maturation of the oocyte and regulating cleav
age division (BUZNIKOV 1984; BUZNIKOV et al. 1993). Endocrine and mast cells 
within the lung, spleen, kidney, OI tract, reproductive organs, salivary glands, 
and heart contain serotonin (OARATTINI and VALZELLI 1965). In these areas, 5-
HT serves as a maturation. growth and differentiating factor (DI SANT' AGNESE 
and CROCKETT 1994). 5-HT is known to stimulate endothelial cells that line the 
blood vessels (PAKALA et al. 1994). ependymal cells that line the ventricles 
(CHAN-PALAY 1976), and mesodermal cells that compose the craniofacial re
gion (MOlSEIWlTSCH and LAUDER 1995). 

In brain, the neurons that produce the neurotransmitter serotonin make 
up one of the most widely distributed neuronal systems in the mammalian 
brain. This neuronal network is also one of the earliest systems to develop. 
The turnover rate of serotonin is highest in the immature mammalian brain. 
High-affinity serotoninergic receptors peak during perinatal periods in both 
rodents and primates. This wide distribution, precocious development, and 
high level of activity are the keys to the trophic role of serotonin in the brain. 

This review will first describe the development of the serotoninergic neu
rons and serotoninergic receptors (Sect. B.l). Next, we cover the plasticity of 
serotoninergic neurons in a damaged brain (Sect. B.Il). In the second part of 
the review. we focus on the role of serotonin as a trophic factor. Serotonin's 
regulation of the maturation of its target cells occurs in the immature brain as 
well as the mature brain. Finally. we offer a concept of the dynamic instability 
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of neurons. This new concept provides an explanation for serotonin's regula
tion of the fluctuations between mature and immature neuronal phenotypes. 

B. Serotonin Growth 
I. Immature Brain 

1. Neurons 

The anatomical and neurochemical development of the serotonin neuronal 
system has been most extensively studied in the rat (OLSON and SEIGER 1972; 
LIDOV and MOLIVER 1982c; LAUDER et al. 1982, 1985; LAUDER 1990; ARTIGAS et 
al. 1985), although the development has been described in several species, 
including man (NOBIN and BJORKLUND 1973), chick (AHMAD and ZAMENHOF 
1978), leech (STUART et al. 1987), sheep (RICHARDS et al. 1990), Xenopus 
(MESSENGER and WARNER 1989), fruit fly (VALLES and WHITE 1988), cat (Gu et 
al. 1990), and mouse (NI and JONAKAIT 1989; HOHMANN et al. 1988). There is a 
surprisingly similar developmental pattern across species. In virtually all cases, 
serotoninergic neurons are one of the earliest cell types to express a specific 
neurotransmitter. Moreover, all of these species show that peak amounts of 
serotonin occur early in development, and are normally not reached again in 
adulthood. 

In rats, serotonin-containing cells are evident by gestational day (GD) 12 
and their proliferation occurs up to GD 18 (WALLACE and LAUDER 1983). 
Through varying degrees of migration, these cells develop into the adult raphe 
nuclei by GD 18 (LIDOV and MOLLIVER 1982a). Although axonal projections 
are evident as early as GD 13, the subsequent development of the axons is very 
complex. In many cases, serotonin terminals overshoot their final innervation 
density, and are removed (D'AMATO et al. 1987; RHOADES et al. 1990). In other 
regions, serotonin terminals are found during development in areas from 
which they are virtually absent in the adult (LESLIE et al. 1992). Adult-like 
innervation of the cerebral cortex is extremely heterogeneous and may con
tinue up to postnatal (PD) 21 (LIDOV and MOLLIVER 1982a). Not only do the 
serotonin terminal numbers change, but the percentage of terminals making 
classical synaptic connections also decreases (CRISSMAN et al. 1993). As the 
serotoninergic neurons develop, the amount of serotonin produced, released, 
and metabolized also increases rapidly. The enzyme which is responsible for 
the synthesis of serotonin, tryptophan hydroxylase, is virtually saturated by 
the very high levels of tryptophan. During development, serotonin is tran
siently expressed in cells which may eventually not be serotonin neurons (NI 
and JONAKAIT 1989; BECQUET et al. 1990). During the whole period that sero
tonin terminals develop, they express high amounts of the growth-associated 
protein GAP-43 (BENDOTTI et al. 1991), a key element in development and 
plasticity. 

Descending pathways also begin to develop almost immediately after the 
cells are differentiated, with the caudalmost regions of the spinal cord being 
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reached by GD 17. However. as with the ascending projections. there is a 
period of overproduction of terminals. with the final adult pattern being 
reached at PD 21 (RAJAOFETRA et al. 1989). 

In the human, serotoninergic neurons are first evident by 5 weeks of 
gestation (SUNDSTROM et al. 1993) and undergo a pronounced increase by 
10 weeks of gestation (KONTUR et al. 1993; SHEN et al. 1989; LEVALLOIS et al. 
1993). Serotonin levels peak in the early years oflife, before 2 years of age, and 
then decline to adult levels by 5 years of age, when they are approximately 
one-sixth of those seen in the young child (HEDNER et al. 1986; TOTH and 
FEKETE 1986). The diurinal rhythm in serotonin is present immediately after 
birth (ATTANASIO et al. 1986). 

2. Receptors 

Tn order for immature serotoninergic neurons to show neurotrophic activity, 
there must be serotoninergic receptors in the developing brain. Although 
seven receptor families have been identified in the mature brain. their occur
rence and function in the developing brain have not been well studied. The 
pharmacology and second messenger linkage of immature receptors may not 
be identical to those of the adult. and thus the receptors are difficult to 
characterize (WHITAKER-AzMITIA 1991). There may also be developmentally 
determined splice variants in the receptor. In spite of the difficulties, a clear 
picture of the role of various receptors is emerging. The principle receptors 
involved in brain development appear to be the 5-HT1A. 5-HT1B. and 5HT, 
receptors. These seven transmembrane. G-protein receptors will be discussed 
in the relevant sections below. 

The 5-HT1A receptor is intronless and is termed a "'transiently expressed 
receptor" - that is at specific times in development very high amounts are 
expressed which then decrease as the animal ages. This peak in receptor 
number has been shown in rats (DAVAL et al. 1987). humans (BAR-PELED et al. 
1991). and sheep (RICHARDS et al. 1990). In human fetal tissue. the peak is 
found between 16 and 22 weeks of gestation (BAR-PELED et al. 1991). 

In rats. the 5-HT1A receptor is first evident at GD 12 in brain stem and 
increases to a peak at GD 15 after which time it declines and is never as high 
again (HILLION et al. 1994). The peak in later developing target regions, such 
as cerebellum (DAVAL et al. 1987) and visual cortex (DYCK and CYNADER 1993). 
occurs later. Tn the serotonin cell line. RN46A. the 5-HT1A receptor is 20-fold 
higher in the undifferentiated cell than in the differentiated cell. The authors 
suggest that the cell body 5-HT1A receptors may mediate autoregulation of 
serotonin development (EATON et al. 1995; see below). Although the 5-HT1A 
receptor is the principle neurotrophic receptor, it also has other developmen
tally specific behavioral roles. In the 1 st week of neonatal life, this receptor can 
cause behavioral activation. decreased suckling (KIRSTEIN and SPEAR 1988), 
and decreased calling for the mother (WINSLOW and INSEL 1991). The 5-HTIA 
receptor also regulates the respiratory rhythm. measurable as early as GD 18 
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(DIPASQUALE et al. 1994). This may have interesting implications for sudden 
infant death syndrome (SIDS), where serotonin deficits are reported (SPARKS 
and HUNSAKER 1991; MAURIZI 1985). 

The 5-HTlB receptor has never been described in fetal tissue; however, it 
is present by early neonatal life (PRANZATELLI and GALVAN 1994). Thus, while 
a release-regulating autoreceptor appears to affect fetal serotonin develop
ment (see below), it is not identical to the autoreceptor of the adult brain, the 
5-HTlB autoreceptor. The receptor, however, shows a transient expression in 
the neonatal period and may be important in the cortex for pattern and barrel 
field formation (LESLIE et al. 1992). Recent studies have shown the presence of 
the 5-HTlB receptor on transiently expressed serotonin terminals in rat soma
tosensory cortex and visual cortex. The fact that these receptors are in the 
regions where serotonin terminals hyperinnervate and are later removed sug
gests 5-HT autoregulation is present in the cortex postnatally. Behaviorally, 4-
day-old rat pups respond to m-chlorophenylpiperazine (mCPP) by changes in 
mouthing and probing behaviors, as well as showing a general behavioral 
activation (KIRSTEIN and SPEAR 1988). 

The predominant 5-HTz receptor in the neonatal period is the 5-HTzc 
receptor, changing to the 5-HT2A as the animal ages (IKE et al. 1995). The 5-
HT2 receptor-mediated production of inositol phosphates is approximately 
tenfold higher in the immature brain than in the adult brain (CLAUSTRE et al. 
1988). This time period is too late to influence serotonin autoregulation of 
fiber outgrowth; however, the receptor may playa role in branching, terminal 
sprouting, synaptogenesis, mitogenesis, and glycogen breakdown (see 
Sect. E). In addition, the receptor may playa role in determining the number 
of glucocorticoid receptors (MEANEY et al. 1994). The 5-HTz receptor can be 
referred to as a programmable receptor - that is events during development 
may affect the number, affinity, or function of these receptors in the adult 
brain. For example, both prenatal and postnatal stress on the mother signifi
cantly increase the number of 5-HTz receptors in the offspring, even after they 
have become adults (PETERS 1988). 

Other 5-HT receptors have been suggested to have trophic activity during 
development. The 5-HT3 receptor serves as an ionophore for K+/Caz+. It has 
two different splice variants expressed over the course of development 
(MIQUEL et al. 1995) and influences spinal cord development (BELL et al. 
1992). The 5-HTsB receptor co localizes with the gene producing the reeler 
mutation in mice (MATTHES et al. 1993). Future research could thus focus on 
these and other areas. 

II. Mature Brain 

This chapter focuses on the plasticity of serotoninergic neurons. In the adult, 
the developmental processes of serotonin outgrowth, overgrowth, and termi
nal elimination are still present and are referred to as plasticity. Plasticity of 
adult brain and spinal cord is a relatively new concept, for at one time the 
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neural system was considered rigid and incapable of change. However, in the 
last 25 years firm morphological data have accumulated supporting the exist
ence of 5-HT growth in the adult brain. 

Serotonin sprouting is induced by a variety of conditions in the adult 
brain. Moreover, in a manner analogous to the overgrowth of developing 
serotonin terminals, serotonin sprouts often exceed normal levels. Serotonin 
sprouting can be of three types, depending on the means by which it is induced. 
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Fig. 1. Three patterns of plasticity are shown: proximal sprouting (damming), regen
eration, and collateral sprouting. In the top panel, a normal neuron grows into regions 
Band C. After damage to the axon, sprouts emerge proximal to the injury (region A). 
Regenerating axons hyperinnervate a more proximal region (B), while 
hypoinnervating a more distal target (C). A neighboring neuron of the same 
(homotypic) or different (heterotypic) chemical type sprouts into the region (C) va
cated by the injured neuron 
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Regenerative sprouting is sprouting from a damaged serotonin neuron. When 
the damaged fibers do not reach their original target, neighboring serotonin 
terminals can sprout (homotypic collateral sprouting). If a neighboring neuron 
of a different transmitter specificity is damaged, the serotonin neurons can 
sprout in its place (heterotypic sprouting). These types of sprouting are dis
cussed in the following sections and are shown in Fig. 1. 

1. Regeneration 

Serotonin fibers can be damaged by physical or chemical methods. There 
are a number of serotonin-specific chemical toxins, including dihydroxy
tryptamines (e.g., 5,6-DHT and 5,7-DHT; BAUMGARTEN et al. 1971, 
1973; BJORKLUND et al. 1981) and substituted amphetamines [e.g., 
para-chloroamphetamine (PCA) and 3,4-methylenedioxymethamphetamine 
(MDMA); SANDERs-BusHet al. 1975; MAMOUNAS and MOLLIVER 1988; FISCHER 
et al. 1995]. Within 24h of a lesion, the proximal tips of the lesioned 5-HT 
fibers become enlarged and bulbous, resembling classical degenerating pro
files (RAMON Y CAJAL 1928). The stumps produce numerous fine processes 
within several days (BJORKLUND et al. 1981; FRANKFURT and AZMITIA 1983; 
ZHOU and AZMITIA 1986). These enlarged stumps and processes have a mor
phological resemblance to the growth cones and filipodia of developing neu
rons. In many of these regenerating serotonin neurons, the growth-associated 
protein GAP-43 is expressed once again(ALONso et al. 1995). 

One month after 5,6-DHT injections into adult rats, 5-HT fluorescent 
fibers from the bulbar descending inferior group show innervation of the 
inferior olivary nucleus and several cranial motor nuclei and by 8 months grow 
down the entire spinal cord (BJORKLUND et al. 1981). The 5-HT fibers that 
reinnervate the spinal cord re-establish functional regulation (NYGREN et al. 
1974). 

The ascending serotoninergic groups can also show regeneration. In 
the rat hypothalamus, direct intracerebral injections of 5,7-DHT lead to a rapid 
loss of 5-HT-IR fibers and a corresponding increase in female sexual activity. 
By 1 month, the levels of 5-HT increase to 50% of control and reach control 
levels by 8 weeks. After 9 weeks there is no significant difference in the types 
of appositions or synaptic frequency made by the regenerating serotoninergic 
axons compared to the original fibers (FRANKFURT and BEAUDET 1987). These 
regenerating serotoninergic axons grow back to some of the same nuclei 
(dorsomedial hypothalamus and zona incerta), re-establish synaptic and neu
rotransmitter function, and restore hormonally dependent behavior. 

Serotoninergic fibers are capable of both retraction and extension in the 
adult mammalian brain, but do not always re-establish their original distribu
tion. In the rat, 5-HT fibers damaged by 5,6-DHT or 5,7-DHT can 
hyperinnervate the brain stem olivary nuclei by 7-8 months (WIKLUND and 
BJORKLUND 1980) and the hypothalamus by 9 weeks (FRANKFURT and AZMITIA 
1983), but distant targets remain hypoinnervated. MDMA given to monkeys 
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produces a substantial degeneration of fibers throughout the forebrain 
(FISCHER et al. 1995). The regeneration of the damaged sprouts hyper
innervates many targets proximal to the medial forebrain bundle (MFB), 
such as the amgydala and hypothalamus, but areas such as the frontal 
cortex are hypoinnervated even after 18 months. The overshoot over normal 
innervation levels is similar to the hyperinnervation produced by neonatal 5-
HT fibers in the spinal cord and cortex. In the rat neonate and adult, this 
hyperinnervation is transient (AXT et al. 1994). There are morphological and 
functional consequences of this unbalanced and dynamic regeneration (see 
Sect. D). 

2. Homotypic Collateral Sprouting 

Undamaged 5-HT neurons can also sprout in the adult brain. In the case of 
homotypic sprouting. serotoninergic neurons expand their normal innervation 
area and substitute for the damaged 5-HT fibers (AZMITIA et al. 1978). In this 
type of plasticity, normal fiber density and function can be restored. This 
plastic response was first seen in the CNS of adult rats after 5,7-DHT selective 
destruction of the serotoninergic hippocampal afferents traveling in the cingu
lum bundle (CB) and monitoring the induced expansion of the undamaged 
serotoninergic fibers traveling in the fornix-fimbria (FF). After a 2-week delay, 
the 5-HT fibers in the FF begin to grow towards the neural targets left by the 
lesioned CB 5-HT fibers and within 42 days the normal innervation density 
and behavior are restored. Hyperinnervation is evident after 90 days (AZMITIA 
et aJ. 1978). When 5-HT fibers are specificaIIy damaged, there is a period of 
time (2-3 weeks) before new 5-HT collateral sprouts from undamaged neu
rons are formed (AZMITIA and ZHOU 1986). A soluble factor from hippocam
pal extract produces increased trophic activity in culture 2 weeks after 
5.7-DHT lesions (AZMITIA et al. 1991a). This is in marked contrast to the 
production of nerve growth factor (NGF). which increases within a few days 
and peaks in the hippocampus at 2 weeks post-lesion (CRUTCHER and COLLINS 
1986). The slow increase in the level of neurotrophic activity is due. at least in 
part. to the expression of a soluble trophic factor by the target cells (the 
astroglial factor. S-100fJ) and the induction of the receptor signal for release 
(astroglial 5-HT1A receptors). 

3. Heterotypic Collateral Sprouting 

The phenomenon of heterotypic collateral sprouting (also referred to as reac
tive synaptogenesis) is faster than homotypic collateral sprouting. occurring 
within days and being essentially complete by 2 weeks (see AZMITIA and ZHOU 
1986: COTMAN and LYNCH 1976). The chemical specificity of the lesioned 
fiber is critical for homotypic collateral sprouting but not for reactive 
synaptogenesis. In addition, the proximity of the fiber to the site of the lesion 
is critical in heteroypic sprouting, whereas in homotypic collateral sprouting 
the collateral sprouts can travel long distances (up to 1 cm). 
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Removal of serotoninergic fibers does not induce heterotypic sprouting 
from other nonserotoninergic neurons. However, serotoninergic fibers quickly 
expand into denervated sites formerly occupied by other types of neurons. The 
best-studied example is the serotonin sprouting after neonatal removal of 
dopamine fibers in the striatum (see Sect. CL2). Serotoninergic fibers can 
hyperinnervate a sensory target area after damage to the peripheral neurons. 
Both neonatal and adult eye removal increases 5-HT-IR fiber sprouting in the 
upper stratum griseum of the hamster superior colliculus (RHOADES et al. 
1990). In these animals, the degree of sprouting is greater in the adult than in 
the neonate. In experimentally induced degranulation in the cerebellum, the 
5-HT innervation is reorganized (SOTELO and BEAUDET 1979). 

These studies indicate that 5-HT fibers can respond to removal of hetero
typic fibers; however, the serotoninergic sprouts do not assume the function of 
the lost systems even when the sprouting occurs in the neonate (READER et al. 
1995). Rather the fibers appear to invade the area targeting the astrocytes 
formed in response to the degenerating neurons, possibly releasing S-lOO,B 
(see Sect. Cn.1). The heterotypic sprouting by serotoninergic neurons forms 
typical serotonin connections in both pattern and ultrastructure (LIDOV and 
MOLLIVER 1982b; DESCARRIES et al. 1992). 

III. Transplantation: Mature and Immature Interactions 

The most direct way to compare the trophic abilities of immature fetal cells 
and mature adult cells is by brain transplantation. The integration of cells 
of different maturational states uncovers neurotrophic aspects of both the 
immature and mature serotoninergic system. The first transplantation 
studies inserted fetal serotoninergic neurons into a cavity in the entorhinal 
cortex of the rat (BJORKLUND et al. 1976). The fetal 5-HT fibers grew into the 
hippocampal areas vacated by the degenerating cortical fibers. In later studies, 
the feta15-HT neurons were successfully microinjected into the hippocampus 
of adult and aged rats (for review see JACOBS and AZMITIA 1992). The 5-HT 
fetal neurons mature normally and show proper electrophysiological and 
pharmacological responses. In the adult hypothalamus, raphe fetal transplants 
can restore both the 5-HT fiber loss and the behavioral effects on female 
sexual activity produced by the 5,7-DHT lesion (LUINE et al. 1984). In the 
adult hippocampus, fetal raphe transplants reduce cognitive deficits induced 
by loss of 5-HT and cholinergic afferents (SEGAL and RICHTER-LEVIN 1989). 
Thus, neuronotrophic interactions occur between cells of different ages and 
these interactions are mutually beneficial to the morphology and function of 
both cell types. This is relevant to the aged brain, where the endogenous 
serotoninergic fibers are retracting and degenerating (see Sect. E.IL2). 

Over time, the fetal neurons hyperinnervate nearby areas which they 
normally innervate. Hyperinnervation of target areas by fetal serotoninergic 
neurons has been demonstrated by morphological, neurochemical, and func
tional studies (see AZMITIA et al. 1990a, review). In fact, prior removal of 
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endogenous 5-HT fibers greatly enhances the speed and magnitude of the 
hyperinnervation. Transplants made into 5.7-DHT-lesioned animals show a 
dramatic increase in high-affinity uptake (345 % over control hippocampus) 
and 5-HT levels (225% over control hippocampus). The hyperinnervation by 
serotoninergic fibers is maintained for at least 5 months throughout the dorsal 
part of the hippocampus. The ability to hyperinnervate occurs during de
velopment, after damage to adult neurons and when immature neurons are 
introduced into an adult target area. Thus, the final innervation density pro
duced by individual 5-HT raphe neurons and sustained by the target region is 
not rigidly set at a given point (programmed), but can be modified throughout 
life. 

c. Trophic Factors 
In the first section, we described serotonin development and plasticity in both 
the immature and mature brains and spinal cords. Now we present various 
molecules that can regulate serotoninergic growth. These range in size from 
small ions to proteins (reviewed by AZMTTIA et al. 1988). However. knowing 
that a molecule has trophic activity does not provide a mechanism for how the 
molecule is regulated nor how it exerts its action. These questions are essential 
and provide insights into how individual sets of neurons can thrive or wither in 
the neural environment. The final level of analysis will be the study of the 
interactions between trophic factors since normally trophic factors will not act 
in isolation. 

I. Neurotransmitters 

1. Serotonin 

Regulation of a cell's function by a substance that the cell produces is a 
common regulatory mechanism in biological systems. Many neurotransmitters 
depend on autoreceptors to limit their production. neuronal firing rate, or 
neurotransmitter release. The same principle is true for the development of 
serotonin neurons. As serotonin reaches a critical amount in the mammalian 
brain. it causes the inhibition of outgrowth of the serotonin neruons. We have 
termed this phenonemon "autoregulation of development." 

Increasing the levels of serotonin in the extracellular media in tissue 
culture has effects on the growth and survival of serotoninergic neurons 
(WHTTAKER-AzMITIA and AZMTTIA 1986b). Increasing the amount of serotonin 
in the culture. or the addition of the nonspecific agonist 5-MT, inhibits the 
outgrowth of serotoninergic neurons. In invertebrates. serotonin has been 
shown to be present and direct application of high concentrations of 5-HT 
to growth cones produces a retraction (GOLDBERG and KATER 1989). In 
vertebrate studies. using prenatal treatment with serotoninergic agents, we 
have also found decreased serotonin growth in rats (SHEMER et al. 1991). 
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Furthermore, increasing tryptophan (the precursor for serotonin synthesis) 
during gestation causes delayed outgrowth of serotonin neurons, particularly 
in cortex (HUETHER et al. 1992). Finally, animals treated prenatally with inhibi
tors of serotonin breakdown, monoamine oxidase inhibitors, show significant 
loss of serotonin terminals in the adult offspring, which again is most apparent 
in cortex (WHITAKER-AzMITIA et al. 1994). 

The cellular mechanism for serotoninergic autoregulation of growth is not 
known. It appears to require an intracellular increase and release of 5-HT but 
does not correlate directly with any known serotonin receptor. Thus, cocaine, 
MDMA, MDA, and peA are inhibitory to developing and adult serot
oninergic neurons. These drugs all stimulate cytoplasmic release of 5-HT and 
inhibit its uptake and breakdown. 

2. Dopamine 
Many studies have shown the importance of dopamine in the regulation of 
serotonin neuronal development (BERGER et al. 1985; TOWLE et al. 1989). 
Removal of dopamine by selective lesioning of neonates has been shown to 
lead to overgrowth of serotonin terminals into the caudate nucleus. The 
overexpressed serotonin terminals have appropriate ultrastructural details for 
serotoninergic, not dopaminergic, terminals (DES CARRIES et al. 1992) and re
lease sufficient serotonin to achieve tissue levels three times control values 
(JACKSON and ABERCROMBIE 1992). In our studies with selective prenatal 
dopamine receptor agonists, we have shown dopamine inhibition of 5-HT 
growth can be mediated through the Dl dopamine receptor (WHITAKER
AZMITIA et al. 1990a). 

In the adult, dopamine effects on serotonin may involve different mecha
nisms. 6-Hydroxydopamine (6-0H-DA) injection into the striatum of an adult 
rat removes dopamine fibers but does not induce a sprouting of 5-HT axons 
(SNYDER et al. 1986). However, if 6-0H-DA is injected into the substantia 
nigra (SN), serotoninergic fibers will sprout robustly (ZHOU et al. 1991a). The 
principle difference between these two injection sites is that dopamine fibers 
afferent to the serotoninergic neurons are eliminated only in the SN injection. 
However, transplantations of dopaminergic neurons after neonataI6-0H-DA 
do not result in a withdrawal of the new serotoninergic fibers although other 
reactive systems do normalize (ABROUS et al. 1993). 

II. Protein Growth Factors 

Many protein growth factors have been cloned and tested on serotonin neu
rons, but few have been found to have trophic activity. The most active factor 
on serotoninergic growth identified to date is S-100j3, derived from glial cells, 
which acts chiefly on neurite extension and stabilization. Brain-derived 
neurotrophic factor (BDNF) may promote survival and sprouting of 
serotoninergic neurons. 
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1. S-100j3 

In the first study attempting to identify a serotoninergic growth factor, we tested 
a number of recognized neurotrophic protein molecules. S-100j3 (a Ca2+-binding 
protein), but not N G F, epidermal growth factor (EGF), or insulin, promotes the 
extension of serotoninergic fibers at very low concentrations (1 ng/ml) (AZMITIA 
et a1. 1990a). Calmodulin, another soluble Ca2+-binding protein, is without 
effect. S-100j3 increases sprouting and branching in the serotoninergic cultures 
without any effect on cell survival, and has no effect on the growth of dopam
inergic neurons in cultures (Lm and LAUDER 1992). Insulin-like growth factor
II promotes the maturation of dopaminergic neurons but has no effect on the 
serotoninergic neurons. In the brain, S-100j3 is synthesized and stored in 
astrocytes, tanocytes, and radial glial cells. In certain brain stem cholinergic 
neurons. S-l 00-IR has been observed (YANG et a1. 1995). In the developing 
brain stem. S-lOOj3 is transiently expressed lateral to the raphe nuclei when 
serotonin neurons are developing (VAN HARTESVELDT et a1. 1986) and is present 
in hippocampus prior to the onset of target maturation (AKBARI et al. 
1994).There is direct evidence for an active role for S-lOOj3 in serotoninergic 
sprouting. The C-6 cell line. a glioma line that secretes Sol 0013. transplanted into 
an adult rat hippocampus induces the sprouting of serotoninergic fibers (UEDA 
et al. 1995a). However. C-6 cells transfected with S-100j3 antisense gene but 
which do not synthesize S-100j3 (V AN ELDIK et al. 1992) do not induce 5-HT 
fiber growth when transplanted. Interestingly. the few 5-HT-IR fibers that are 
present in the glioma mass lacking S-l 00f3 are enlarged. irregular. and distorted. 
resembling the 5-HT fibers seen in the aged brain. 

The serotoninergic neurons have reciprocal actions with S-lOOj3. The re
lease of S-lOOf3 from astrocytes is induced by 5-HT1A agonists (WHITAKER
AZMITlA et al. 1990b). In the adult. removal of 5-HT induces a fall in S-100j3 
(HARING et al. 1993) and an enhanced stimulation of this protein by 5-HT1A 
agonists (AZMITlA et al. 1992. 1995). The trophic actions of S-100f3 do not 
require neuronal support. Injections of ibotenic acid into either the caudate or 
hippocampus induce rapid death of endogenous neurons by an excitatory 
amino acid mechanism (ZHOU et al. 1995). In this neuron-free inner zone, S-
1 00f3 is increased. A peripherial outer zone forms which contains neuronal and 
reactive glial cells. but S-100j3 is not increased. 5-HT-IR fibers show a rapid 
and robust sprouting into the S-100f3-enriched inner zone and no detectable 
increase in the neuronal and glial outer zone. The regulation of S-100j3 by 
serotoninergic neurons should produce a cascade of trophic effects. S-l 0013 has 
profound trophic effects, causing neurite outgrowth in chick cortical cultures 
(KLIGMAN and MARSHAK 1985). glial proliferation (SELINFREUND et al. 1991), 
and increased survival of motoneurons (BHATTACHARYYA et al. 1992). In a 
mutant mouse lacking S-100f3, the polydactyl Nagoya mouse, there is little 
development of cortex, and serotonin terminals are absent (UEDA et al. 1994). 
Treatment with antibodies raised against S-100f3 blocks cortical synapt
ogenesis. Infusion into the visual cortex blocks the rearrangement normally 
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seen after eye enucleation in kittens (MULLER et al. 1993). In adult animals, S-
10013 is involved in long-term potentiation (LTP), a model of learning (LEWIS 
and TEYLER 1986; BAlDO et al. 1992). This role in LTP implies a role for 
serotonin in adult synaptic plasticity. 

2. Brain-Derived Neuronotrophic Factor 

Brain-derived neuronotrophic factor (BDNF) has been shown by severallabo
ratories to stimulate survival of dopaminergic, cholinergic, and GABAergic 
neurons in mescenphalic cultures (ROBACK et al. 1992; HYMAN et al. 1991). In 
the immortalized serotoninergic cell line, RN46A under depolarizing condi
tions, the Bmax of 5-HT1A receptor binding is increased 3.5-fold by BDNF 
treatment (EATON et al. 1995). In human fetal ventral mesencephalic cultures, 
BDNF (lOng/ml) increases dopamine neuronal survival 2.5- to 3.5-fold, and 5-
HT levels 2-fold (SPENGER et al. 1995). In primary midbrain raphe cultures, 
BDNF increases 5-HT content, somal size and number and the process length 
of 5-HT-IR neurons (NISHI et al. 1996b). In addition, the S-lO013-IR is in
creased in glial cells. 

In the intact animal, BDNF stimulates the sprouting of 5-HT fibers in the 
adult cortex of control rats (MAMOUNAS et al. 1995). A more dramatic degree 
of sprouting is seen after prior destruction of 5-HT fibers with PCA. The 
mechanism of action may involve activation of the tyrosine receptor kinase-B 
(TRK-B) receptor, located on 5-HT neurons (MERLIo et al. 1992). BDNF 
effects on 5-HT sprouting persist for long periods (months) after the infusion 
of BDNF is stopped (MAMOUNAS et al. 1995). Thus it appears that BDNF can 
initiate the sprouting and recruit long-lasting, possibly astroglial, mechanisms 
to maintain the sprouts. BDNF has been shown to activate brain astrocytes 
(ROBACK et al. 1995). In recent studies, antibodies raised against S-10013 
blocked the neurite extension but not the increases in 5-HT-IR somal size and 
number (NISHI et al. 1996b). These cellular changes are sufficient to argue that 
glial cells are an active and long-acting participant in the actions of BDNF. 

3. Other Factors 

A number of novel proteins exist which have suspected trophic effects on 
serotonin neurons. Transgenic animals overexpressing transforming growth 
factor-alpha (TGF-a) show gender-specific changes in serotonin development 
(HILAKIVI-CLARKE et al. 1995). Interestingly, the aggressive behavior normally 
seen in these animals is reversed by treatment with serotonin uptake inhibitors 
(HILAKIVI-CLARKE and GOLDBERG 1993). There is also evidence suggesting that 
the basic fibroblast growth factors, FGF-2 (CHAD! et al. 1993) and FGF-5 
(LINDHOLM et al. 1994), are trophic to serotonin neurons. 

III. Neuropeptides 

Neuropeptides are derived from larger proteins and have been shown to have 
both neuroendocrine and neurotransmitter roles. A number of neuropeptides 
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show growth regulatory effects on serotonin neurons. Adrenocorticot
ropic hormone (ACTH), ACTH 4-10, and Org 2766 at various concen
trations stimulate the outgrowth of serotoninergic neurons in culture (AZMITIA 
and DE KLOET 1987). However, these peptides have no effect when 
serotoninergic neurons are in contact with their normal target cells. Thus, 
ACTH is stimulatory only during the period when 5-HT neurons are de
prived of their normal target stimulation, as occurs during early develop
ment and after lesions. The serotoninergic cell line RN46A also responds to 
ACTH by developing a more mature serotoninergic phenotype (EATON et al. 
1995). In the intact brain, ACTH has little effect once the serotoninergic 
neurons have reached their target (VAN LUIJTELAAR and TONNAER 1992). It 
may be pertinent that ACTH releases S-100J3 from astroglial cells (SUZUKI et 
al. 1987). 

Neuropeptide Y (NPY) influences serotoninergic sprouting. 5-HT 
fetal neurons cotransplanted with fetal suprachiasmatic nucleus into the 
adult rat eye chamber produce very few 5-HT fibers (UEDA et al. 1994). 
However, if NPY neurons from the lateral geniculate nucleus are also trans
planted into the eye chamber, the 5-HT fibers are stimulated to invade the 
suprachiasmatic nucleus. Thus. a peptidergic fiber can condition a target 
region to permit secondary serotoninergic ingrowth. This may be relevant to 
late terminal sprouting. which occurs after the terminals first reach the target 
area. 

Leu-enkephalin has a potent inhibitory action on serotoninergic 
maturation (DAVILA-GARCIA and AZMITIA 1989, 1990). Daily dosing of leu
enkephalin (18 nM) for either 3 or 5 days in culture results in a 40% de
crease in the 5-HT uptake without any effect on cell survival. Continuous 
blockade of the opiate receptor with naloxone. an opiate antagonist, has 
been shown to stimulate the 5-HT fiber growth in culture. The inhibitory 
effect of opiates is enhanced in the presence of target cells in co-culture 
experiments. It is interesting to note that morphine inhibits the regenera
tive capacity of a lesioned serotonin system (GORIO et al. 1993). Thus. the 
opiate system is inhibitory to serotoninergic growth in immature and mature 
neurons. 

Substance P. which is colocalized with serotonin from GD 13 and through
out adulthood (NI and JONAKAIT 1989). has an influence on developing sero 
tonin neurons. Serotonin also influences the expression of preprotachy 
kinin (PPT). the substance P precursor. Both adults and developing ani
mals show an increase in PPT following serotonin depletion with para
chlorop-henylalanine (PCPA) (W ALKER et al. 1990). In cultures of 
serotoninergic neurons. substance P is stimulatory. However, this trophic in
fluence appears to be only important in the rat brain if the endogenous 
serotonin influence is lacking (JONSSON and HALLMAN 1983). The trophic 
action of neuropeptides on serotoninergic growth appears to be markedly 
influenced by secondary factors that already exist in the target areas and are. 
in turn. influenced by serotoninergic neurons. 
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IV. Steroids 

Studies on the involvement of glucocorticoids in serotonin metabolism, physi
ology, development, and plasticity span at least 30 years. The majority of 
studies indicate that increasing glucocorticoid levels results in a stimulation of 
serotoninergic growth, while eliminating glucocorticoids by adrenalectomy 
leads to a decline in serotoninergic morphology and function. 

In developing animals, stress accelerates the appearance of serotonin
mediated behaviors and serotonin receptors (PETERS 1988,1990). These stimu
latory changes can be long-lasting. Cold exposure at PD 1-6 causes increased 
serotonin content in the adult brain (GIULIAN et al. 1974). Injections of ACTH 
and nicotine, both of which increase glucocorticoids, result in a rise in 5-HT 
sprouting (KING et al. 1991; ALVES et al. 1993). ACTH exposure leads to 
hastened 5-HT development and hyperinnervation, but also results in prema
ture retraction of the 5-HT sprouts (ALVES et al. 1996). Adrenalectomy blocks 
the normal development of serotoninergic neurons (SZE 1980). In adult 
animals, adrenalectomy causes shrinkage of the cell body and dendrites 
of serotoninergic neurons in the raphe nuclei. This effect is reversed in rats 
given dexamethasone for 72 h (AZMITIA et al. 1993). Homotypic collateral 
sprouting seen after 5,7-DHT lesions is blocked by prior adrenalectomy 
(Zhou and Azmitia 1985). Corticosterone injections re-instate the ability to 
sprout. 

V. Attachment Factors 

In order to move, there must be traction. In the adult brain, the amount of free 
surface for new growth is limited. In the adult brain, especially when it is 
uninjured, most suitable substrates are already occupied. Serotoninergic fibers 
will extend long distances but in a slow and random manner. This can be 
greatly improved by microinjectioning adhesion molecules, such as laminin, 
into the brain (ZHOU and AZMITIA 1988; Fig. 2) or by activation of astrocytes 
by removal of pre-existing neurons with excitochemicals (ZHOU and CHIANG 
1995). 

VI. Summary 

Serotonin may be unique among neurotransmitter systems for its incredible 
capacity for regrowth. There are many factors which contribute to this unique 
capacity: (1) 5-HT fibers are largely unmyelinated and not limited to following 
a precise pathway. In fact 5-HT fibers can grow along myelinated axons, blood 
vessels, ependymal cells, and epithelial cells. (2) 5-HT fibers respond to the 
ubiquitous glial trophic factor S-100f3. (3) 5-HT neurons respond trophic ally to 
a variety of neuronal and endocrine factors. (4) The adult 5-HT neurons 
contain abundant messages for GAP43 (a growth-associated protein normally 
seen in growth cones). (5) 5-HT neurons have TRK-B receptors and are 
responsive to BDNF. 
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Fig. 2A-D. Diagrams showing the effect of laminin on developing and adult neurons: 
upper panels , experimental designs; lower panels. results, A Vehicle control: upper 
panel, dissociated brain stem raphe , locus ceruleus, and nigra cells (solid circles) were 
transplanted in an adult brain region , and Hank's solution vehicle (dots) was added 
dorsal to the graft site through a micropipette immediately after grafting, Lower panel, 
the fibers of the grafted neurons grew randomly with no recognizable pattern , Few 
neurons, if any, were observed on the graft tract, B Laminin group: upper panel, 
laminin (crosses) was infected dorsal to the transplant. Lower panel, the fibers of 
transplanted neurons grew preferentially along the laminin-treated tract. A number of 
neurons migrated up to the tract. C Parallel injection group: upper panel, raphe and 
locus ceruleus cells were transplanted in a brain region and a thin layer of cells was 
deposited in the pipette tract during retracting, Laminin solution was added in a tract 
0,3- 1 mm lateral and parallel to the grafted tract immediately after transplantation , 
Lower panel, fibers of transplanted neurons grew toward, and a number of neurons 
migrated to, the laminin-treated tract, when they were placed less than 0,5 mm away, D 
Laminin control: upper panel, laminin solution was injected in a brain region where no 
graft was made, Lower panel, the undamaged adult 5-HT, NE, and DA neurons did not 
respond to laminin treatment, Solid circle , transplanted cells; dots , Hank's medium 
(vehicle) ; crosses, laminin 

D. Serotoninergic Influences on Target Tissue Maturation 
I. Introduction 

Serotonin plays a complex role in the maturation of diverse neuronal and glial 
cells, and dramatically regulates synapse density in both the immature and 
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mature brain. Since serotonin is so widely distributed in brain (and in 
peripheral tissues), most regions of the brajn and spinal cord (and body) are 
dependent on serotonin for reaching maturation. Thus, disturbances in 
serotonin during development would produce profound deficits in a variety 
of structures in the mature brain, as well as throughout the body. In the 
adult brain and spinal cord, 5-HT can continue to exert trophic activity on 
target cells. In fact a loss of the adult phenotype follows the removal of 5-HT. 
The loss of the mature morphology of adult neurons appears to be fully 
reversible when 5-HT is restored. The rapid fluctuation between immature 
and mature states indicates the mature neural morphology is not fixed after 
development and that the ability to change is consistent with normal brain 
function. 

II. Immature Brain 

The earliest studies on the effects of 5-HT on target development used the 
approach of removing serotonin, with PCP A, and observing the consequences. 
PCPA, an inhibitor of tryptophan hydroxylase, reduces 5-HT levels but does 
not destroy the terminals (DEWAR et al. 1992). Prenatal depletion of serotonin 
with PCP A causes delayed maturation and prolonged proliferation of target 
regions (LAUDER and KREBS 1978). In neonates, PCPA results in a reduced 
rate of growth for the forebrain measured by weight (HOLE 1972a-c). Deple
tion of serotonin at PD 3 (with the selective neurotoxin 5,7-DHT) results in a 
decreased density of granule cell dendritic spines, which worsens as the ani
mals grow into adolescence (HARING and Y AN 1993). In electrophysiological 
studies, these animals show a decreased population excitatory postsynaptic 
potential (EPSP). In studies recently completed in our laboratories, we have 
found that depleting animals of serotonin with PCP A during peak 
synaptogenesis (PND 10-20) causes permanent (up to 180 days) loss of the 
dendrites (Fig. 3). Moreover, these animals have profound changes in learning 
and memory. Similar findings have been reported in developing chicks, where 
serotonin depletion causes a delay in hippocampal neuronal differentiation 
and a decreased number of synapses in the cerebral cortex and hippocampus 
(OKADO et al. 1993). 

The earliest direct studies of serotonin's influence on target development 
were done in tissue culture. Using hippocampal slice cultures, CHUBAKOV and 
colleagues have shown that serotonin plays a role in neurite outgrowth in 
the target region, increases electrical interconnections, and promotes 
synaptogenesis (CHUMASOV et al. 1978; CHUBAKOV et al. 1986a, b, 1993). 

Much of the trophic effect of serotonin on target tissues is elicited through 
the 5-HT1A receptor. Very early in development, the 5-HT1A receptor plays a 
role in migration of cranial neural crest cells (MorSEIWITSCH and LAUDER 
1995). In the visual cortex of dark-reared rats, there is a prolonged peak of the 
5-HT1A receptor and a corresponding increased period of cortical synaptic 
plasticity (MOWER 1991). Septal cholinergic neurons express 5-HT1A receptors 
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early in development. Chronic application of various 5-HT1A agonists to cul
tures of septal cholinergic neurons promote choline acetyltransferase activity 
and neurite outgrowth and branching, but have no effect on cell survival (RIAD 

Fig. 3A,B. Effects of neonatal serotonin depletion on adult dendritic density. Rat pups 
were treated with PCP A from PD 10 to 20. On PN 190, the animals were perfused and 
immunocytochemically stained with the dendritic marker MAP-2. A Control hippoc
ampus. B PCP A-treated hippocampus. showing a significant loss of dendrites 
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Fig.4A,B. Effects of a 5-HT1A agonist on astroglia maturation, in culture. Cortical 
astroglial cultures were produced from 4-day-old rat pups. A Control culture. B Cul
ture treated for 24 h with a 5-HT1A agonist. The cells are immunochemically stained for 
the astroglial protein glial fibrillary acidic protein (GF AP) 
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et al. 1994). These effects are blocked by a 5-HT1A antagonist. 5-HT1A agonists 
have also been reported to increase the number of synaptophysin-IR 
varicosites in hippocampal cell cultures (NISHI et al. 1996a). This effect was 
shared with S-100/3 and glucocorticoids. The effects of PCP A depletion in the 
neonate are reversed by the 5-HT1A agonist buspirone (HARING et al. 1995). 
Neonate rats treated with a 5-HT-depleting drug or 5-HT1A antagonist (NAN-
190) show a loss of spines on hippocampal pyramidal neurons (YAN et al. 
1995). 

The 5-HTlH receptor may be involved in postnatal regulation of target 
development. Besides an autoreceptor type, there are also 5-HTlH receptors in 
these regions which are not on serotoninergic neurons. Interestingly, serotonin 
has been shown to be important for pattern formation in somatosensory cortex 
(i.e., physical representation of somatic body parts). Thus 5-HT1B receptors 
may be involved in this aspect of target tissue maturation (RHOADES et al. 1994; 
LESLIE et al. 1992). 

Several researchers have also suggested a trophic role for the 5-HT2A 
receptor, including actions on synaptogenesis (NIITSU et al. 1995). Treatment 
from El1-F17 of chick embryos with the 5-HT"A receptor agonist (2,5-
dimethoxy-4-iodoamphetamine, DOI) increased (20% above control) and an 
antagonist (ketanserin) decreased (30%-40% below control) the synaptic 
density in lateral motor column of the spinal cord. 

Neurons are not the only target of serotoninergic neurons. 5-HT receptors 
are distributed on many cells types in the brain and body. We have focused on 
astrocytes. The actions of 5-HT have been studied in primary glial cultures 
and in glial-derived cell lines. Astroglial cells possess a number of different 
neurotransmitter receptors, including 5-HT1A and 5-HT2A receptors. When 
the 5-HT1A receptor is stimulated, the astroglial cell responds by releasing S-
100/3 and attaining a mature morphology with a shift from a flattened mor
phology to a process-bearing morphology (WHITAKER-AzMITIA and AZMITIA 
1990; Fig. 4). In this treatment there is an effective feedback inhibition since as 
the glial cell matures, it loses binding to the 5-HT j receptors (WHlTAKER
AZMITIA and AZMITIA 1986a). The 5-HT2 receptor on astroglial cells 
upregulates glycogenolysis (POBLETE and AZMITIA 1995). Thus, 5-HT, by 
stimulating both the 5-HT1A receptor and the 5-HT2A/C receptor, regulates the 
release of both S-100/3 and glucose, two factors necessary for neuronal sprout
ing. The pharmacology of these glial receptors has been discussed (WHITAKER
AZMITIA 1988). 

III. Mature Brain 

Similar to its function during development where serotonin induces matura
tion, in the adult serotonin is needed to maintain maturation. In adult rats, 
PCPA, given for 8 days, produces up to a 50% decrease in the number of 
nonmonoaminergic synapses in somatosensory cortex (CHENG et al. 1994). In 
an immunocytochemical study using the same injection schedule, a marked 



Fig. SA-D. MAP-2 immunoreactivity (IR) in the parietal cortex of the rat. A Sham
injected control animal. The large pyramidal cell bodies are at the lower end of the 
figure and the dendrites extend towards the superficial surface (top). B MAP-2 IR 
2 weeks after an injection of PCA (lOmg/kg). There is a reduction in the dendritic 
staining but the soma labeling appears to be more intense. C Cortex after the rat 
received PCA injections as above but also received three daily injections of ipsapirone 
(1 mg/kg) immediately before perfusion on day 14. There is an increase in dendritic 
staining. D Cortex treated as in B except that the animals were given dexamethasone 
(lO.ug/ml) the last 3 days before death. As in C, there is an apparent increase in the 
dendritic labeling (see AZMITIA et al. 1995) 
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reduction was seen in both MAP-2-IR and synaptophysin-IR III adult rat 
hippocampus (WHITAKER-AzMITIA et a1. 1995). 

peA, which depletes serotoninergic axons, damages nonserotoninergic 
elements as evidenced by the massive increase in Fink-Heimer silver-stain for 
degenerating neurons seen throughout cortex (COMMINS et a1. 1987). Two 
weeks after injection of PCA (2 x 10mg/kg), a substantial reduction of MAP-
2-IR and synaptophysin-IR also occurs throughout the brain (AZMITIA et a1. 
1995). The hippocampus shows the most dramatic loss but losses could be seen 
in most areas of the brain where 5-HT had been depleted. We can speculate 
that regions showing the most plasticity normally (hippocampus) would be 
most sensitive to the inhibitory effects of serotonin depletion. 

As in the immature brain, much of serotonin's influence on target tissues 
of the mature brain appears to relate to actions of the 5-HT1A receptor. In 
adult rats, the decreases in MAP-2-IR and synaptophysin-IR, seen 2 weeks 
after injections of PCA (2 x lOmg/kg, s.c.) in hippocampus, parietal cortex, 
temporal pole, and hypothalamus, are rapidly restored towards control levels 
after 3 days of injections with a 5-HTI/\ agonist (AZMITIA et a1. 1995; Fig. 5). 
The degree of recovery is most apparent in hippocampus. 

Long-term removal of glucocorticoids, by adrenalectomy. results in loss of 
the adult phenotype of granule neurons in the dentate gyrus (SLOVITER et a1. 
1989; LIAO et a1. 1993) and a re-expression of the transitory peak in the 5-HT1A 

receptor (CHALMERS et a1. 1993; MEIJER and DEKLOET 1994). The morphologi
cal changes induced by the loss of glucocorticoids can be rapidly (24-72h) 
reversed by either steroid replacement or a 5-HT1A agonist. 

In adult rats. after hemisection of the thoracic spinal cord. there is a fall in 
5-HT levels and fibers (SARUHASI and YOUNG 1994). The fibers can regenerate 
within several weeks. After injections of mianserin, a 5-HT2A1c antagonist, 
there is a marked suppression of 5-HT regeneration which persists for as long 
as a week. Mianserin treatment after this time is no longer effective. The 
reason for the transient nature of this response is unknown. It is not known if 
the trophic effect takes place directly on neurons or is mediated through glial 
cells. 

The loss of synapses, terminals, and dendrites can be considered to be a 
retraction of the mature state rather than evidence of neuropathological de
generation. This is consistent with the rapid reversibility of the morphology 
when 5-HT is replaced or the 5-HT1A receptor is activated. Serotonin plays an 
active role in maintaining the mature neuronal phenotype, probably by stabi
lization of the cytoskeleton of the cel\. This subject is further discussed in the 
section on dynamic instability of neurons. 

Serotoninergic effects on glial cells have also been seen in the adult. 
Depletion of 5-HT results in a depletion of S-lOOJ3levels and immunoreactiv
ity (AZMITIA et a1. 1992; 1995; HARING et a\. 1993). Other astrocytic proteins 
are also affected by 5-HT. Glial fibrillary acidic protein (GFAP), an insoluble 
fibrillary marker protein. shows a small transient increase after 5-HT damage 
(WILSON and MOLIVER 1994; BENDOTTI et a\. 1994). Microglial protein markers 
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increase 3 weeks after treatment with PCA and return to normal levels by 
9 weeks (see WILSON and MOLLIVER 1994). The increase in microglial cells may 
have important implications for the actions of cytokines. Microglial cells re
lease a number of cytokines, the most abundant being interleukin-l (IL-l). IL
If3, but not IL-2 or IL-6, has been shown to stimulate the release and turnover 
of serotonin in a number of brain regions, including the hypothalamus, frontal 
cortex, and hippocampus (ZALCMAN et al. 1994). A central role for IL-l in the 
activation of hypothalamic 5-HT systems and pituitary-adrenal axis was estab
lished using an IL-l antagonist in conjunction with restraint stress (SHINTANI et 
al. 1995). In the hippocampus, IL-lf3 infusion into the ventricles increases 5-
HT and corticosterone extracellular levels and inhibits behavioral activity 
(locomotion, grooming, eating, drinking) (LINTHORST et al. 1995). Further
more, glucocorticoids are able to modulate the release of 5-HT by IL-lf3 and 
also inhibit the synthesis of IL-lf3, so preventing further stimulation of 5-HT 
(GEMMA et al. 1994). The glucocorticoid receptor antagonist completely pre
vents IL-lf3 activation of the serotoninergic system. IL-l can also stimulate the 
release of S-100f3 from astrocytes, and both IL-l and S-100f3 are increased in 
brains with Alzheimer's disease (GRIFFIN et al. 1989). Therefore, cytokines can 
be added to the list of glial bioactive substances which have feedback interac
tions on both steroids and serotonin. 

E. Neuronal Dynamic Instability 
I. Model 

Neuroscientists commonly assume that the brain develops and ages linearly, 
progressing from immature to mature to aged and, finally, to death. In con
trast, we are proposing a model based on the dynamic instability of neurons, 
which predicts brain morphology is in a constant flux. A schematic summary of 
this model appears in Fig. 6. 

The main component of the cytoskeleton that gives neurons their shape is 
microtubules. These microtubules consist of long polymers of tubulin, which 
spontaneously depolymerize if they are not actively polymerizing (MITCHISON 
and KIRSCHNER 1984). Microtubule-associated proteins (MAPs), such as 
MAP-2 (primarily in dendrites) and tau (primarily in axons), stabilize micro
tubules. The phosphorylation by protein kinase-C (PKC) and PKA of MAPs 
disrupts their binding to microtubules (JAMESON and CAPLOW 1981). In den
drites, phosphorylation of MAP-2 may permit the formation of dendritic 
spines (AOKI and SIEKEVITZ 1988) and dendritic arborization (DIEZ-GUERRA 
and AVILA 1993). However, sustained phosphorylation of MAP-2 is associated 
with dendritic retraction (MATESIC and LIN 1994) and may lead to cognitive 
loss (JOPE and JOHNSON 1992). 

GAP-43 is another key cytoplasmic component key to the formation of 
synaptic connections, in both the developing and the mature brain. GAP-43 
plays a role in the outgrowth and guidance of the growth cone (BENOWITZ and 
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ROUTTENBERG 1987; AIGNER and CARONl1995; STRITTMATTER et a1. 1995). Like 
the MAPs, the phosphorylation state of GAP-43 is important in determining 
its function. 
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Fig.6A,B. Schematic drawing illustrating the differences between a linear and a dy
namic instability model. In A the linear progression of neurons proceeds from an 
immature to a mature to a dead neuron. The three stages are all essentially irreversible. 
Pathology is any decrease in size or loss of processes and synapses. In B the immature 
and mature stages are in dynamic equilibrium, and the balance is determined by the 
action of trophic factors such as steroids, serotonin, and S-lOOf:l. Decreases in the 
mature phenotype may represent a normal fluctuation in morphology. Death IS a 
consequence of apoptosis, which may be common in hypermature neurons 
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We have established that much of serotonin's action on development and 
plasticity is through release of the trophic substance S-lOOJ3. The molecular 
mechanism for the trophic actions of S-100J3 could involve the inhibition of 
PKC-induced phosphorylation of GAP-43 (SHEU et al. 1994), MAP-2, and tau 
(HESKETH and BAUDIER 1986; BAUDIER et al. 1987). Thus, in the developing 
and mature brain, serotonin can regulate the cytoskeleton, and thus cell mor
phology, through the 5-HT1A-receptor-linked release of S-lOOJ3. 
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Serotonin may also have a more direct influence on the cytoskeleton, 
through regulation of protein kinases. 5-HT1A receptors may stabilize microtu
buies through inhibition of cAMP production (SHENKER et al. 1985), while 5-
HT2A receptors may loosen the long polymers of tubulin by stimulating 
PKC-induced phosphorylation of MAPs. 

These observations would predict that the loss of S-lO013 or 5-HT causes 
collapse of the mature neuronal cytoskeleton. In the most dramatic cases, a 
cell can lose Nissl staining without the cell being dead, but existing in a state of 
animated suspension (AZMITIA and LIAO 1994). The volume and metabolic 
activity may both be measurably decreased, although there is no actual loss of 
cells. However, increasing the serotonin or S-10013 again would result in stabi
lization of the cytoskeleton and reappearance of the mature morphology. 
Thus, the daily and yearly fluctuations in serotonin and steroids are probably 
sufficient to induce rhythmic morphological changes. At the extreme, loss 
of serotonin or S-l 0013 could cause mental disorders, by reducing the anatomi
cal circuitry. However, increasing the serotonin again could restore normal 
function. 

A schematic summary of the possible regulation by 5-HT on the neuronal 
cytoskeleton appears in Fig. 7. 

II. Clinical Implications 

Animal studies show loss of brain structure and volume, reversible by treat
ments which increase serotonin. For example, depletion of serotonin, with 
PC A or PCPA, produces a loss of dendrites and brain volume that is reversed 

Fig.7A,B. Effects of serotonin on cytoskeletal proteins and neuronal morphology. An 
overview of the sites is presented where S-100{3 influences the morphology of the 
neuron (A) and a detailed molecular mechanism to illustrate the dynamic instability of 
microtubules. A Distribution of microtubules and microtubule-associated proteins 
(MAP-2 and tau) in dendrites and axons, respectively. Growth cones show high levels 
of both microfilaments and growth-associated protein (GAP-43). Protein kinase-C 
(PKC) phosphorylates MAP-2, tau, and GAP-43. Phosphorylated MAP-2 and tau do 
not bind to microtubules and facilitate tubulin depolymerization. S-]OO{3 inhibits PKC 
phosphorylation of MAP-2, tau, and GAP-43. B The biochemical actions of the 5-HT,/\ 
and 5-HT2/\ receptors are shown. 5-HTl/\ receptor activation results in release of S-l OO{3 
from glial cells and the inhibition of protein kinase-A (PKA) in neurons. In contrast, 
the 5-HT2A receptor elevates Calc levels and PKC in neurons (KRAMER et a!. 1995) 
and releases glucose from glial cells. PKC and PKA will desensitize the 5-HT1A rece£
tor (RAYMOND and OLSEN 1994). Glucose can increase ATP levels and ATP-Mg-+
dependent protein (factor FA). Factor A acts as either a phosphatase- or 
kinase-activating factor depending on whether the pH is basic or acidic, respectively 
(YANG et al. 1993). Under favorable (basic) conditions, branching and synaptogenesis 
occur (NIITSU et al. 1995). However, under acidic conditions, cytoskeletal collapse and 
neurite retraction occur (AZMITIA et al. 1990b). The influence of the high-affinity 5-HT 
receptor stabilizes microtubules while that of the lower affinity 5-HT receptor destabi
lizes the cytoskeleton 
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by a 5-HT1A agonist (WHITAKER-AzMITIA et al. 1995; AZMITIA et al. 1995). In 
this final section we present a variety of human conditions wherein their 
etiology or treatment involves the serotonin system. Reversible changes in 
brain volume occur in several of these disorders. 

1. Psychiatric Implications 

There may also be some examples of serotonin regulation of brain morphol
ogy in human studies. An animal model of anorexia shows dramatic loss of 5-
HT fibers (SON et al. 1994). In humans, serotonin uptake inhibitors are 
effective in treatment of anorexia nervosa (ANOREXIA NERVOSA STUDY GROUP 
1995). In addition, a reduced brain volume appears in MRI studies of anorexic 
children, and normalizes when the children are well (HENTSCHEL et al. 1995; 
SHEAR et al. 1994). This observation, especially since recovery can be enhanced 
with 5-HT1A agonists, indicates pharmacologically induced changes in human 
brain volume are possible. 

Although serotonin drugs are useful in treating alcoholics, the most direct 
link between alcohol intake and serotonin involves animal studies. Prenatal 
exposure to alcohol and cocaine interferes with serotonin's role in develop
ment, and thus may contribute to some of the damage seen in fetal alcohol 
syndrome or crack babies. In both of these models, 5-HT1A agonists reverse 
the damage seen in neonatal rats (AKBARI et al. 1994; TAJUDDIDN and DRUSE 
1993). Interestingly, rats bred for alcohol preference show marked disruption 
of serotoninergic projections (ZHOU et al. 1991). In human alcoholics, transi
tory changes in brain volume correlate with the disease state (JERNIGAN et al. 
1991). 

Patients with post-traumatic stress disorder (PTSD) with an alcohol de
pendency respond well to sertraline, a specific serotonin reuptake inhibitor 
(SSRI) (BRADY et al. 1995). Patients with this disorder also show a loss of brain 
volume as detected by MRI-related measurements (BREMNER et al. 1995). 

Certain types of depression result from a loss of brain 5-HT levels. Se
lected brain regions show reduced 5-HT fibers and increased 5-HT1A receptor 
binding (ARANGO et al. 1995). PCP A and a tryptophan-free drink induce a 
rapid onset of clinical depression (DELGADO et al. 1990). The loss of neuronal 
morphology could explain many clinical symptoms of depression. These in
clude withdrawal, lethargy, loss of rhythms, vegetative state, inability to feel 
pleasure and reward, loss of pleasant memories, cognitive deficits, and loss of 
appetite. Loss of 5-HT leads to neuronal de-differentiation (de-maturation) 
and then depression. The loss of cortical gray matter seen after severe depres
sion may reflect the instability of a mature phenotype, and the emergence of 
immature cells. 

2. Alzheimer's Disease 

The majority of studies performed in rodents and humans indicate that the 5-
HT system becomes dysfunctional during aging. Decreased levels of 5-HT 
(VENERoet al. 1993) and human 5-HT1A receptor bindings (DILLON et al. 1991) 
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occur during aging. Aberrant 5-HT-IR fibers appear in the caudate-putamen 
and the hippocampus in the aged rat (VAN LUIJTELAAR et a1. 1988; VAN 
LUIJTELAAR and TONNAER 1992). 

The time that the 5-HT system begins to degenerate appears to be vari
able. Injection of adult rats with PCA produces first a loss of 5-HT fibers in the 
cortex, followed by a dramatic hyperinnervation after several months (AxT et 
a1. 1994). When the animals are examined over 1 year later, the age-related 
reduction of 5-HT cortical fibers is more dramatic than normally seen. Simi
larly, ACTH prenatal injections can lead to an enhanced innervation by 5-HT 
fibers; however, as the animals age there is a more precipitous fall of 5-HT 
than seen in control animals (ALVES et a1. 1996). It would appear that hyperin
nervation results in accelerated maturation followed by early age-related 
withdrawal of the fibers. This idea might explain the observations that re
duced 5-HT levels from feeding rats low tryptophan or PCPA produced mark
edly prolonged growth and delayed aging (SEGALL and TIMIRAS 1975; SEGALL 
et al. 1978). The slower the rate of growth, the more extended the growth 
period. 

The age-related loss of 5-HT may be attributed to the disruptions of 5-
HT1A receptors or changes in S-100f3 and IL-1 (reviewed in AZMITIA et al. 
1992). S-lOOf3 is localized to chromosome 21 (ALLORE et a1. 1988) within the 
obligate region for Down's syndrome. Nearly every Down's child develops 
Alzheimer's disease as young adults. Blood levels of S-100 correlate with the 
degree of mental retardation in Down's syndrome and with the amount of 
plaque formation in Alzheimer's disease (GRIFFIN et al. 1989). In addition, 
Alzheimer's disease appears to also compromise the 5-HT2A receptors 
(MARCUSSON et al. 1984, 1987; CROSS et al. 1984). The dentate gyrus of the aged 
shows a decline in both serotoninergic fibers and S-lOOf3 immunoreactivity 
(UEDA et a1. 1995). Whether the serotonin system or the S-l 00 system fails first 
remains to be determined. 

The changes described are consistent with the dramatic loss of synapses 
and brain volume observed in Alzheimer's disease (MASLIAH and TERRY 1993; 
OBARA et al. 1994; BOBINSKI et a1. 1995). The model of dynamic instability of 
neurons would predict that the neurons are not dying in Alzheimer's brains, 
but regressing to immature states induced by disruption of the serotonin 
system and glial S-lOOf3. 
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CHAPTER 2 

Anatomy of Central Serotoninergic 
Projection Systems 

H.G. BAUMGARTEN and Z. GROZDANOVIC 

A. Introduction 
Serotoninergic neurons are integral parts of central and/or peripheral nervous 
networks in diverse forms of invertebrates and vertebrates (PARENT 1981 a,b), 
suggesting that these neurons provide animals - across phylogeny - with 
capacities essential for adapting to changing internal and/or external demands. 
Clues as to their functional role(s) may already be gained from their morphol
ogy: giant metacerebral serotoninergic neurons in molluscs have abundantly 
collateralized axons (COTTRELL 1977) as do some of the large mUltipolar, 
extensively ramifying serotoninergic neurons of the mammalian raphe nuclei/ 
extraraphe reticular 5-HT cell groups (WATERHOUSE et al. 1986; V ERTES 1991; 
V AN BOECKSTAELE et al. 1993; VERTES and KOCSIS 1994; HOLMES et al. 1994), 
implying that they innervate multiple target networks along the neuraxis. This 
enables them to coordinate and harmonize activities (or response properties) 
in diverse networks with state-dependent determinants such as the prevailing 
level of central motor tone, (somato )-sensory processing and autonomic regu
lation across the sleep/wake cycle (JACOBS and FORNAL 1993). By way of 
abundantly collateralizing, a limited number of neurons are capable of 
modulating electrical activity and afferent input responsivity in multiple tar
gets in a coordinate fashion. Therefore, certain serotoninergic neurons of the 
brainstem represent archetypical reticular-type multipolar neurons which re
semble the Golgi type 1 neurons of the brainstem reticular core described by 
SCHEIBEL and SCHEIBEL (1958). The straightforward, primitive architecture of 
these serotoninergic neurons and their regular rhythmic firing patterns con
trast with the diversity and selective distribution pattern of the numerous 
serotonin receptor subtypes which are responsible for the bewildering modu
latory roles of serotonin in autonomic and endocrine, motor and sensory 
functions, and in emotional and complex (intelligent) adaptive behavior. 

B. Historical Perspective 
KOELLlKER (1891) and CAJAL and RAMON (1911) were the first to describe large 
multipolar cells in the center (i.e., midline or raphe) division of the vertebrate 
brainstem the projections of which remained enigmatic. In 1960, BRODAL and 
coworkers (1960a) noted, as a result of degeneration studies and nonspecific 
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axon staining in cats, that the raphe nuclei entertain massive connections with 
the forebrain. The raphe nuclei represent the richest source of neuronal sero
tonin synthesized in the mammalian brain. Although the presence of serotonin 
in the central nervous system had been known since 1953 (TWAROG and PAGE 
1953; AMIN et al. 1954), its cellular distribution remained elusive until the 
discovery of a specific method for the retention of serotonin in tissue (by 
freeze-drying) and its conversion into a fluorophore (by gasequs formaldehyde 
treatment: FALCK et al. 1962), readily detected by fluorescence microscopy. 
The application of this method to the brain stem of the rat provided the first 
precise map of the distribution of serotoninergic neurons in the mammalian 
eNS (DAHLSTROM and FUXE 1964). Due to the rapid decomposition of the 
fluorophore by UV light, a comprehensive map of the projections and pattern 
and density of innervation of target areas by the delicate serotoninergic axons 
called for an improved method for visualizing of serotonin in tissue sections. In 
1978, STEINBUSCH and associates developed a selective and sensitive immuno
histochemical technique for serotonin by generating antibodies to serotonin 
linked to albumin by means of formaldehyde (STEINBUSCH et al. 1978). This 
technique, which replaced the Falck-Hillarp method, permits a precise analy
sis of serotoninergic axons and their target relationship by light and electron 
microscopy. The technological repertoire for demonstrating serotoninergic 
neurons in the mammalian brain has recently become enriched by the genera
tion of antibodies towards aromatic amino acid hydroxylases (PH8; HAAN 
et al. 1987; COTTON et al. 1988); these antibodies cross-react with trypt
ophan hydroxylase. PH8 immunohistochemistry has been particularly valu
able in studies on the human brain (cf. BAKER et al. 1990, 1991a,b; HALLIDAY 
et al. 1992). The latest addition to the catalogue of methods for the identifica
tion of serotoninergic structures comprises antibodies directed against antide
pressant-sensitive sites of the serotonin transporter protein (OmAN et al. 
1995). 

An important methodological achievement which has assisted in clarifying 
of anatomical, physiological and pharmacological aspects of serotonin 
functions in the CNS was provided by the development of selective 
serotoninergic neurotoxins (5,6- and 5,7-dihydroxytryptamine; 5,6- and 5,7-
DHT; BAUMGARTEN et al. 1971,1972, 1973a) and their application as tools for 
selectively ablating serotoninergic projections to targets (cf. reviews by 
BJORKLUND et al. 1974; BAUMGARTEN and BJORKLUND 1976; BAUMGARTEN et al. 
1977, 1978b, 1982; BAUMGARTEN and ZIMMERMANN 1992). In 1972, SANDERS
BUSH and coworkers described the long-term actions of p-chloroamphetamine 
(p-CA) on forebrain 5-hydroxyindoles in the rat, a finding subsequently con
firmed by many researchers (cf. FULLER 1992 for references). While 5,7-DHT 
has neurotoxic effects on all types of serotoninergic neurons in the mammalian 
brain, p-CA preferentially damages (ascending) axonal projections of the 
dorsal raphe nucleus; its selectivity, however, is not absolute and depends on 
the dose and dosing-schedule applied and on the composition of the different 
raphe nuclei by 5-HT neurons giving rise to fine versus beaded fibers 
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(MAMOUNAS and MOLLIVER 1988; MOLLIVER et al. 1990; SCHMIDT and KEHNE 
1990; FULLER 1992; HALASY et a1. 1992; WILSON et a1. 1993; FULLER and 
HENDERSON 1994; AXT et al. 1994; HENSLER et a1. 1994; MCQUADE and SHARP 
1995). p-CA and the ring-substituted amphetamine derivatives methy
lenedioxyamphetamine (MD A) and methylenedioxymethamphetamine 
(MDMA) have significantly contributed to our current understanding of the 
anatomy and differential drug-vulnerability of the serotoninergic projection 
systems (MAMOUNAS et a1. 1991; MOLLIVER et al. 1990; WILSON et a1. 1993; AXT 
et a1. 1994). These methods have largely replaced the nonspecific lesioning 
techniques which yielded equivocal and controversial concepts on the physi
ological roles of CNS serotoninergic systems. 

The application of 5,6-DHT and 5,7-DHT to the developing and adult rat 
brain has led to the discovery of an unprecedented, prolific, life-time growth 
potential of partially axotomized 5-HT neurons (BAUMGARTEN et a1. 1973b, 
1974,1975; NOBIN et a1. 1973; LYTLE et a1. 1974; FRANKFURT and AZMITIA 1983; 
JONSSON and HALLMAN 1983; ZHOU and AZMITIA 1986). Under optimum cir
cumstances. sprouting serotoninergic axons may regenerate to re-establish 
their original terminal innervation pattern following a transitory phase of cell 
body-close hyperinnervation (NOBIN et al. 1973; BJORKLUND and WIKLUND 
1980; WIKLUND and BJORKLUND 1980; BJORKLUND et al. 1981; FRANKFURT and 
AZMITIA 1983; ZHOU and AZMTTIA 1986). Successful regeneration may result in 
restoration of temporarily altered modulation of functions influenced by 
serotoninergic transmission (NYGREN et al. 1974; WUTTKE et a1. 1977, 1978; 
BAUMGARTEN et a1. 1978a,b). While regeneration and recovery of function 
have been shown to occur in young adult rats following discrete axonal injury 
by selective neurotoxins (NYGREN et a1. 1974; WUTTKE et a1. 1977, 1978; 
BJORKLUND et a1. 1981; SCANZELLO et a1. 1993; FISCHER et a1. 1995), it has yet to 
be shown that regeneration of chemically injured 5-HT axons to distant target 
areas (e.g .. the neocortex) occurs in nonhuman primates following similar 
lesion paradigms (RICAURTE et a1. 1992; AXT et a1. 1994; STEELE et a1. 1994; 
FISCHER et al. 1995). This topic is discussed in more detail in Chap. 1, this 
volume. 

C. Nuclei of Origin of Serotoninergic Projections 
In mammals. most serotoninergic neurons reside within the confines of the 
raphe nuclei as defined by cytoarchitectonic parameters (TABER et a1. 1960; 
BRAAK 1970; BAKER et a1. 1990. 1991a,b; ct. Tables 1-4, Fig. 1). Nonetheless. 
significant numlJers of cells (up to 20%) are displaced into components of the 
adjacent reticular formation of the brain stem (DAHLSTROM and FUXE 1964; 
STEIN BUSCH et a1. 1978; STEIN BUSCH 1981, 1984; N IEUWENHUYS 1985). Lateral
ization of serotoninergic neurons appears to be associated with more ad
vanced and complex levels of CNS organization in mammals such as 
represented in. e.g., cats, monkeys and man. Furthermore. there is a relation-
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ship between the degree of neocortical, striatal and thalamic expansion in 
primates and man (compared to nonprimates such as the cat and the rat) and 
the evolvement of the rostral raphe complex and the nonraphe lateral 
serotoninergic components, reflected by a relative and absolute increase in the 
number of 5-HT neurons and the degree of subnuclear differentiation of 
the dorsal and median (central) raphe nuclei (compare data in Tables 5-7). 

Table 1. Cytoarchitectonic classification of the human oral raphe nuclei (mesopontine 
raphe complex) [OHM et a1. (1989), combined lipofuscin pigment-Nissl stain according 
to BRAAK (1970)] 

Nucleus raphes dorsalis 
Supratrochlear part (wing-like lateral extensions dorsal to the trochlear nucleus) 
Intercalate part [central portion dorsal to the medial longitudinal fasciculus 

(MLF)] 
Interfascicular part (between MLF) 
Dorsofascicular part (suprajacent to MLF) 

Nucleus raphes linearis (lamellar cell mass rostral to the caudal pole of the 
oculomotor nuclei) 

Nucleus raphes centralis (sive medianus) (ventral to MLF) 

Table 2. Cytoarchitectonic classification of the human dorsal raphe nucleus [BAKER et 
a1. (1990), Nissl stain] 

Dorsal raphe nucleus 
Interfascicular part (between MLF) 
Ventral part (dorsomedial to MLF) 
Ventrolateral part (dorsolateral to the trochlear nucleus) 
Dorsal part (dorsal to the ventrolateral subnucleus; two-thirds of the lateral wing) 
Caudal part (caudalmost portion of the nucleus, flanking the median sulcus of the 

aqueduct, suprajacent to the interfascicular subnucleus) 

Table 3. Cyto- and chemoarchitectonic classification of the raphe nuclei in the human 
brainstem [TORK and HORNUNG (1990), PH8 immunohistochemistry and cresyl violet] 

Caudal linear nucleus (lamellar cell mass rostral to the caudal pole of the oculomotor 
nuclei) 

Dorsal raphe nucleus 
Median (interfascicular part) (between MLF) 
Ventrolateral part (supratrochlear) 
Dorsal part (ventral to the floor of aqueduct) 
Lateral part (beyond central gray) 
Caudal part (dorsal to the MLF in subependymal gray of pons) 

Median raphe nucleus (superior central raphe nucleus) 
Raphe magnus nucleus (paramedian pontine cell cluster ventral to MLF) 
Raphe obscurus nucleus (paramedian group of cells below IVth ventricle extending 

throughout the entire medulla oblongata) 
Raphe pallidus nucleus (ventral paramedian cluster of cells in the rostral part of the 

medulla oblongata) 
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Depending on the methods applied (Nissl stain, pigment stain with or without 
Nissl stain, Nissl stain with serotonin - or PH8 - immunohistochemistry), 
authors have arrived at different concepts on the parcellation of the dorsal and 
median raphe nuclei into subnuclei (cf. Tables 1-7). In view of the fact that 
approximately two-thirds of the neuronal popUlation within the dorsal raphe 
complex of the human, the nonhuman primate, the cat and the rat is composed 
of 5-HT-containing cells which are the main projection neurons of this nuclear 
complex, the most valid approach to functionally meaningful sub grouping 

Table 4. 5-HT-containing neurons in the brainstem of mammals (except humans)" [B 
nomenclature for the rat brainstem according to DAHLSTOM and FUXE (1964)] 

Rostral group of cells 
Raphe nuclei 

Nucleus linearis caudalis (B8) 
Nucleus raphes dorsalis 

Principal part (B7) 
Medial portion: mediodorsal part (superior), medioventral part 

(interfascicular) 
Lateral portion (supratrochlear part) 

Caudal part (B6) 
Nucleus raphes medianus 

Principal (rostral) part (88) 
Caudal part (85) 

Nucleus raphes pontis (distinguished in some but not all species. considered as 
the caudal part of the median raphe nucleus) 

Cells outside the raphe nuclei 
Cells in the rostral part of the interpeduncular nucleus (B8) 
Cells in supralemniscal area (89) 
Cells within nucleus (reticularis) pontis oralis (88, B9) 
Cells in periventricular gray of the pons extending into the nucleus locus 

ceruleus (B6) 
Cells in subcoerulean area/periolivary field 

Caudal group of cells 
Raphe nuclei 

Nucleus raphes magnus (83) 
Nucleus raphes obscurus 

Principal part (B2) 
Dorsolateral part (B4) 

Nucleus raphes pallidus (8 I, 84) 
Cells outside the raphe nuclei 

Cells in rostral ventrolateral medulla (B3) 
Cells in magnocellular field and paragigantoceUular nucleus (83) 
Cells in caudal ventrolateral medulla (within fibers of the medial lemniscus and 

among fascicles of the spinoreticular tract) (Bl) 
Cells within area postrema 

., Immunohistochemistry: STElNBUSCH (1981, 1984); LlDov and MOLLIVER (1982); JACOBS 
et al. (1984); AZMITIA and GANNON (1986): HORNUNG and FRITSCHY (1988); 
NlEUWENHUYS (1985); TORK (1985, 1990); AZMITIA and WHITAKER-AzMlTlA (1991); 
JACOBS and AZMlTlA (1992); HALLIDAY et al. (1995). 
The subdivisions listed here follow suggestions by TORK (1990) and JACOBS and AZMITIA 
(1992). 
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Fig. 1. Mediosagittal view of the human brain showing the distribution of the seroto
nin-containing nerve cells (stippled area) within the raphe nuclei and the major ascend
ing fiber tracts. CR, cingulum bundle; CLi, caudal linear nucleus; DR, dorsal raphe 
nucleus; DRCT, dorsal raphe cortical tract; F, fornix; IC, internal capsule; MFR , medial 
forebrain bundle; MnR , median raphe nucleus; RMg, raphe magnus nucleus; ROb, 
raphe obscurus nucleus; RPa, raphe pallidus nucleus 

would consist of combining Nissl stammg, serotonin, or PH8, immunohis
tochemistry and tracing of neurons projecting towards the same or to function
ally related target fields. In case of the oral raphe complex, the closest to this 
ideal is represented in retrograde tracing studies combined with 5-HT im
munohistochemistry performed in the nonhuman primate (WILSON and 
MOLLIVER 1991a). These studies show a rostrocaudal and mediolateral topo
graphic gradient of serotoninergic neurons in the dorsal (but not the median) 
raphe nucleus according to their preferential cortical projection targets (the 
primary projection versus the association areas); this organization is not 
strictly congruent with the subnuclear architecture revealed in Nissl-stained 
material. Retrograde tracing studies performed in rats (O'HEARN and 
MOLLIVER 1984; IMAI et al. 1986; BENNETT-CLARKE et al. 1994) support the idea 
that there is only an approximative congruence of subnuclear architecture in 
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Table 5. Number of 5-HT neurons within the rostral and caudal raphe complex and in 
juxtaraphe position of the cat [WIKLUND et al. (1981), Falck-Hillarp method and cresyl 
violet stain] 

Rostral raphe complex 
Nucleus linearis intermedius 
Nucleus raphes dorsalis 
Nucleus centralis superior 

Caudal raphe complex 
Nucleus raphes magnus 
Nucleus raphes obscurus 
Nucleus raphes pallidus 
Non-midline cells (total) 
Lateral extensions of ventral 

raphe in medulla oblongata 

Number of 5-HT neurons 

2100 
24500 
7400 

2400 
2300 
8000 

13600 
1700 

Percentage of cells 
in nucleus/area 

25 
70 
35 

15 
35 
50 

Table 6. Number of 5-HT neurons in the medullary raphe 
nuclei and in medial reticular formation of the cat [HOLMES 
et al. (1994), serotonin immunohistochemistry 1 

Nucleus raphes magnus 4280 
Nucleus raphes obscurus et pallidus 3780 
Outside the raphe (mainly within magnocellular 1540 

tegmental flield) 

the dorsal raphe nucleus and the spatial distribution of 5-HT neurons which 
share similar or functionally related projection targets. While the subnuclear 
organization of the dorsal raphe nucleus elaborated in Nissl material shows 
reasonable cross-species correspondence. the parcellation of the human dorsal 
raphe complex in pigment-stained material differs from that in Nissl-stained 
sections. Comparison of pigment architectonics (OHM et al. 1989; Table 1) with 
Nissl and PH8-immunoreactive mapping of dorsal raphe boundaries and sub
nuclear organization (Tables 2. 3) reveals that pigment architectonics do not 
precisely match with 5-HT neuron distribution patterns and Nissl-based 
nuclear subdivisions as pigment staining labels nonserotoninergic in addition 
to 5-HT-containing cells that are also located beyond the confines of the raphe 
zone and should therefore be considered as components of the midbrain 
reticular formation (see BAKER et al. 1991a for a detailed discussion of these 
discrepancies). The classification of the raphe nuclei and their subdivisions 
given in Table 4 may thus be considered a compromise. which is largely in 
agreement with the nomenclature proposed by a subcommittee of the Seroto
nin Club (ct. J AeOBS and AZMITIA 1992); this table also lists the extraraphe 
serotonin neurons of the mammalian brain which appear to evolve in parallel 
with progressive complexity in vertebrate forebrain organization. 
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Table 7. Number of 5-HT neurons within the raphe nuclei and in the juxtaraphe 
position of the human brainstem [BAKER et al. (1991), PH8 immunohistochemistry and 
Nissl stain] 

Dorsal raphe nucleus 
Dorsal part (B7) 
Ventral part (B7) 
Ventrolateral part (B7) 
Interfascicular part (B7) 
Caudal part (B6) 

Median raphe nucleus 
Dorsal part 
Midline part 
Paramedian part 

5-HT neurons in the oral pontine 
reticular nucleus 

Dorsal subnucleus 
Central subnucleus 

5-HT neurons in supralemniscal 
positon (B9) 

PH8-positive cells 

165000 
46900 
26200 
29900 
26400 
35600 

64305 
2355 

39825 
22125 

30745 
11610 
19125 

28900 

Percentage of 
Nissl-stained cells 

70 
61 
82 
62 

107 
66 

43 

81 
23 

-, not distinguished in Nissl-stained material. 

Table 8. Size and shape of PH8-immunoreactive neurons in the rostral raphe/ 
extraraphe cell groups of the human brain [Data compiled from BAKER and HALLIDAY 
(1995) and BAKER et al. (1991a,b)] 

Dorsalis raphe 
Subnucleus caudalis 

Subnucleus dorsalis 

Subnucleus ventrolateralis 
Subnucleus ventralis 
Subnucleus interfascicularis 

Medianus raphe 
Subnucleus dorsalis 
Subnucleus medianus 
Subnucleus paramedianus 

Oral pontine reticular nucleus 
Subnucleus dorsalis 
Subnucleus centralis 

Supralemniscal nucleus 

Average size Shape(s) 
Cum) 

20± 5 

24 ± 5 

26 ± 5 
25 ± 5 
23 ± 5 

25 ±4 
26 ±6 
34 ±3 

27 ±5 
26 ±5 

33 ±6 

Fusiform, ovoid and triangular; 
radiating and tufted dendrites 
(isodendritic) 

Large fusiform or ovoid; radiating 
dendrites (isodendritic) 

Large fusiform and triangular 
Round, fusiform and triangular 
Elongated and fusiform; 

dorsoventrally oriented dendrites 

Large and round or small bipolar 
Small fusiform and bipolar 
Large ovoid with radiating 

dendrites (isodendritic) 

Medium-sized, bipolar 
Medium-sized and small bipolar 

(isodendritic) 

Large bipolar 



Anatomy of Central Serotoninergic Projection Systems 49 

The 5-HT-containing neurons within the different raphe nuclei and their 
subdivisions differ in their mean perikaryal diameter, shape, polarity and 
dendritic architecture and domain (TbRK and HORNUNG 1990; BAKER et a1. 
1990, 1991a,b; BAKER and HALLIDAY 1995; ct. Table 8), suggesting that they 
differ in their afferent and efferent connectivity pattern and degree of axonal 
collateralization. The finding of heterogeneous populations of 5-HT neurons 
within the raphe nuclei is evident not only in immunohistochemical pictures 
but also from cytoarchitectonic and morphometric studies using Nissl-stained 
and Golgi-impregnated material in nuclei rich in 5-HT cells such as the dorsal 
raphe nucleus and the medullary raphe nuclei (Fox et a1. 1976; DANNER and 
PFISTER 1980; DIAZ-CINTRA et a1. 1981; HbLZEL and PFISTER 1981; BAKER et a1. 
1990; BAKER and HALLIDAY 1995). These have been described as large and 
multipolar (isodendritic), as large or medium-sized fusiform (isodendritic) and 
bipolar, as small bipolar or as triangular (Table 8). Based on the average 
diameter measured, even the largest multipolar 5-HT neurons do not reach 
the size of gigantocellular (glutamatergic) neurons such as represented in the 
medial reticular tegmental field. 

A specific feature of 5-HT-containing neurons in the dorsal raphe nucleus 
is the abundance of dendro-dendritic, dendrosomatic and axodendritic con
tacts derived from recurrent axon collaterals (FELTEN and HARRIGAN 1980; 
CHAZAL and RALSTON 1987). This type of connectivity may be the substrate of 
the unique electrophysiology of these neurons: the rhythmicity of these spon
taneously and regularly discharging neurons which is under inhibitory control 
of serotonin acting on somatodendritic 5-HT1A -autoreceptors coupled to Gi 
protein. 

D. Coexistence of Serotonin, Peptides, GABA and Nitric 
Oxide Synthase in 5-HT Neurons 
The serotonin-containing neurons within the different rostral and caudal 
raphe nuclei and extraraphe cell groups are nonhomogeneous with respect to 
their pattern of peptide/amino acid/nitric oxide synthase (NOS) co localization 
(HbKFELT et a1. 1987; CULLHEIM and ARVIDSSON 1995). Galanin (GAL) coex
ists with 5-HT in a significant number of serotoninergic neurons of almost 
all mesencephalic and medullary raphe nuclei in the rat (except the nucleus 
raphe magnus; MELANDER et al. 1986). GAL-immunoreactive bulbospinal 
serotoninergic axons in the cat and rat are concentrated in the ventral part 
of the spinal motor neuron column (ARVIDSSON et a1. 1991b). Coexistence of 
serotonin and substance P (SP) is a prominent feature of the rat, cat and 
human lower brainstem raphe nuclei (BI-B3) and the extraraphe serot
oninergic cell groups (CHAN-PALAY et al. 1978; HbKFELT et al. 1978, 1987; 
JOHANSSON et al. 1981; PRIESTLEY and CUELLO 1982; LOVICK and HUNT 1983; 
BOWKER et a1. 1983; MARSON and LOEWY 1985; HALLIDAY et a1. 1988; BOWKER 
and ABBOTT 1990; KACHIDIAN et a1. 1991; DEAN et a1. 1993; JOHNSON et al. 1993; 
ARVIDSSON et al. 1994). As substance P and neurokinin A are products of a 
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common precursor, preprotachykinin, it is not surprising that neurokinin A 
coexists with SP/5-HT-containing neurons confined to the lower medullary 
raphe neurons in, e.g., the rat (NEVIN et al. 1994; HALLIDAyet al. 1995). A 
significant proportion of the medullary 5-HT/SP neurons which project to the 
lower brainstem and spinal cord somatomotor and to the spinal cord viscero
motor nuclei synthesize thyrotropin-releasing hormone (TRH) in addition to 
5-HT and SP (SASEK et al. 1990; KACHIDIAN et al. 1991; ARVIDSSON et al. 1994). 
Almost all 5-HT/SP-containing neurons of the lower brainstem 5-HT cell 
groups in the rat exhibit glutamate/aspartate-like immunoreactivity following 
colchicine treatment (NICHOLAS et al. 1992), suggesting that excitatory amino 
acid transmitters coexist with serotonin and one (or more than one) peptide( s) 
in a significant fraction of the bulbospinal pathways involved in the initiationl 
modulation of tonic and rhythmic motor instructions. While tachykinins ap
pear to be absent from serotonin-containing neurons of the rostral raphe 
nuclei and extraraphe cell clusters in the rat (HALLIDAY et al. 1995), a signifi
cant fraction of neurons in the human dorsal raphe complex (with the excep
tion of the caudal subnucleus) store both SP and 5-HT (about 30% of the total 
population of Nissl-positive neurons; BAKER et al. 1991b). In addition to 
tachykinins and excitatory amino acids, bulbospinal neurons of the lower 
medullary raphe and extraraphe cell groups in the monkey have been shown 
to express calcitonin gene-related peptide (CGRP) mRNA (ARVIDSSON et al. 
1990); their preferential target seems to be ventral horn motoneurons 
(ARVIDSSON et al. 1991a). 

Leu- and Met-enkephalin (ENK) are colocalized in a fraction of 5-HT 
neurons of the midline medullary raphe neurons (mainly of the nucleus raphe 
pallidus and obscurus) in the cat and rat (GLAZER et al. 1981; HUNT and LOVICK 
1982; CHARNAY et al. 1984; LEGER et al. 1986; ARVIDSSON et al. 1992; MILLHORN 
et al. 1989; SASEK and HELKE 1989; KACHIDIAN et al. 1991; TANAKA et al. 1993). 
In the cat and the monkey, the spinal cord segments receive a low degree of 5-
HT/ENK afferents which originate in the medullary raphe nuclei and in the 
rostroventrolateral reticular nucleus (ARVIDSSON et al. 1992); 5-HT/ENK
containing axon terminals are clustered in the motor nucleus of the ventral 
horn (TASHIRO et al. 1988, 1990; ARVIDSSON et al. 1992). In the monkey, axon 
terminals ensheath somatodendritic portions of medium-sized ventral horn 
neurons, whereas 5-HT/ENK fibers in the cat terminate in the neuropil sur
rounding motoneurons (ARVIDSSON et al. 1992). The potential coexistence of 
5-HT and ENK in bulbospinal pathways innervating dorsal horn lamine (I, IIa 
and V; TASHIRO et al. 1988) has not been substantiated in lesion experiments 
(cf. CULLHEIM and ARVIDSSON 1995). The majority of bulbospinal 5-HT neu
rons which project to the dorsal horn laminae (SKAGERBERG and BJORKLUND 
1985) do not coexpress any of the peptides listed above (GAL, tachykinins, 
CGRP, ENK) under physiological conditions (WESSENDORF and ELDE 1987; 
ARVIDSSON et al. 1990). 

Although GAB A has been claimed to coexist with serotonin in 5-HT 
neurons of the dorsal raphe nucleus and of the medullary raphe nuclei 
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(NANOPOULOS et al. 1982; BELIN et al. 1983; MILLHORN et al. 1987; KACHIDIAN 
et al. 1991), more recent semiquantitative immunolabeling studies indicate 
that GABA/5-HT coexistence is a rare event in the nucleus raphe magnus and 
obscurus of the rat (3.6% and 1.5% of 5-HT neurons, respectively) whereas 
GABA/5-HT cells are virtually absent in the remaining raphe/extraraphe 
serotoninergic neurons of the rat (JONES et al. 1991; STAMP and SEMBA 1995). 
GABA and 5-HT appear to be contained in separate and distinct populations 
of neurons in the magnocellular tegmental field and in the nucleus raphe 
magnus and obscurus of the cat (HOLMES et al. 1994). 

NOS, which catalyzes the formation of the free radical signaling molecule 
nitric oxide (NO), and its associated NADPH-diaphorase catalytic activity are 
expressed in a high percentage of serotoninergic neurons of the mesopontine 
raphe nuclei and extraraphe cell clusters (JOHNSON and MA 1993; DUN et al. 
1994). The highest concentration of 5-HT/NOS neurons is found in the medial 
subnuclei of the dorsal raphe complex, which preferentially project to telen
cephalic cortical areas. In view of the fact that in the central as well as the 
peripheral nervous system NOS generally colocalizes with nonmonoaminergic 
neurons (for a review, see BLOTTNER et al. 1995), it is tempting to speculate 
that the colocalization of 5-HT and NOS in distinct dorsal raphe-cortical 
projection subsystems renders these systems exquisitely susceptible to the 
potentially neurotoxic effects of NO interacting with reactive oxygen species 
that are generated during monoamine oxidase-catalyzed oxidation of 5-HT 
(BAUMGARTEN and ZIMMERMANN 1992). It has already been suggested that NO 
is involved in an ill-defined cascade of events leading to selective dorsal raphe
cortical terminal axon destruction following administration of substituted 
amphetamines such as p-CA and MDMA (BENMANSOUR and BRUNSWICK 
1992; CLIKEMAN et al. 1992). 

E. Projections to the Spinal Cord, 
Brainstem and Cerebellum 
The majority of the serotoninergic projections to the spinal cord originate in 
the caudal midline medullary raphe nuclei (BI-B3) and in the extraraphe cells 
of the magnocellular tegmental field and ventrolateral medulla (HOLSTEGE and 
KUYPERS 1987; SKAGERBERG and BJORKLUND 1985; JACOBS and AZMITIA 1992; 
TORK 1985, 1990; HALLIDAY et al. 1995). 5-HT-containing axons which descend 
in the dorsolateral funiculus and terminate preferentially in the dorsal horn 
laminae I and II originate in the rostral magnocellular tegmental field and 
ventrolateral medulla and in the raphe magnus nucleus (KWIAT and BASBAUM 
1992; LI et al. 1993b; SIDDALL et al. 1994). 5-HT-containing axons which 
descend in the ventrolateral funiculus and innervate target structures in the 
intermediate zone (intermediolateral nucleus) and ventral horn laminae 
(somatomotor neurons) originate mainly in the midline medullary raphe nu
clei (raphe obscurus and pallidus) and the caudolateral tegmental cell groups. 
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The majority of the descending serotoninergic axons collateralize extensively 
to supply multiple spinal cord segments (BOWKER and ABBOTI' 1990; KAUSZ 
1991). The cervical spinal cord segments receive additional input from de
scending collaterals of the rostral raphe complex and from its lateral reticular 
extensions (B6-B9) (BOWKER et al. 1981a,b, 1982; SKAGERBERG and 
BJORKLUND 1985; ZEMLAN et al. 1984). Spinally projecting medullary 5-HT 
neurons, many of which coexpress SP (LOVICK and HUNT 1983; MARSON and 
LOEWY 1985; DEAN et al. 1993; ARVIDSSON et al. 1994; CULLHEIM and 
ARVIDSSON 1995) and which terminate in the somatomotor column, may have 
brainstem collaterals that supply branchio- and somatomotor neurons of the 
pontomedullary cranial nerve nuclei (V, VII, XI, XII) and neurons of 
the medullary lateral parvocellular and medial magnocellular reticular teg
mental fields in the rat, thus providing a substrate for concerted effects on 
skeletomotor, cardiovascular and respiratory activities (TALLAKSEN-GREENE 
et al. 1993; LI et al. 1993a; FORT et al. 1990). Partial destruction of seroton
inergic neurons in the magnocellular medullary reticular tegmental field and 
the adjacent raphe nuclei in the cat by the excitotoxin quisqualate results in 
degeneration of 5-HT neurons which have both local and distant 5-HT termi
nals in the medullary and pontine lateral, and in the gigantocellular and 
subcoerulear tegmental fields, as well as 5-HT axons in the caudal spinal 
trigeminal nucleus and the ventral horn pointing to rather extensive collater
alization of individual medullary 5-HT neurons (HOLMES et al. 1994). 

Retrograde tracing studies indicate that individual serotoninergic neurons 
of the nucleus raphe magnus project towards the principal sensory and the 
spinal trigeminal nucleus as well as the dorsal horn laminae of the spinal cord, 
suggesting concerted modulatory actions on nociceptive primary afferent in
put into the spinal cord and brainstem and on secondary nocisensory process
ing (LI et al. 1993c). Efferent projections of the nucleus raphe magnus towards 
the periaqueductal gray, the parabrachial nucleus, the locus ceruleus and the 
noradrenergic cell groups A5 and A 7 demonstrate the involvement of the 
medullary raphe in several supraspinal components of central pain modula
tory systems, all of which entertain relationships to the dorsal horn laminae of 
the spinal cord (SIM and JOSEPH 1992). In addition, almost all of these 
supraspinal pain modulatory centers and the medullary raphe nuclei receive 
descending collateral projections from the dorsal raphe nucleus (VERTES and 
KOCSIS 1994). The solitary complex of the brains tern receives serotoninergic 
afferences from multiple sources including the dorsal raphe nucleus and the 
nucleus raphe magnus (THOR and HELKE 1987; SCHAFFAR et al. 1984; ZEMLAN 
et al. 1984). These findings reveal that several brains tern structures receive 
overlapping serotoninergic input from more than one raphe/extraraphe 5-HT 
cell group, and that spinally and tegmentally projecting 5-HT neurons of the 
lower medullary raphe are subject to serotoninergic control by afferences 
from the rostral raphe complex and the lateral medullary tegmental cell 
groups (BEITZ 1982; LAKOS and BASBAUM 1988; VERTES and KOCSIS 1994; 
THOMPSON et al. 1995). 
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The cerebellar nuclei in the cat (the medial and lateral nucleus and the 
interposed nuclei) receive serotoninergic afferents from multiple sources, in 
particular from 5-HT neurons located in the locus ceruleus, in the dorsal 
tegmental nucleus and in the dorsal raphe nucleus (KITZMAN and BISHOP 
1994). The medial nucleus receives additional projections from the lower 
medullary raphe nuclei, from the extraraphe 5-HT cells in the peri olivary 
reticular formation and from the superior central nucleus. The latter nucleus is 
the source of additional projections to the lateral nucleus whereas the inter
posed nuclei receive additional input from the raphe magnus nucleus. Al
though the cerebellar nuclei entertain a topographic relationship with defined 
areas of the cerebellar cortex, the serotoninergic innervation to the cerebellar 
cortex does not arise from colJaterals of neurons innervating the cerebellar 
nuclei but from separate popUlations of extraraphe 5-HT neurons located in 
the lateral tegmental field and paramedian reticular nucleus of the medulla 
oblongata (KERR and BISHOP 1991; KITZMAN and BISHOP 1994). By contrast, it 
appears likely that a fraction of the medullary raphe and extraraphe 5-HT 
neurons which project to the cerebellar nuclei and cortex in the rat also 
contribute to the indolaminergic innervation of the inferior olive. The source 
of the serotoninergic projections to the inferior olive of the rat has been 
investigated (BISHOP and Ho 1986; COMPOTNT and BUTSSET-DELMAS 1988); the 
cells of origin are located in the medullary raphe nuclei (with the exception of 
the raphe magnus nucleus) and their lateral reticular extensions and overlap 
largely with those projecting to the cerebellum. The definite clarification of 
their identity as simultaneous contributors to the serotoninergic innervation of 
the inferior olive and the cerebellum would be interesting in view of the role 
of serotonin as an enhancer of the firing rate and synchronization of the 
oscillatory activity of groups of olivocerebellar projection neurons and of 
groups of Purkinje cells. resulting in improved timing of motor sequences in 
movement coordination (SUGIHARA et al. 1995). 

Several upper brainstem structures receive afferents from the median 
raphe nucleus, among which are the pontine reticular formation, the midbrain 
central tegmental field and retrorubral area, the periaqueductal gray, the 
dorsal raphe nucleus, the interpeduncular nucleus and the dopaminergic cell 
clusters in the ventral tegmental area and medial portions of the substantia 
nigra, pars compacta (BOBILLIER et al. 1976; CONRAD et al. 1974; AZMITIA 1978; 
AZMITIA and SEGAL 1978; VERTES and MARTIN 1988). In addition, the dorsal 
midbrain tegmentum, the tectum and the pretectum are sparsely innervated by 
median raphe fibers. According to the detailed anterograde tracing data by 
VERTES and KOCSIS (1994), there is limited overlap by dorsal raphe projection 
fields in those brainstem areas which receive prominent input by median raphe 
neurons. Areas of overlap comprise the central gray. parts of the pontine and 
midbrain reticular formation and the dopaminergic midbrain nuclei. 

The dorsal raphe nucleus, which accounts for as much as 40%-50% of the 
total number of 5-HT-containing neurons in the mammalian brainstem, main
tains substantial connections with almost all of the remaining raphe nuclei. 
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with the medial magnocellular mesencephalic, pontine and medullary reticular 
tegmental fields (known to contain a significant proportion of the extraraphe 
5-HT neurons), and with the two major cholinergic brain stem nuclei (the 
laterodorsal and pedunculopontine nucleus). These dorsal raphe connections 
may be involved in inter-raphe activity coordination, in the facilitation of 
central motor tone for trunk and proximal limb muscles maintaining posture, 
and in the suppression of PGO-spiking during waking. The dorsal raphe 
complex, in particular its rostral component, projects to several brainstem 
areas involved in cardiovascular regulation, among which are the parabrachial 
nuclei, the rostroventrolateral medulla, magnocellular tegmental fields and the 
caudal raphe nuclei (STEININGER et al. 1992; PETROV et al. 1992a; VERTES and 
KOCSIS 1994). 

The pontine noradrenergic nucleus locus ceruleus (LC) is a major site of 
termination of dorsal raphe efferents (PASQUIER et al. 1976; SAKAI et al. 1977; 
CEDARBAUM and AGHAJANIAN 1978; IMAI et al. 1986). Serotonin appears to be 
involved in restraining the range of firing of noradrenergic LC neurons in 
response to glutamate and to counteract LC hyperactivity during opiate with
drawal (ASTON-JONES et al. 1991; AKAOKA and ASTON-JONES 1993). 

F. Projections to the Forebrain 
The majority of the serotoninergic projections to the di- and telencephalon 
originate in the rostral mesopontine raphe nuclei (i.e., the nucleus raphe 
dorsalis, medianus and pontis B5, 6, 7,8) and in the extraraphe tegmental 5-
HT neurons located in the supralemniscal area B9 (ct. AZMITIA 1978, 1987; 
AZMITIA and SEGAL 1978; VAN DE KAR and LORENS 1979; PARENT et al. 1981; 
KOHLER et al. 1982; O'HEARN and MOLLIVER 1984; TORK 1985, 1990; MOLLIVER 
1987; VERTES and MARTIN 1988; WILSON and MOLLIVER 1991a,b; VERTES 1991; 
GONZALO-RUIZ et al. 1995; HALLIDAY et al. 1995). Many forebrain target areas 
receive parallel afferents from 5-HT neurons in the dorsal and the median 
raphe nucleus. The distinction between dorsal raphe and median raphe 
efferents which provide axon terminals to the same target area is facilitated by 
differences in the morphology and neurotoxin sensitivity of the axons and 
axon terminals of either source: corticopetal axons emanating from the dorsal 
raphe nucleus are generally very fine and have pleomorphic tiny varicosities of 
granular or fusiform shape, those originating in the median raphe nucleus 
being mainly (but not exclusively) characterized by large spherical or ovoid 
varicosities and by variations in axonal diameter ("beaded" or "coarse" axons; 
KOSOFSKY and MOLLIVER 1987; HORNUNG et al. 1990). An ill-defined percent
age ofaxons arising from the median raphe nucleus 5-HT neurons are of the 
fine-fiber type (HALASY et al. 1992). The delicate, profusely branching axons of 
dorsal raphe origin (and their median raphe equivalents) are exquisitely sen
sitive to neurotoxic injury by certain substituted amphetamines such as p-CA, 
MDA and MDMA (MOLLIVER et al. 1990; MAMOUNAS et al. 1991; MCQUADE 
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and SHARP 1995). The sensitivity of dorsal raphe-derived axons towards these 
amphetamine neurotoxins appears to be relatively consistent across a variety 
of species including rats, guinea pigs and nonhuman primates (BATTAGLIA et al. 
1987; COMMINS et al. 1987; SCHMIDT 1987; O'HEARN et al. 1988; MAMOUNAS and 
MOLLIVER 1988; RICAURTE et al. 1988; INSEL et al. 1989; WILSON et al. 1989; 
SCHMIDT and KEHNE 1990; MOLLIVER et al. 1990) and may also apply to humans 
(RICAURTE et al. 1990, 1992; STEELE et al. 1994; MCCANN et al. 1994; AXT et al. 
1994). The chemical ablation of the dorsal raphe afferents to given target areas 
thus permits a semiquantitative estimate of the relative contribution of either 
projection system to the density, pattern and topography of the regional 
serotoninergic terminal innervation. However, due to the presence of neurons 
in the median raphe nucleus which give rise to fine fibers that are susceptible 
to damage by p-CA (HARING et al. 1992; MCQUADE and SHARP 1995), the 
dorsal raphe nucleus selectivity of p-CA is limited. Consequently, 5,7-DHT
induced selective lesions of the dorsal raphe nucleus do not exactly mirror the 
extent of regional 5-HT fiber denervations and transporter ligand-binding 
reductions caused by p-CA (HENSLER et al. 1994). 

Using p-CA as a tool to lesion fine 5-HT axons, a specific and restricted 
pattern of distribution of beaded, amphetamine-resistant axon terminals has 
been described in certain forebrain areas of the rat which, according to retro
and anterograde tracing data, originate mainly in the median raphe nucleus 
(MAMOUNAS and MOL LIVER 1988; MOL LIVER and MAMOUNAS 1991; HARING et 
al. 1992). Median raphe forebrain serotoninergic projections provide beaded 
axon terminals to selective layers of the cerebral cortex, hippocampus and 
olfactory bulb, to the septum, amygdala and hypothalamus and to the 
ependymal lining of the lateral ventricles (MAMOUNAS et al. 1991; MOLLIVER et 
al. 1990; WILSON et al. 1993; AXT et al. 1994). 

The ascending projections of the the dorsal and median raphe nuclei 
follow several distinct trajectories on their way towards their telodiencephalic 
targets. In subprimate species, the medial forebrain bundle (MFB) serves as 
the major pathway for ascending 5-HT axons of dorsal and median raphe 
origin (AZMlTlA and SEGAL 1978). Two out of six fiber bundles converge into 
the MFB via tegmental radiations: the dorsal raphe and the median raphe 
forebrain tract. The dorsal raphe forebrain tract intermingles with ventrolat
eral components of the MFB and distributes fibers to lateral forebrain areas 
(basal ganglia, amygdala and entorhinal cortex). The median raphe forebrain 
tract joins ventromedial components of the MFB and distributes fibers to 
medial forebrain areas (septum, hippocampus and cingulate cortex). The dor
sal raphe cortical tract encroaches on ventral aspects of the medial lemniscus 
in the posterior hypothalamus and enters the internal capsule to fan out into 
the basal ganglia and parietotemporal neocortex. This tract is the major path
way for corticopetal 5-HT axons in the nonhuman primate (AZMlTIA and 
GANNON 1986). The dorsal raphe periventricular tract forms below the aque
duct and proceeds rostrally towards ventricle-close regions of the thalamus 
and hypothalamus. The dorsal raphe arcuate tract heads laterally to supply the 
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geniculate body and the suprachiasmatic nuclei. The raphe medial tract re
ceives fibers from both the median and the dorsal raphe nucleus and turns 
ventrally to distribute axons to the interpeduncular nucleus and midline 
mamillary body (AZMITIA 1978, 1987; AZMITIA and SEGAL 1978; AZMITIA and 
GANNON 1986). The serotoninergic nature of these anterogradely traced as
cending pathways in the rat has been verified by significant reductions in the 
transport of radiolabel following prior destruction of 5-HT-containing axons 
by intra diencephalic microinjections of 5,7-DHT. Axons ascending from the 
midbrain into the forebrain via the different raphe trajectories either separate 
from the fiber bundles or ramify to give off collaterals which join classical 
myelinated forebrain tracts as links to their respective target fields. 

The innervation territories of the dorsal and the median raphe projections 
in the rat have been mapped in detail by anterograde transport of Phaseolus 
vulgaris leucoagglutinin and tritiated leucin, respectively (VERTES 1991; 
VERTES and MARTIN 1988). Although no attempt has been made to verify the 
neurochemical identity of the ascending raphe projections, it seems justified 
to claim that the results of these tracing studies by and large reflect 
serotoninergic projections because 5-HT neurons account for the majority of 
projection neurons in these cranial raphe nuclei (60%-85% of retrogradely 
labeled raphe-cortical projection neurons in the dorsal and median raphe 
nucleus of the rat and monkey are 5-HT-containing; O'HEARN and MOLLIVER 
1984; WILSON and MOL LIVER 1991a,b). Furthermore, the pattern and density of 
terminal innervation throughout the forebrain revealed by nonspecific 
anterograde labeling match closely with' the results of 5-HT axon terminal 
immunolabeling patterns and densities (STEINBUSCH 1981, 1984). The vast 
number of efferent connections established by the dorsal raphe 5-HT neurons 
have stimulated speculation as to the functional roles of this expansive modu
lator system. The behavioral, cognitive, emotional and perception deficits in 
humans following intake of MDMA (MCCANN and RICAURTE 1991, 1994) 
suggest a role of dorsal raphe efferents in the regulation of affective state, 
anxiety, sensory perception, and mental and memory capacity. Animal experi
ments suggest general roles of forebrain 5-HT in the control of impUlsive 
eating, sexual and social behavior, and anxiety, irritability and certain forms of 
aggressive behavior (BAUMGARTEN and LACHENMAYER 1972, 1985; SOUBRIE 
1986, 1988; BEVAN et al. 1989; SAUDOU et al. 1994; TEcoTT et al. 1995; 
BAUMGARTEN and GROZDANOVIC 1995). 

According to the anterograde tracing data by VERTES (1991), the dorsal 
raphe nucleus is an important source of afferents to the midline and 
intralaminar nuclei of the thalamus, the central, lateral and basolateral nuclei 
of the amygdala, posteromedial sections of the striatum and ventral pallidum, 
the nucleus accumbens and olfactory tubercle, the diagonal band nuclei and 
the remaining basal forebrain nuclei rich in cholinergic neurons. The entire 
neocortex receives input from the dorsal raphe nucleus, in particular from 
its rostral part. The dorsal raphe projects heavily to the piriform, insular 
and frontal cortices, and moderately densely to the occipital, entorhinal, 
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orbitofrontal, infralimbic and anterior cingulate cortices. Within the neocor
tex, 5-HT-containing axons of dorsal raphe origin are particularly enriched in 
layers which receive afferences from specific thalamic nuclei (IV and V). 
Neurons located in the caudal half of the dorsal raphe nucleus contribute to 
the innervation of the hippocampus, which is also a major target of median 
raphe afferents. 

The dorsal raphe projections to primary versus association areas of the 
cerebral cortex in the rat and monkey exhibit a crude somatotopic arrange
ment with clustering of neurons in discrete spatial parts of the dorsal raphe 
nuclear complex and significant proportions of collateralized neurons which 
innervate functionally related cortical (and possibly also subcortical) target 
areas (0 'HEARN and MOLLIVER 1984; WILSON and MOLLIVER 1991 a; 
WATERHOUSE et al. 1986, VAN BOCKSTAELE et al. 1993). By combining retro
grade horseradish peroxidase (HRP) tracing with serotonin-immunohis
tochemistry, GONZALO-RUIZ et al. (1995) have shown that clusters of 5-HT 
neurons within (ipsilateral) subnuclear compartments of the dorsal raphe 
complex of the rat maintain a somatotopic relationship with major subdivi
sions of the anterior thalamic nuclei. These findings support the involvement 
of the dorsal raphe in limbic aspects of information processing. The dorsal 
raphe projections to the substantia nigra, caudate putamen and amygdala in 
the rat similarly reveal a crude somatotopic arrangement (VAN DER Kooy and 
HATrORI 1980; STEIN BUSCH et al. 1981; IMAI et al. 1986); a limited number of 
neurons which project in a collateralized fashion to both targets are clustered 
in the interfascicular part of the dorsal raphe nucleus. Dorsal raphe/ 
periaqueductal 5-HT neurons have been found to project simultaneously to 
the caudal spinal or principal sensory trigeminal nucleus, the ventrolateral 
orbital cortex, nucleus accumbens and amygdala (LI et al. 1993c), suggesting 
coordinating modulatory roles in the processing of primary sensory and 
complex limbic aspects of pain-related neural systems. Other tracing studies 
show that serotoninergic neurons of the dorsal raphe collateralize to inner
vate cortical. subcortical and endocrine components of limbic circuits (pre
frontal cortex. central nucleus of the amygdala, nucleus accumbens and 
paraventricular hypothalamic cell groups), allowing for concerted modulation 
of complex adaptive behavior, emotion and neuroendocrine secretion (VAN 
BOECKSTAELE et al. 1993; PETROV et al. 1994). Thus, the dorsal raphe nucleus in 
mammals harbors clusters of neurons which project to functionally interre
lated cortical and subcortical target areas in part by collateralization of indi
vidual cells. 

By contrast, no distinct rostrocaudal somatotopic arrangement of neurons 
projecting to functionally heterogeneous (though interconnected) neocortical 
areas (frontal, primary motor and somatosensory cortex, parietal association 
areas 5 and 7) has been found in the median raphe nucleus of the rat and the 
macaque (O'HEARN and MOLLIVER 1984; WILSON and MOLLIVER 1991a,b). This 
finding has been interpreted as suggestive of rather divergent and widespread 
connections of individual median raphe neurons and implies rather global 
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modulatory effects on network excitability and/or afferent input responsivity. 
This assumption needs verification by single cell tracer injection, which would 
outline the total telodendritic domain of individual median raphe neurons. 

According to nonspecific anterograde tracing data (VERTES and MARTIN 
1988), median raphe neurons project heavily to several "limbic" forebrain 
structures including the medial mamillary nucleus, the lateral habenula, the 
medial preoptic area, diagonal band nuclei, the septum, nucleus accumbens, 
olfactory tubercle and the hippocampal formation. Additional diencephalic 
targets include the dorsal, dorsomedial and lateral hypothalamic nuclei and 
the anterior intralaminary complex and paraventricular nucleus of the thala
mus. Within the neocortex, median raphe terminals are mainly confined to the 
outer layers (I-III). In the main olfactory bulb, the median raphe axon termi
nals are restricted to the glomerular layer (MAMOUNAS et al. 1991; McLEAN 
and SHIPLEY 1987). The median raphe nucleus provides narrow bands of dense 
axon terminals to sublayers of the stratum lacunosum mole cui are of CA1-CA3 
of the dorsal and ventral hippocampus and to the infragranular zone of the 
dentate gyrus (VERTES and MARTIN 1988). 

The serotoninergic afferences to the neocortex are supplemented by pro
jections from the supralemniscal nucleus (B9). Using retrograde dye labeling, 
O'HEARN and MOLLIVER (1984) describe a crude somatotopic arrangement of 
neurons within the supralemniscal nucleus according to their cortical target: 
cells projecting to the occipital cortex are located more rostrally than those 
projecting to the parietal cortex. Cells sendinE their axons towards the frontal 
cortex have a wider rostrocaudal distribution across the nucleus B9. The 
frontal and parietal cortex receive bilaterally symmetric projections whereas 
the projection to the occipital cortex is predominantly ipsilateral. Only one
third of the retrogradely labeled neuron population in the supralemniscal area 
are serotonin containing, and the number of cortically projecting neurons in 
this extraraphe cell group is significantly smaller than the number of raphe
cortical projection neurons in the median and dorsal raphe nucleus (O'HEARN 
and MOLLIVER 1984). Consequently, this extraraphe 5-HT cell group accounts 
for only a minor component of the serotoninergic afferents to the cortex in the 
rat. 

G. Afferent Connections of the Raphe Nuclei 
The mesopontine raphe nuclei have been shown to receive afferent input from 
limbic forebrain areas, e.g., the prefrontal and cingulate cortex, nucleus 
accumbens, the basal forebrain cholinergic nuclei, septal area, lateral 
habenula, preoptic and hypothalamic area (PASQUIER et al. 1976; AGHAJANIAN 
and WANG 1977; SAKAI et al. 1977; KAWASAKI and SATO 1981; MACIEWICZ et al. 
1981; KALEN et al. 1985; KALEN 1988). A crude topographic organization of the 
septal projections to the raphe nuclei has been described (KALEN 1988). The 
medial septal nucleus projects to the caudal portion of the dorsal raphe and to 
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the entire median raphe complex; the horizontal limbs of the diagonal band 
efferents terminate mainly in the rostral portion of the dorsal raphe and those 
originating in the vertical limb of the diagonal band distribute throughout the 
dorsal and median raphe nuclei. According to KALEN (1988), the distribution 
of afferent terminal labeling within the raphe overlaps with the distribution of 
5-HT neurons across the dorsal raphe nucleus rather than its cytoarchitectonic 
boundaries or subnuclear divisions. Part of these limbic afferences use 
excitatory amino acids (EAA) as transmitters, e.g., those from the lateral 
habenula (KALEN et a1. 1985, 1989). These excitatory afferents from the lateral 
habenula may terminate directly on serotoninergic neurons and increase their 
firing rate. EAA actions on 5-HT neurons may participate in stress-induced 
increases in hippocampal, striatal and cortical 5-HT release (KALEN 1988; 
KALEN et a1. 1989; PEl et al. 1990; INOUE et a1. 1993; KAWAHARA et al. 1993; 
V AHABZADEH and FILLENZ 1994; CADOGAN et a1. 1994); "stress" -induced in
creases in forebrain 5-HT release may rather be a reflection of the level of 
behavioral activation/arousal caused by the alerting effects of "stress" (Chap. 
3, this volume). Other limbic-mediated inputs may terminate on inhibitory 
GABAergic interneurons in the dorsal raphe, which in turn synapse with 5-HT 
neurons (WANG et a1. 1992); such limbic-mediated inhibitory influences on the 
activity of the dorsal raphe may have a role in the modulation of anxiety, 
aversion and avoidance behavior. 

Some of the neurochemically ill-defined hypothalamic and extrahypoth
alamic basal forebrain afferences to the rostral raphe may well conform to 
peptidergic systems [e.g., corticotropin-releasing hormone (CRH), arginine 
vasopressin (A VP) and adrenocorticotropic hormone (ACTH) projection sys
tems], which transmit the effects of stress directly onto the brainstem 
serotoninergic and nor adrenergic modulator neurons (SWANSON et al. 1983; 
ROMAGNANO and JOSEPH 1983; SAWCHENKO and SWANSON 1982). 

The dorsal raphe nucleus has been considered a center for coordination of 
the general level of behavioral activation/central motor tone with appropriate 
modulation of cardiovascular and respiratory activity. In harmony with this 
concept. the raphe nuclei receive peptidergic afferences from the lateral and 
medial parabrachial nuclei (NT-, CGRP- and GAL-containing projections; 
PETROV et al. 1992b), catecholaminergic input from several brainstem noradr
energic (AI, 2, 5, 6) and adrenalinergic (CI, 3) cell groups (FuXE 1965; LOlZOU 
1969; HOKFELTet al. 1974,1984; CHU and BLOOM 1974; SAKAI et al. 1977; LEVITT 
and MOORE 1979; LINDVALL and BJORKLUND 1974, 1978; WESTLUND and 
COULTER 1980; TANAKA et al. 1994; PEYRON et al. 1996) and neurochemically ill
defined afferences from pneumotaxic brainstem areas (medial parabrachial 
and Koelliker-Fuse complex, retrofacial nucleus and ventrolateral medulla; 
GANG et al. 1991; ZAGON 1993) and from viscerosensory components of the 
solitary tract nucleus (HERBERT 1992). 

The work of LEVINE and JACOBS (1992) suggests that the mesopontine 5-
HT neurons may receive collateral input from ascending auditory pathways 
which use EAAs as transmitters. Presentation of series of clicks to awake cats 
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results in phasic increases of firing of dorsal raphe 5-HT neurons, which 
are reduced in magnitude by iontophoretic application of kynurenic acid. 
The EAA antagonist had no effect on spontaneous activity of the 5-HT 
neurons, i.e., the neurons are not dependent on external driving input for 
maintenance of their (intrinsic) activity. Similar relationships may hold for 
other sensory systems as well (e.g., for visual stimuli; HEYM et al. 1982; FORNAL 
and JACOBS 1988; Chap. 3, this volume). The spontaneous activity of dorsal 
raphe 5-HT neurons during waking is also independent of noradrenergic 
mechanisms (HEYM et al. 1981; Chap. 3, this volume) despite the fact that the 
dorsal raphe nucleus receives substantial noradrenergic innervation from 
multiple brainstem sources (WESTLUND and COULTER 1980; PEYRON et al. 
1996). 

The nucleus raphe magnus (NRM) is known to serve as a relay center for 
descending oligoneuronal pain modulatory pathways which originate in the 
mesencephalic periaqueductal gray (PAG) and the adjacent reticular nucleus 
cuneiformis (NCF). Pharmacological evidence suggests that raphe-spinal 
NRM neurons (many of which are serotonin-containing) receive both 
glutamatergic and cholinergic afferents from the NCF and PAG in addition to 
peptidergic (NT, SP, ENK) and serotoninergic input (BASBAUM and FIELDS 
1984; BEHBEHANI and ZEMLAN 1986; RICHTER and BEHBEHANI 1991). 

Serotonin-containing neurons located in the medial medullary reticular 
formation (mainly in the magnocellular tegmental field and the raphe nuclei) 
of the cat are in contact with terminals of GABAergic (Golgi type II) inter
neurons, which represent a major popUlation of neurons in this medullary 
reticular field (HOLMES et al. 1994). According to nonspecific deafferenta
tion studies, this medial raphe and reticular tegmental field of the brainstem 
receive input from ascending spinoreticular and from descending cor
ticoreticular, tectoreticular and raphereticular projections (BRODAL 1957; 
BRODAL et al. 1960b). These afferents may terminate on GABAergic inter
neurons. Much of the modulatory input into the caudal raphe and extraraphe 
5-HT neurons would thus be indirectly transmitted via GABAergic interneu
rons. Transneuronal tracing studies will be required to verify such indirect 
afferent connections of the medullary 5-HT neurons. 

H. Terminal Axon Innervation Patterns 
and Target Relationship 
The topography of the 5-HT innervation of the CNS has been extensively 
studied using (a) fluorescence histochemistry; (b) biochemical analysis of the 
regional 5-HT or 5-hydroxyindoleacetic acid (5-HIAA) levels, [3H]5-HT 
reuptake, or 5-HT synthesis rate; (c) various autoradiographic methods, such 
as injection of [3H]amino acids, or incubation in [3H]5-HT or CH]transporter 
ligands (e.g., cyano/nitroimipramine, paroxetine, citalopram); and (d) im
munohistochemistry using antibodies against synthesizing enzymes or 
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serotonin-protein conjugates. 5-HT immunohistochemistry has proved par
ticularly valuable in unveiling the extent of terminal arbors issued by 5-HT 
neurons. The terminal distribution of 5-HT fibers in various brain regions of 
several mammalian species has been reviewed in detail by AZMITIA (1978), 
STEIN BUSCH (1984), AZMITIA and GANNON (1986), TAKEUCHI (1988) and JACOBS 
and AZMITIA (1992). The results of studies covered by these reviews as well as 
more recent investigations will be presented, devoting special attention to 
termination patterns of 5-HT axons in the forebrain, where interspecies differ
ences are most conspicuous. 

The current concepts on the regional distribution and laminar arrange
ment of the 5-HT-containing nerve fibers in the cerebral cortex began to 
evolve in the mid 1960s following FUXE'S description of a diffuse innervation 
of the rat cortex by sparse 5-HT-containing terminal varicosities located 
mainly in the molecular layer using the fluorescence histochemical technique 
(FUXE 1965; FUXE et al. 1968). Subsequent autoradiographic work by 
DESCARRIES and coworkers, published in the mid 1970s, revealed a more 
extensive intracortical network of presumed 5-HT axon terminals than was 
delineated by the histofluorescence method (DESCARRIES et al. 1975; BEAUDET 
and DESCARRIES 1976, 1987). Following superfusion of the rat frontoparietal 
neocortex with [~H]5-HT, aggregates of silver grains representing axonal 
varicosites labeled by 5-HT uptake were found unevenly distributed in the 
upper five cortical layers, gradually increasing in density towards the superfi
cial layers. It was. however, not until the introduction of immunochemical 
staining methods for the demonstration of 5-HT neurons by Steinbusch and 
associates in the late 1970s (STEINBUSCH et al. 1978) that the 5-HT-containing 
axon terminals could be directly visualized and their morphological character
istics assessed. 

The 5-HT innervation of the cerebral neocortex of the rat has been stud
ied with immunohistochemical techniques by LIDOV et al. (1980), STEIN BUSCH 
(1981 ). TAKEUCHI et al. (1983), KOSOFSKY and MOLuVER (1987) and LOTH and 
SEIDEL (1987). In the lateral neocortex, a dense network of 5-HT axons is 
spread relatively uniformly among different cytoarchitectonic areas and across 
cortical laminae. Most of the 5-HT terminals are present in layer 1. Quantita
tive data are available on the density of 5-HT innervation in seven 
cytoarchitectonic areas of the anterior half of the rat cortex (AUDET et al. 
1989). The mean regional density amounts to 5.8 x 106 varicosities/mm' 
(range 4.4-7.1 x 106). In Cg3 (cingulate cortex, area 3), AIDe (caudal 
agranular insular cortex, dorsal part), Pir (prepiriform cortex-primary olfac
tory cortex) and AIDr (rostral agranular insular cortex, dorsal part), signifi
cantly higher regional fiber densities exist than in Cg2 (cingulate cortex, 
area 2), Parl (parietal cortex, area I-primary somatosensory cortex) and Frl 
(frontal cortex, area I-primary motor cortex). On the basis of these data, 
it is estimated that a cortical target neuron is innervated by approximately 
145-230 5-HT varicosities; this figure equals 1/200 of the total number of cortical 
terminals/mm'. 
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Unlike the situation in the rodent, the pattern of the regional and laminar 
distribution of 5-HT terminals in the neocortex of nonhuman primates is more 
variable, supporting the idea that the increasing complexity and differentia
tion of the primate cortex is mirrored by the growing specialization of the 
cortical 5-HT afferents. The existence of a topographically distinct pattern of 
cortical 5-HT distribution was first suggested by BROWN and colleagues (1979) 
on the basis of measurements of 5-HT and 5-HIAA concentration in various 
cortical areas of rhesus monkey. The full extent of the interregional variation 
in the neocortical 5-HT innervation of several monkey species was clearly 
established in subsequent immunohistochemical studies (MORRISON et al. 1982; 
TAKEUCHI and SANO 1983, 1984; KOSOFSKY et al. 1984; MORRISON and FOOTE 
1986; CAMPBELL et al. 1987; DEFELIPE and JONES 1988; DE LIMA et al. 1988; 
WILSON and MOLLIVER 1991b). In general, the density of 5-HT axon terminals 
is high in primary sensory areas, with the primary visual cortex being more 
heavily innervated than the primary auditory, primary somatosensory and 
secondary visual cortical areas, moderate in association areas and low in the 
primary motor area. With the exception of the densely innervated primary 
visual cortex, there are only minor variations in the laminar distribution of 5-
HT fibers. In most accounts, a bilaminar pattern of 5-HT innervation has been 
disclosed, consisting of a superficial and a deep fiber plexus, the exact positions 
of which seem to differ in various cortical regions and according to different 
authors. As an example, in the primary somatosensory cortex, especially areas 
3a and 3b, WILSON and MOLLIVER (1991b) observed an accentuated concentra
tion of 5-HT fibers in layers II and outer III, a narrow strip of low fiber density 
in the deepest part of layer III and an increase in innervation density in layers 
IV-VI. By contrast, in the description of DEFELIPE and JONES (1988) the 
superficial plexus extends from the middle of layer III up to the pia mater, with 
the highest density of fibers in layer I, whereas the deep plexus resides in layers 
V-VI. In an earlier study of several neocortical areas, TAKEUCHI and SANO 
(1983) concluded that there was a strong preference for layer IV. Using 
autoradiography with [3H]5-HT, AZMITIA and GANNON (1986) have found that 
in all regions examined (i.e., entorhinal, superior temporal, precentral, 
postcentral, frontal and calcarine cortex) 5-HT axons are enriched in layer I 
and layer IV. A detailed account of the predominant orientation of 5-HT 
fibers in different cortical regions and layers is presented by WILSON and 
MOLLIVER (1991b). 

A striking laminar pattern of 5-HT innervation is seen in the primary 
visual cortex. In the squirrel monkey (Saimi sciureus), a New World monkey, 
5-HT fibers are concentrated in layers IV A and IVC (MORRISON et al. 1982). 
Thus, 5-HT afferents are in a strategic position to modulate cortical processing 
of primary visual information conveyed by the geniculostriate projection. A 
more differential segregation of 5-HT axons is observed in cynomolgus mon
key (Macaca Jascicularis), an Old World monkey, in which layer IVC is further 
subdivided into IVCa and IVCb and layer V into V A and VB (LUND 1973). 
Clusters of 5-HT terminals are prominent in layers III-IVCa, reaching a peak 
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in IVB, and layers V A-VI (KOSOFSKY et al. 1984; MORRISON and FOOTE 1986). 
These zones are separated by a narrow band of sparse innervation density 
occupying layer IVCb. This is corroborated by quantitative data showing that 
axonal varicosities are most numerous in sublayers IVB and IVCa (DE LIMA et 
al. 1988). A similar laminar organization of 5-HT axons is documented in the 
autoradiographic study of BERGER et al. (1988). These findings are challenged 
in part by TAKEUCHI and SANO (1983, 1984), who in a study of 5-HT innerva
tion of Macaca !uscata, another Old World monkey, maintain that axonal 
varicosities are most abundant "in the upper portion of layer IV c of 
Brodmann's nomenclature, correponding to layer IVCb of Lund" (TAKEUCHI 
and SANO 1984). Obviously, differences in the interpretation of Lund's original 
work on sublaminar division of the monkey visual cortex are responsible for 
seemingly divergent findings. With these disparities in mind, it is worth noting 
that the sublaminar pattern of 5-HT axon distribution in the primary visual 
cortex of Old World monkeys points to a differential influence of the 5-HT 
system on visual processing in the terminal zones of the magnocellular (layer 
IVCa) versus parvocellular (layers IVA and IVCb) streams of the 
geniculostriate pathway. 

A detailed analysis of the 5-HT innervation of the extrastriate cortical and 
subcortical visual regions in squirrel and cynomolgus monkeys has been pub
lished by MORRISON and FOOTE (1986). The density of 5-HT fibers in area 18 
and the inferotemporal cortex is lower than that in area 17, and that in area 7 
lower than in occipital and temporal areas. In both area 18 and the 
inferotemporal gyrus, the most pronounced concentration of 5-HT axons is 
observed in layer IV; no laminar preference of 5-HT termination is found in 
area 7. The visual thalamic nuclei, i.e., the lateral geniculate nucleus, the 
pulvinar complex and the lateral posterior nucleus, are characterized by a 
relatively uniform, moderate to high level of 5-HT innervation. A preponder
ance for the magnocellular layers of the lateral geniculate nucleus is evident in 
the cynomolgus but not squirrel monkey, probably reflecting the preferential 
5-HT innervation of layer IVCa, the magnocellular recipient layer of the 
primary visual cortex of cynomolgus. In the mesencephalon, the superior 
colliculus is found to contain the densest accumulation of 5-HT of axon termi
nals in the intermediate layers. 

Contrary to the situation in the neocortex, the limbic and to some extent 
also the para limbic cortical areas in the rat exhibit a more heterogeneous 
topographic distribution and a distinct sublaminar organization of 5-HT termi
nals (Lmov et al. 1980; KOHLER et al. 1980, 1981; KOHLER 1982; IHARA et al. 
1988). The morphological data are supported by biochemical analyses 
(PAASONEN et al. 1957; SAAVEDRA et al. 1974a; BROWNSTEIN et al. 1975). The 
laminar pattern of the 5-HT axon distribution in the anterior cingulate cortex 
is similar to that of the lateral neocortex. By sharp contrast, a more restricted 
laminar pattern is found in the granular portion of the posterior cingulate 
cortex, characterized by concentrations of 5-HT axons in layers I, III and VI 
and a paucity ofaxons in layers II and V (Lmov et al. 1980). Compared to the 
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rat, the 5-HT innervation of the primate cingulate cortex is more dense. The 
anterior cingulate cortex is more heavily innervated than the posterior cingu
late cortex, which lacks the striking laminar segregation ofaxons observed in 
the rat (WILSON and MOLIVER 1991 b). In the hippocampal formation of the rat, 
dense accumulations of 5-HT axons are present in the stratum lacunosum
moleculare of CAl, the strata lacunosum-moleculare, oriens and radiatum of 
CA2 and CA3 as well as in the immediately infragranular portion of the 
polymorphic cell layer of the dentate gyrus (KOHLER 1982; IHARA et al. 1988). 
The preferential 5-HT innervation of the stratum lacunosum-moleculare is 
also observed in other mammalian species, both nonprimates (chipmunk, 
hamster, cat and dog) and subhuman primates (IHARA et al. 1988). In the 
monkey, the most abundant accumulation of 5-HT fibers is found in the 
stratum lacunosum-moleculare (of CA2 and CA3). A moderate number of 
axons is noted in the strata moleculare, radiatum and oriens; the strata 
pyramidale and lucidum are only sparsely innervated by 5-HT terminals 
(IHARA et al. 1988; WILSON and MOLLIVER 1991b). Within the dentate gyrus, 
the outer third of the molecular layer exhibits a very dense band of 5-HT 
axons. A moderate density ofaxons is observed in the dentate hilus. The 
granular cell layer has a very low density of 5-HT axons (WILSON and 
MOLLIVER 1991b). Throughout the different subdivisions of the retro
hippocampal region of the rat, namely the entorhinal area, the parasub
iculum, the retrosplenial area, the presubiculum and the subiculum, a rather 
diffuse pattern of 5-HT innervation exists (KOHLER et al. 1980, 1981). As a 
rule, layer I contains the densest concentration of 5-HT fibers. A dense cluster 
of 5-HT terminals is found in layers III and IV of a spatially limited portion of 
the lateral entorhinal area, suggesting a preferential influence of the 5-HT 
system on a restricted segment of the lateral perforant path and, therefore, the 
hippocampal circuitry. 

A quantitative analysis of the density of the hippocampal 5-HT innerva
tion has been performed by OLESKEVICH and DESCARRIES (1990). The mean 
innervation density is estimated at 2.7 x 106 varicosities/mm3, being signifi
cantly higher in subiculum (3.6 x 106) and Ammon's horn (3.1 x 106) than in 
dentate gyrus (2.2 x 106). In accordance with immunohistochemical data, the 
innervation is particularly dense in the stratum mole cuI are of subiculum, CAl 
and CA3 as well as in the stratum oriens and stratum radiatum of CA3. The 
highest innervation density occurs in the stratum oriens of CA3-a (5.2 x 106). 

From these figures, the average number of 5-HT varicosities per target neuron 
has been calculated to be about 130 in CA3 and 20-35 in dentate gyrus. 

In the olfactory bulb of the rat, cat and monkey, 5-HT fibers are seen in all 
layers except the olfactory nerve layer. In the rat and cat, 5-HT fibers prefer
entially innervate the glomerular layer (STEINBUSCH 1981; TAKEUCHI et al. 
1982; McLEAN and SHIPLEY 1987). By contrast, in the monkey olfactory bulb 5-
HT axons are only sparsely distributed in the glomerular layer; 5% of the 
glomeruli (or less) are occupied by 5-HT axons (TAKEUCHI et al. 1982). The 
internal plexiform layer receives the most profuse 5-HT innervation. 
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The terminal pattern of 5-HT axon ramification in the subcortical limbic 
structures of the telencephalon has been investigated in the rat. Distinct zones 
of the septum are found to contain differing levels of 5-HT innervation 
(STEINBUSCH 1981; KOHLER et al. 1982; GALL and MOORE 1984). The richest 
terminal networks are seen in the ventral part of the lateral septum and an 
area bordering the medial edge of the islands of Calleja (KOHLER et a1. 1982). 
The diagonal band of Broca contains numerous fibers en passage (KOHLER et 
al. 1982). According to STEINBUSCH (1981), the amygdala receives a well
developed 5-HT innervation. Very dense terminal arborizations are found in 
the rostral and medial part of the nucleus amygdaloideus basalis, the nucleus 
amygdaloideus medialis posterior, and the medial and lateral part of the 
nucleus amygdaloideus posterior. 

The existence of a topographic organization of the 5-HT system in the 
basal ganglia has been established by both biochemical (F AHN et a1. 1971; 
PALKOVITS et al. 1974; SAAVEDRA 1977; TERNAUX et al. 1977; MAcKAyet a1. 1978; 
BECOPOULOS et al. 1979; SHANNAK and HORNYKIEWICZ 1980; CROSS and JOSEPH 
1981; WALSH et al. 1982) and morphological methods. The distribution of 5-
HT axons in the basal ganglia components has been explored in several 
histoftuorescence (FUXE 1965; AGHAJANIAN et al. 1973) and autoradiographic 
(CALAS et al. 1976; CHAN-PALAY 1977; ARLUISON and DE LA MANCHE 1980; 
PARENT et al. 1981) studies, but more recent immunohistochemical investiga
tions have revealed the full extent of the 5-HT innervation in the basal ganglia 
(STEINBUSCH 1981; PASIK and PASIK 1982; PASIK et al. 1984a,b; MORI et a1. 
1985a,b, 1987; O'HEARN et al. 1988; SOGHOMONIAN et al. 1987,1989; LAVOIE and 
PARENT 1990; CORVAJA et al. 1993). In a series of comparative studies, MORI and 
coworkers have examined the localization of 5-HT fibers and varicosities in 
the substantia nigra (MaRl et al. 1987), the subthalamic nucleus (MORI et a1. 
1985a) and the striatum (MORI et a1. 1985b) of the rat, cat and monkey 
(Macaca fuscata). In the substantia nigra of all species investigated, 5-HT 
fibers are more numerous in the pars reticulata than the pars compacta. In 
contrast to the generally uniform arrangement of 5-HT fibers in the pars 
reticulata of the rat and cat, a more varied distribution is observed in the 
monkey pars reticulata. The pars lateralis is more densely innervated in the cat 
and monkey than in the rat. Interspecies differences in the topographic varia
tion of 5-HT fibers are also evident in other parts of the basal ganglia. In the 
subthalamic nucleus of the monkey, 5-HT fibers are more abundant and more 
unevenly distributed than in the cat and rat. The globus pallidus and the 
entopeduncular nucleus of the rat and cat as well as the internal pallidal 
segment of the monkey are more heavily and more diffusely innervated than 
the external pallidal segment in the monkey. In the striatum of all animals 
studied, 5-HT fibers are accumulated in the ventral, medial and caudal sectors. 
LAVOIE and PARENT (1990) studied the distribution of 5-HT axons and terminal 
varicosities in the basal ganglia of the squirrel monkey (Saimi sciureus). The 
results are similar to those obtained in the macaque monkey. The substantia 
nigra is the most densely innervated part of the basal ganglia. The fibers 
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arborize more profusely in the pars reticulata and the pars lateralis than the 
pars compacta. The subthalamic nucleus contains a dense plexus of 5-HT 
fibers; only a few isolated varicose axons are concentrated in the ventrolateral 
part of the nucleus. In the globus pallidus, fibers intermingled with axonal 
varicosities are more numerous in the internal than the external segment. The 
density of fibers in the substantia innominata is somewhat less than in the 
adjacent pallidal complex. Regional differences are also observed in the striat
um. 5-HT fibers and axon terminals are concentrated in the ventral striatum, 
including the nucleus accumbens and deep layers of the olfactory tubercle, the 
ventrolateral part of the putamen, and the ventromedial sector of the caudate 
nucleus. The bed nucleus of the stria terminalis is also very densely labeled. 
The finding of zones displaying a weak 5-HT-immunolabeling which are in 
register with similar zones of low tyrosine hydroxylase-immunoreactivity has 
led to the proposal that the 5-HT innervation in the striatum is predominantly 
directed to the extrastriosomal matrix compartment. 

The intrastriatal variation in the density of the 5-HT innervation in the rat 
has been quantitatively evaluated by SOGHOMONIAN et al. (1987). The number 
of 5-HT varicosities averages 2.6 x 106/mm3 of tissue, ranging from 1.5 to 4.8 x 
106/mm3• Values are significantly higher ventrally than dorsally, caudally than 
rostrally, and medially than laterally. In the nucleus accumbens, the density of 
5-HT terminals is estimated at 3 x 106/mm3• A very high innervation density is 
found in the globus pallidus (4.5 x 106/mm3). It has been calculated that 
between 100 and 200 5-HT axon terminals impinge upon a single neostriatal 
neuron. 

The distributional pattern of 5-HT-immunoreactive fibers in the thalamus 
of the rat has been elucidated by STEINBUSCH (1981) and CROPPER et al. (1984). 
After pretreatment with L-tryptophan and pargyline, an inhibitor of monoam
ine oxidase, CROPPER et al. (1984) found the 5-HT innervation to be densest in 
nucleus ventralis corporis geniculati lateralis, certain midline nuclei, nucleus 
anterior ventralis, the intralaminar nuclei, and nucleus lateralis dorsalis. Mod
erate innervation was seen in nucleus reticularis, nucleus anterior dorsalis, 
nucleus ventralis medialis, nucleus lateralis pars posterior, the posterior com
plex, and nucleus dorsalis corporis geniculati lateralis. A rather sparse fiber 
network was encountered in nucleus corporis geniculati medialis, the ventral 
nuclei (with the exception of nucleus ventralis medialis), nucleus medialis 
dorsalis, nucleus anterior medialis, and some midline nuclei. It is clear from 
this description that 5-HT axons are differentially distributed to functionally 
diverse thalamic nuclei. Those nuclei involved in limbic circuits and transmis
sion of sensory information are preferentially innervated. 

A comparative study in rat, cat and monkey lateral geniculate nucleus was 
carried out by UEDA and SANO (1986). Invariably, the ventral part is more 
densely innervated than the dorsal part. In the rat, 5-HT fibers are most 
numerous in the magnocellular portion of the ventral lateral geniculate 
nucleus and the intrageniculate leaflet. In the cat and monkey, an even distri
bution of 5-HT fibrers is observed in the ventral lateral geniculate nucleus. By 
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contrast, 5-HT fibers terminate diffusely in the dorsal lateral geniculate 
nucleus of the rat, but are clustered in the C-complex and the medial 
interlaminar nucleus of the cat and in the S layer and the interlaminar zones of 
the monkey. 

It has long been known that the hypothalamus contains relatively high 
concentrations of 5-HT. The localization of 5-HT nerve fibers in the hypo
thalamus has been initially visualized by FUXE and coworkers using the 
fluorescence histochemical technique (FuxE 1965; FUXE et a1. 1969). A more 
profuse distribution of 5-HT fibers has been suggested on the basis of bio
chemical measurements of the intrahypothalamic 5-HT content by SAAVEDRA 
et a1. (1974b). Autoradiography after CH]5-HT uptake has then been used to 
detect a more elaborate 5-HT fiber network (DESCARRIES and BEAUDET 1978; 
PARENT et a1. 1981). Subsequently, the successful application of immunohis
tochemical methods has produced comprehensive maps on the terminal ar
rangement of 5-HT fibers in the hypothalamus of several mammalian species, 
including rat (STEIN BUSCH 1981; STEINBUSCH and NIEUWENHUYS 1982; 
STEIN BUSCH et al. 1981), guinea pig (W AREMBOURG and POULAIN 1985), cat 
(UEDA et a!. 1983b) and monkey (KAWATA et a1. 1984). In all species examined, 
a widespread but heterogeneous distribution of 5-HT fibers is found. In the 
preoptic region of all species. certain nuclei receive a particularly dense 5-HT 
innervation, namely the nucleus praeopticus suprachiasmaticus in rats, the 
nucleus praeopticus periventricularis in guinea pigs, the nucleus praeopticus 
lateralis in cats and the nucleus praeopticus medialis in monkeys. In the 
anterior hypothalamus of rats. hamsters. guinea pigs and cats. the nucleus sup
rachiasmaticus is the most densely innervated structure (UEDA et a1. 1983a), 
but it is almost devoid of 5-HT fibers in monkeys. The anterior hypothalamic 
area is densely innervated in rats but much less so in monkeys and. especially, 
cats. Both the nucleus para ventricularis and nucleus supraopticus display a 
low-to-moderate density of innervation, being higher in cats than in rats and 
monkeys. The terminal fields of 5-HT fibers in the paraventricular and su
praoptic nuclei have been precisely delineated by SAWCHENKO et a1. (1983). 
Fibers are more numerous in the parvocellular division of the paraventricular 
nucleus than in the magnocellular division, or in the supraoptic nucleus. 
Within the parvocellular division of the paraventricular nucleus, higher con
centrations of fibers are seen in the periventricular parts, where neurons 
producing pituitary-releasing factors are located which project to the median 
eminence, and in the dorsal and ventral medial parts, which project to the 
autonomic centers of the lower brainstem and spinal cord. In the magnocell
ular division of the paraventricular nucleus and in the supraoptic nucleus, the 
oxytocin-producing neuroendocrine neurons are preferentially innervated. At 
the tuberalleveL a constant feature in all species is a large contingent of 5-HT 
fibers in the nucleus ventromedialis. The nucleus dorsomedialis of cats is also 
richly supplied. Throughout the complex of mamillary nuclei in monkeys, 5-
HT fibers are abundantly distributed. A more heterogeneous distribution is 
found in rats and cats. 
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The microscopic distribution of 5-HT in the pituitary of several mammals 
has been evaluated using autoradiography after incubation in [3H]5-HT 
(CALAS et al. 1974; CHAN-PALAY 1977; DESCARRIES and BEAUDET 1978) and 
immunohistochemistry (STEINBUSCH 1981; STEINBUSCH et al. 1981; WESTLUND 
and CHILDS 1982; JENNES et al. 1982; SANO et al. 1982; LERANTH et al. 1983; 
KAWATA et al. 1984; WAREMBOURG and POULAIN 1985; SALAND et al. 1986). 
Most authors agree that 5-HT fibers are present in the infundibulum, both the 
external and the internal layer, and the posterior lobe of the neurohypophysis. 
Similarly, 5-HT fibers are constantly found in the intermediate lobe. By con
trast, the anterior lobe has been shown to be innervated by 5-HT fibers in rats 
but not in monkeys. 

The relationship of 5-HT axon terminals to target neurons has been exten
sively studied. Comprehensive reviews dealing with this topic have been pub
lished by BEAUDET and DESCARRIES (1987) and SOGHOMONIAN et al. (1988). The 
incidence of 5-HT terminals establishing synaptic contacts to targets in the 
cerebral cortex has been a matter of considerable debate (see PARNAVELAS and 
PAPADOPOULOS 1989). In their initial autoradiographic study, DESCARRIES and 
coworkers (1975) reported synaptic complexes in only 5% of 5-HT boutons in 
the frontoparietal cortex of rats. The synaptic incidence extrapolated stereo
logically for whole varicosities was later estimated to be 15%-20% (BEAUDET 
and DESCARRIES 1984). The existence of a substantially larger proportion of 5-
HT varicosities engaged in junctional complexes in the rat cortex was commu
nicated by MOLLIVER et al. (1982), PARNAVELAS and McDoNALD 1983; 
PARNAVELAS et al. (1985) and PAPADOPOULOS et al. (1987a,b). For example, 
PAPADOPOULOS et al. (1987a,b), using electron microscopic immunohistochem
istry and serial section analysis, found that approximately 90% of 5-HT pro
files formed conventional synapses in the visual and the frontoparietal cortex 
of the rat. This issue was re-evaluated by DESCARRIES' group using a similar 
method (SEGUELA et al. 1989). The incidence of synaptic boutons among the 
serially examined 5-HT terminals was calculated at 30%-40%. DEFELIPE and 
JONES (1988), employing a comparable methodological approach in the sen
sorimotor cortex of the monkey, concluded that less than 3% of the 5-HT 
varicosities formed structurally differentiated synaptic contacts. The reason(s) 
for the observed discrepancies can only be guessed at (differences in the 
technique used or in the interpretation of the results, interspecies variabilty, 
etc). An intriguing explanation was offered by TORK (1990), who proposed that 
the relative density of the fine varicose and the beaded axon systems (vide 
supra) - which seem to have differential nuclear origin, axon morphology, 
areal and laminar distribution, susceptibility to the neurotoxic effects of cer
tain substituted amphetamine analogs and, possibly, synaptic organization - in 
a given cortical (or subcortical) region may be responsible for the divergent 
findings obtained in studies on the synaptic incidence of 5-HT varicosities. In 
most electron microscopic studies, the synaptic 5-HT terminals are observed 
to make either asymmetrical or symmetrical contacts with dendritic branches 
or spines of cortical neurons (DESCARRIES et al. 1975; TAKEUCHI and SANO 1984; 
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AZMlTlA and GANNON 1986; PAPADOPOULOS et al. 1987a,b; DEFELIPE and JONES 
1988; DE LIMA et al. 1988; SEGUELA et al. 1989). The cellular targets of 5-HT 
axons in the cerebral cortex are mostly obscure. TORK and collaborators have 
described elaborate basket-like arbors, which are issued by beaded varicose 
axons, around the somata and proximal dendrites of single cortical neurons in 
the supragranular layers of the cat (MULLIGAN and TORK 1987, 1988,1993) and 
marmoset (HORNUNG et aJ. 1990) cerebral cortex. In preliminary ultrastruc
tural studies, the beaded 5-HT boutons have been reported to form 
axosomatic and axodendritic synaptic contacts with cortical neurons (TORK et 
al. 1986; TORK 1990). Using double-labeling immunohistochemistry and antis
era directed towards 5-HT and glutamate decarboxylase and/or GABA, the 5-
HT -containing pericellular baskets have been shown to encircle a sub
population of GABAergic neurons (TORK et al. 1988; HORNUNG and CELIO 
1992). Using a comparable approach, DEFELIPE et al. (1991) have demon
strated an interaction of 5-HT boutons with GABAergic neurons in the pri
mary auditory cortex of the cat. In the neocortex of the marmoset, the 
GABAergic interneurons belong to a subset of neurons containing the cal
cium-binding protein calbindin (HORNUNG and CELIO 1992). On the basis of 
these data it has been postulated that the raphe-cortical 5-HT projection 
pathway is comprised of two morphologically and functionally separate sys
tems, namely the "diffuse" fine varicose axon subsystem influencing a multi
tude of diverse target neurons and the "selective" beaded axon system 
focussing onto a limited population of inhibitory GABAergic interneurons. 

ANDERSON et al. (1986) first provided evidence for a distinct paucity of 
synaptic contacts in the dentate gyrus of the rat. In a detailed survey on the 
ultrastructural characteristics of 5-HT axon terminals innervating the hippoc
ampus of the rat, a synaptic incidence of 20%-30% has been determined 
(OLESKEVICH et al. 1991). No significant differences between the CA3 region of 
Ammon's horn and the dentate gyrus have been found. The postsynaptic 
elements were mainly dendritic shafts, bearing predominently asymmetrical 
membrane specializations. FREUND and associates (reviewed by FREUND 
1992), using a combination of anterograde tracing and pre- and postem
bedding immunohistochemical staining procedures, have conclusively shown 
that the median raphe afferents preferentially innervate GABAergic inter
neurons in the hippocampus and dentate gyrus of the rat. In the CA 1 and CA3 
sectors of the Ammon's horn, 5-HT afferents impinge selectively upon the 
calbindin D 2xK-containing GABAergic interneurons in the strata radiatum and 
lacunosum-moleculare (FREUND et al. 1990). In the dentate gyrus, however, 
also GABAergic interneurons other than those containing calbindin D2HK are 
targeted by the median raphe axons (HALASY et al. 1992). Similarly, in the 
hippocampal formation of the marmoset, a close association between 5-HT 
baskets and calbindin-containing interneurons has been reported (HORNUNG 
and CELIO 1992). 

In the only electron microscopic study on the 5-HT innervation of 
the olfactory bulb, performed in the rat, HALASZ et al. (1978), using autorad-
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iography after local injection of [3H]5-HT, have presented circumstantial evi
dence that the presumable 5-HT terminals form axodendritic synapses with 
periglomerular cells in the glomerular layer and with granule cells in the 
external plexiform and granular layers. 

Several reports deal with the synaptic and target relationships of 5-HT 
axons in the striatum of rats (ARLUISON and DE LA MACHE 1980; SOGHOMONIAN 
et al. 1989), cats (CALAS et al.1976) and monkeys (PASIK et al.1984a; PASIK and 
PASIK 1982). There is general agreement that a minority (less than 20%) of 5-
HT terminals show junctional complexes. The synapsing 5-HT boutons are 
found to be engaged in asymmetrical axodendritic and axospinous synapses. 
The latter type of contact predominates in the striatum of the monkey (PASIK 
et al. 1984a; PASIK and PASIK 1982). 

Information on the synaptic organization of 5-HT varicosities in the 
globus pallidus is limited. In an immunohistochemical study in monkeys, PASIK 
et al. (1984b) have found that 5-HT endings form asymmetrical synapses with 
the dendritic shafts and crests of pallidal neurons. 

The fine structure of 5-HT axons in the substantia nigra has been investi
gated in rats (PARIZEK et al. 1971; MORI et al. 1987; CORVAJA et al. 1993), guinea 
pigs (NEDERGAARD et al. 1988) and monkeys (PASIK et al. 1984a). Morphologi
cally distinguishable synaptic junctions are rarely seen between 5-HT termi
nals and nigral neurons. In the rat, less than 10% of the 5-HT varicosities 
exhibit synaptic membrane specializations (MORI et al. 1987). Symmetrical 
synapses of the "en passant" type are observed between 5-HT terminals and 
dendrites or, less often, somata of nigral neurons. However, most of the 5-HT 
varicosities are either in close apposition to the non-5-HT peridendritic axon 
terminals or exist freely in the neuropil. In another study performed in rats, 
CORVAJA et al. (1993) have found mainly asymmetrical synapses between 5-HT 
boutons and dendritic elements of neurons in the substantia nigra, pars 
reticulata. Clues as to the chemical nature of the postsynaptic targets were 
derived from experiments in which anterograde tracing from the dorsal raphe 
nucleus was combined with immunohistochemistry for tyrosine hydroxylase 
(TH). At the electron microscopic level, direct synaptic contacts of the 
anterogradely labeled raphe-nigral axons with TH-containing neurons could 
be revealed. These data strongly suggest that the 5-HT input in the substantia 
nigra is directed to the dendrites of dopaminergic neurons in the pars 
reticulata. The 5-HT innervation of dopaminergic neurons in the substantia 
nigra, pars reticulata of the guinea pig has been previously investigated by 
NEDERGAARD et al. (1988). Axonal endings immunoreactive for 5-HT have 
been found to make asymmetrical synaptic contacts with proximal and distal 
dendrites and spines of TH-containing neurons. 

That dopaminergic neurons in the ventral tegmental area of the rat repre
sent one of the synaptic targets of 5-HT axons in this brain region was sug
gested by HERVE et al. (1987) on the basis of double-labeling studies showing 
asymmetrical synaptic contacts between eH]5-HT-labeled varicosities and 
TH-immunoreactive dendrites. 
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The ultrastructural relationships of 5-HT neurons in the hypothalamus of 
rats have been studied by BOSLER et al. (1984), KISS et al. (1984,1988), BOSLER 
and BEAUDET (1985), KISS and HALASZ (1985, 1986) and LIPOSITS et al. (1987). 
The connections between 5-HT axon terminals and hypothalamic neurons are 
predominently of the nonjunctional type. The incidence of synaptic contacts 
varies among different hypothalamic nuclei, however. For example, in the very 
densely innervated suprachiasmatic nucleus the synaptic incidence is esti
mated at approximately 40% (BOSLER and BEAUDET 1985). By contrast, in the 
arcuate nucleus, which receives a sparse 5-HT innervation, very few junctional 
varicosities are found (KISS and HALASZ 1986). Direct synaptic connections 
between 5-HT terminals and neurons containing vasoactive intestinal peptide 
(supra chiasmatic nucleus; KISS et al. 1984; BOSLER and BEAUDET 1985), lutein
izing hormone-releasing hormone (preoptic area; KISS and HALASZ 1985), 
dopamine (arcuate nucleus; KISS and HALASZ 1986), corticotropin-releasing 
factor (paraventricular nucleus; LIPOSITS et al. 1987) or somatostatin (anterior 
peri ventricular nucleus; KISS et al. 1988) have been demonstrated. These 
contacts are mostly seen on dendrites, less commonly so on somata of target 
neurons. Moreover. close appositions between 5-HT varicosities and 
GABAergic terminals are observed in the suprachiasmatic nucleus (BOSLER 
et al. 1984). 
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CHAPTER 3 

Physiology and Pharmacology of Brain 
Serotoninergic Neurons 

B.L. JACOBS and CA. FORNAL 

A. General Introduction 
Full appreciation of CNS drug actions is dependent on understanding the basic 
physiology of their targeted neurotransmitter system(s). For the past 20 years, 
we have been studying the factors that regulate the functional activity of the 
brain serotonin system in behaving animals. This chapter describes our re
search efforts in three subject areas: 

1. Studies examining the effects of physiological, environmental, and be
havioral manipulations on serotoninergic neuronal activity in behaving 
cats. 

2. A complementary program to this electrophysiology, which employs simi
lar manipulations, but uses in vivo microdia1ysis to measure changes in 
extracellular levels of serotonin in various "postsynaptic" brain areas in 
behaving rats or cats. 

3. Experiments that examine drug effects on serotoninergic neuronal activity 
in behaving cats in order to elucidate the pharmacology and physiology of 
the somatodendritic 5-HTJA autoreceptor. 

OveralL this research has provided us with a unique perspective for drug 
action on the eNS serotoninergic system and, more broadly. on the basic role 
of serotonin in physiology and behavior. 

B. Anatomical Perspective 
The functional significance of serotonin in the CNS is a reflection of its ana
tomical organization (JACOBS and AZMITIA 1992). The serotoninergic system is 
primitive in two interrelated ways. First. the basic plan for the cell bodies of 
these neurons is highly conserved from the simplest to the most complex 
vertebrates. This implies that the function of this system must, in some way, be 
common to the physiology and behavior of fish. amphibians, and reptiles, as 
well as mammals. including infrahuman and human primates. Second, virtu
ally all of the cell bodies are located in the brainstem (in a few species a small 
percentage are found in the rostral spinal cord or ventral diencephalon), 
especially on or near the midline. As with other brainstem-mediated functions, 
this implies an involvement in basic processes, especially those associated with 
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axial functions, such as controlling the proximal limb and trunk muscles, and 
respiration. 

In vertebrates, the cell bodies of the vast majority of brain serotoninergic 
neurons are localized in or near the raphe nuclei (JACOBS and AZMITIA 1992). 
These midline clusters can be divided into two groups. The superior group, 
localized in the pons/mesencephalon, contains the two nuclei which supply 
most of the serotonin to the forebrain: the nucleus centralis superior (NCS) 
and dorsal raphe nucleus (DRN). The inferior group, localized in the medulla, 
contains the three nuclei which supply most of the serotonin to the spinal cord: 
the nucleus raphe magnus (NRM), nucleus raphe obscurus (NRO), and 
nucleus raphe pallidus (NRP). 

c. Activity of Serotoninergic Neurons in Behaving Cats 
I. Introduction 

Over the past 15 years much of the research in our laboratory has been 
devoted to studying the single unit activity (extracellularly recorded action 
potentials) of brain serotoninergic neurons in conscious, freely moving cats. 
The method that we employ allows us to examine neuronal activity over long 
periods of time (typically for many hours, and sometimes for several days), 
despite gross bodily movements. In the following subsections we describe the 
activity of serotoninergic neurons in the various raphe nuclei, studied across a 
variety of experimental conditions. 

II. Sleep-Wake-Arousal Cycle 

With very few exceptions the activity of most neurons in the brain changes 
significantly across the sleep-wake-arousal cycle. The nature and magnitude of 
these changes provide important basic information about these cells and may 
even provide clues to their role in brain function. The activity of serotoninergic 
neurons in behaving animals has thus far been examined only in the domestic 
cat. It would of course be extremely valuable to have results from other species 
regarding the generality of these data. 

The largest cluster of brain serotoninergic neurons is in the DRN. During 
the quiet waking state the activity of DRN serotoninergic neurons is slow and 
highly regular (TRULSON and JACOBS 1979), just as it is when examined under 
anesthesia and even in vitro (AGHAJANIAN et al. 1968; MOSKO and JACOBS 
1976). From a quiet waking rate of approximately 3 spikes/s, the activity of 
these neurons is typically increased by approximately 10%-30% in response 
to activating or arousing stimuli. Reciprocally, the activity of these neurons 
declines as the cat becomes drowsy, and becomes even slower upon entering 
slow-wave sleep. Finally, the culmination of this state-dependent decrease in 
single unit activity occurs as the cat enters rapid eye movement (REM) sleep, 
when the activity falls virtually silent. 
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In general, the pattern of activity across the sleep-wake-arousal cycle in 
DRN serotoninergic neurons is closely paralleled by serotoninergic neurons in 
the other major groups: NCS, NRM, and NRO/NRP (FORNAL and JACOBS 
1988), There are, however, some differences which may be of functional 
significance, For example, NRM and NRO/NRP neurons generally display a 
higher spontaneous firing rate than DRN or NCS neurons during comparable 
behavioral states. The activity of NRO/NRP neurons, as well as a subset of 
NCS neurons, is not as strongly related to behavioral state as DRN, NRM, and 
the majority of NCS cells. The former did not show as steep a decline across 
the sleep-wake arousal cycle, and their activity, although significantly reduced, 
is not completely suppressed during REM sleep. Moreover, NRO/NRP neu
rons are the only ones whose activity is generally unresponsive to activating or 
arousing stimuli. 

In conclusion, the activity of the brain serotoninergic system as a whole 
appears to display a direct relationship to the level of behavioral arousal. As 
will be seen below, this conclusion is also supported by neurochemical 
evidence. 

Because brain serotonin metabolism is reported to be influenced by the 
light-dark cycle, it is of interest to examine whether the light-dark cycle can 
influence the activity of cat DRN serotoninergic neurons (TRULSON and 
J AeOBS 1983). When state is held constant (i.e., when the activity of a given 
neuron during REM sleep or during quiet waking is studied at various times 
during both the light and dark phases of the daily cycle), the activity was found 
to be invariant. Thus, the activity of these cells is determined primarily by the 
behavioral state of the animal and is not significantly influenced by the light
dark cycle or, by inference, the circadian cycle. Therefore. the variation in 
serotonin metabolism observed across the light-dark cycle may simply be 
secondary to the distribution of sleep and waking across this cycle and the 
accompanying changes in neuronal activity. This latter hypothesis is consistent 
with neurochemical data described below. 

Our most recent experiments on this general theme explored the effects of 
sleep deprivation on serotoninergic neurons (GARDNER et al. 1995: GARDNER 
1996). Most. if not all, current pharmacological treatments for depression 
affect the serotoninergic system. One intervention that at least temporarily 
alleviates depressive symptoms in patients is one night of total sleep depriva
tion. To evaluate whether there might be a serotoninergic component involved 
in this treatment. we examined the effects of sleep deprivation on the dis
charge rate of serotoninergic neurons in the DRN of behaving cats. Cats were 
prevented from sleeping for a 24-h period. Activity of single neurons during 
quiet waking and active waking behavior was recorded at 3-h intervals for the 
duration of the 24-h deprivation period and during a 6-h recovery sleep period. 
The 5-HT1A autoreceptor agonist 8-hydroxy-2-( di-n-propylamino) tetralin (8-
OH-DPAT), which reduces the firing rate of DRN serotoninergic cells, was 
administered systemically before and after the sleep deprivation period, in 
order to assess whether the sensitivity of this receptor changed over the course 
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of the deprivation. Mean neuronal activity increased during the deprivation 
period by approximately 20% during active waking and by 10% during quiet 
waking. The magnitude of this effect reached its maximum on average at the 
15-h time point. The firing rates of DRN serotoninergic neurons remained 
elevated above the pre-deprivation baseline for the entire 24-h period in all 
the test conditions, but after a 6-h recovery sleep period, neuronal activity 
returned to its pre-deprivation baseline level. The ability of 8-0H-DPAT to 
reduce the firing rate of serotoninergic cells was reduced by 10% after the 
24-h period of sleep deprivation, suggesting that the negative-feedback, 
somatodendritic 5-HT1A autoreceptor was desensitized by the sleep depriva
tion. Overall, these data demonstrate that sleep deprivation can increase 
serotoninergic neurochemical system activity by causing an increase in the 
firing rate of individual neurons. These results therefore provide a plausible 
explanation for why, at least in part, sleep deprivation exerts an antidepressant 
effect. 

III. Afferent Control of Neuronal Activity 

Anatomical studies employing retrogradely transported tracers indicate that a 
number of brain stem and forebrain sites project to the DRN (AGHAJANIAN and 
WANG 1977). However, little information is available concerning which of 
these inputs are activated (or inhibited), and under what conditions this 
occurs. 

Studies of rat brain DRN serotoninergic neurons carried out in vitro 
indicate that they are autoactive, driven by an intrinsic pacemaker mechanism. 
The oscillating membrane properties of these neurons are what give rise to the 
slow and highly regular spontaneous activity which is characteristic of virtually 
all brain serotoninergic neurons (VANDERMAELEN and AGHAJANIAN 1983). In 
addition to such intrinsic ionic mechanisms, there is evidence for a facilita
tory noradrenergic modulation of this pacemaker activity (BARABAN and 
AGHAJANIAN 1980). The anatomical origin and functional role of this input 
remain obscure. However, it is possible that this noradenergic input is respon
sible for the approximately 10%-30% increase in DRN serotoninergic neu
ronal activity observed in response to activating or arousing stimuli. 

As discussed above, it is well known that serotoninergic neuronal activity 
significantly slows during sleep, falling silent during REM sleep. What is 
responsible for this decreased activity? We utilized multibarrel microiont
ophoresis in head restrained, awake cats to address this question (LEVINE and 
JACOBS 1992). The iontophoretic application of the y-aminobutyric acid 
(GABA) antagonist bicucculine during sleep restored the reduced activity of 
DRN serotoninergic neurons to the waking level (the cat, of course, remained 
asleep). However, if the same antagonist was applied during waking, there was 
no change in neuronal activity. These results indicate that a GABAergic input 
to brain serotoninergic neurons becomes activated during sleep and exerts a 
powerful inhibitory influence exclusively during that state. In another study in 
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this series, we demonstrated that the excitatory response of serotoninergic 
neurons to phasic sensory inputs (such as a click) could be blocked by 
iontophoretic application of the excitatory amino acid antagonist kynurenic 
acid. This antagonist, however, exerted no effect on the spontaneous or basal 
activity of these neurons. In the final study in this series, we found that the 
iontophoretic application of an aI-adrenergic agonist (phenylephrine) did not 
alter the spontaneous, waking activity of these neurons, suggesting that the 
aforementioned noradrenergic input to these neurons already exerts its maxi
mal effect during waking. 

IV. Response to Challenges/Stressors 

One strategy for initially exploring the behavioral and physiological roles 
of a brain neurochemical system is to examine its activity across a wide vari
ety of somewhat intense conditions, especially those that are biologically 
and/or ecologically relevant. It was assumed that this would reveal at least 
some characteristics of the stimuli to which brain serotoninergic neurons are 
programmed to respond. Thus, cats were exposed to the following strong 
environmental or physiological conditions while recording the activity of 
serotoninergic neurons in the DRN, NCS. or NRM: a heated environment or 
administration of a pyrogen; drug-induced increases or decreases in arterial 
blood pressure; insulin-induced hypoglycemia; phasic or tonic mildly painful 
stimuli: loud noise: physical restraint; or a natural enemy (dog) (AUERBACH et 
al. 1985: FORNAL et al. 1987. 1989, 1990; WILKINSON and JACOBS 1988). Despite 
the fact that all of these conditions evoked strong behavioral responses and/or 
physiological changes indicative of sympathetic activation. none of them sig
nificantly activated serotoninergic neuronal activity beyond the level normally 
seen during an undisturbed active waking state. The following two descrip
tions exemplify the results from this series of experiments. 

The activity of DRN serotoninergic neurons was examined in response to 
both increased ambient temperature and pyrogen-induced fever. stimuli elic
iting opposite thermoregulatory responses of heat loss and heat gain. respec
tively (FORNAL et al. 1987). Neuronal activity remained unaffected as ambient 
temperature was increased from 25°C to 43°C. Following prolonged heat 
exposure. cats displayed intense continuous panting. relaxation of posture. 
and a progressive rise in body/brain temperature (range 0.5°-2.0°C); yet no 
change in serotoninergic neuronal activity occurred. In a parallel study. a 
synthetic pyrogen (muramyl dipeptide) was administered, resulting in in
creased body/brain temperature within 30min and lasting for approximately 
6h. The peak elevation of body temperature was typically 1.5°-2.SoC. yet. once 
again, no change in neuronal activity was observed. Consistent with these 
electrophysiological results, utilizing in vivo microdialysis, we have also found 
that pyrogen administration produces no change in extracellular levels of 
serotonin in the anterior hypothalamus. a primary thermoregulatory center of 
the cat (WILKINSON et al. 1991). 
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A large body of evidence implicates central serotonin in analgesia, espe
cially those serotoninergic neurons localized in the NRM and projecting to the 
dorsal horn of the spinal cord. Accordingly, we examined the activity of NRM 
serotoninergic neurons in behaving cats exposed to a variety of phasic or tonic, 
mildly painful stimuli (AUERBACH et al. 1985). No change in neuronal activity 
was produced by these stimuli relative to the discharge rate during an undis
turbed active waking baseline. There was also no change in serotoninergic 
neuronal activity in response to the systemic administration of morphine, in a 
dose that produced analgesia. These results have recently been confirmed in a 
study reporting that identified NRM serotoninergic neurons in the rat were 
not activated by painful stimuli eliciting the withdrawal reflex (POTREBIC et al. 
1994). 

In summary, these data indicate that mild to relatively strong stressors, 
drawn from a number of different environmental and physiological categories, 
do not significantly perturb the CNS serotoninergic system, when compared to 
data gathered under appropriate control conditions. 

v. Relation to Motor Activity 

A fundamental feature of REM sleep is the powerful inhibition of motoneu
rons controlling antigravity muscle tone, and the resulting paralysis. Because 
our previous work had shown that the activity of serotoninergic neurons is 
almost totally suppressed during REM sleep, we examined the possibility that 
there might be a relationship between these two phenomena. Lesions of the 
dorsomedial pons produce a condition which permits investigation of this 
issue. Cats with this lesion enter a stage of sleep which by all criteria appears 
to be REM sleep except that antigravity muscle tone is present, and the 
animals are thus capable of movement and even coordinated locomotion. In 
both waking and slow wave sleep, the activity of DRN serotoninergic neurons 
in these pontine-Iesioned cats was similar to that of normal animals (TRULSON 
et al. 1981). However, when these animals entered REM sleep, neuronal 
activity increased, instead of displaying the decrease typical of this state. Those 
animals displaying the greatest amount of muscle tone and overt behavior 
during REM sleep showed the highest levels of neuronal activity, with some of 
their serotoninergic neurons discharging at a level approximating that of the 
waking state. 

Microinjection of carbachol, a cholinomimetic agent, into this same pon
tine area, produces a condition somewhat reciprocal to non-atonia REM 
sleep. These animals are awake, as demonstrated by their ability to track visual 
stimuli, but are otherwise paralyzed. However, unlike the normal waking state 
where serotoninergic neurons are tonically active, DRN serotoninergic neu
rons were inactive in these paralyzed animals (STEINFELS et al. 1983). In the 
same study, we also found that a centrally acting muscle relaxant completely 
suppressed serotoninergic neuronal activity, but peripheral neuromuscular 
block had no effect on neuronal activity. 
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In sum, these data suggest that a strong positive relationship exists be
tween tonic level of motor activity (muscle tone) and the firing rate of DRN 
serotoninergic neurons. To date, this issue has not been explored for neurons 
in any of the other serotoninergic nuclei. 

In recent experiments we have observed much more specific relationships 
between serotoninergic neuronal activity and motor function. When cats en
gage in a variety of types of central pattern generator-mediated oral-buccal 
activities, such as chewing/biting, licking, or grooming, approximately one
fourth of DRN serotoninergic neurons increase their activity by as much 
as two- to fivefold (FORNAL et al. 1996a). In contrast, the rest of the sero
toninergic neurons in this nucleus maintain their slow and rhythmic activity. 
These increases in neuronal activity often precede the initiation of movement 
by several seconds, but they invariably terminate coincident with the end of 
the behavioral sequence. Equally impressive is the fact that even brief (1-5 s) 
spontaneous pauses in these behaviors are accompanied by an immediate 
decrease in neuronal activity to baseline levels, or below. The increased neu
ronal activity during these central pattern generator-mediated behaviors is 
typically tonic, but is occasionally modulated in phase with a particular aspect 
of the repetitive behavior. During a variety of other nonrhythmic episodic or 
purposive movements, even those involving oral-buccal responses, such as 
yawning, no increase, or even a decrease, in neuronal activity is seen. In 
addition, there is often an inverse relationship between the activity of these 
serotoninergic neurons and the occurrence of eye movements. This could, of 
course. be a relationship to another variable such as attentional changes, 
rather than to eye movements per se. In fact, during dramatic attentional 
shifts. such as those occurring during orienting movements in response to 
novel or imperative stimuli, the activity of DRN serotoninergic neurons may 
fall silent for several seconds. This occurs in association with large eye move
ments, turning of the head toward the stimulus, and suppression of ongoing 
behaviors. 

Somewhat surprisingly, most of these DRN neurons can also be activated 
by somatosensory stimuli applied to the head and neck region, while the same 
stimuli applied to the rest of the body surface are typically ineffective. The 
level of increased activity produced by this somatosensory stimulation often 
approaches that seen spontaneously during oral-buccal movements (i.e., two
to fivefold). 

Serotoninergic neurons in the rostral pons (DRN and NCS) provide 
almost the entire serotoninergic innervation of the forebrain, whereas those 
in the caudal medulla (NRP and NRO) are the source of much of the 
serotoninergic innervation of the spinal cord (JACOBS and AZMITIA 1992). 
Therefore. it is interesting to compare the response properties of neurons in 
these two separate groups. 

Contrary to pontine serotoninergic neurons, where only a subgroup of 
neurons are activated during central pattern generator-mediated behaviors, 
virtually all medullary serotoninergic neurons are activated under at least 
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some of these conditions (VEASEY et ai. 1995). The degree of activation, 
however, is much less impressive, i.e., 50%-100% above baseline versus 
100%-400% above baseline for the DRN. In this context, it may be impor
tant to note that the basal, quiet waking discharge rate of the medul
lary serotoninergic neurons is approximately twice that of the pontine 
serotoninergic neurons, 5-6 spikes/s versus 2-3 spikes/so There also appears to 
be at least some degree of response specificity for these neurons. Thus, virtu
ally all medullary serotoninergic neurons are activated during treadmill
induced locomotion, but only subgroups are activated during hyperpnea 
(induced by exposure to carbon dioxide), or during chewing/licking. Many of 
these individual neurons are activated in association with more than one of 
these motor activities. In most cases there is a strong positive correlation 
between magnitude of neuronal activation and speed of locomotion and/or 
depth of respiration. As with pontine serotoninergic neurons the increased 
activity of medullary serotoninergic neurons is sometimes phase-locked to the 
behavior (e.g., in association with the step cycle) and typically is tightly 
coupled to the onset and offset of the behavior. Unlike pontine serotoninergic 
neurons, medullary serotoninergic neurons are not activated by somatosen
sory stimuli applied to any region of the body surface. Nor is their activity 
significantly changed during orientation to strong or novel stimuli. Finally, 
when DRN neurons were examined under the identical conditions, none of 
them were activated during treadmill-induced locomotion, but some were 
activated during carbon dioxide-induced hyperpnea (JACOBS et al. 1994; 
VEASEY et aI., to be published). 

VI. Conclusions 

The activity of brain serotoninergic neurons, regardless of the nuclei in which 
they are found, changes dramatically across the sleep-wake-arousal cycle. At 
least in part, this appears to be correlated with changes in level of tonic motor 
activity that accompany these alterations in behavioral state. Somewhat sur
prisingly serotoninergic neurons are only minimally responsive to any of a 
broad range of environmental or physiological challenges/stressors. These 
results do not, however, preclude serotonin playing an important role in the 
organismic stress response. For example, this could be dependent on the 
presence of a tonic level of serotoninergic activity occurring conjointly with 
increased glucocorticoid release. 

Beyond the level of neuronal activity attained during waking, many 
serotoninergic neurons display a further, often dramatic, elevation of neu
ronal activity during the expression of repetitive, central pattern generator
mediated motor outputs. The particular motor pattern that is associated with 
increased neuronal activity varies to some extent with the serotoninergic 
nucleus in which the neuron is localized. 

We hypothesize that these data fit into the existing literature on serotonin 
in the following manner (JACOBS and FORNAL 1993, 1995). Activation of brain 
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serotoninergic neurons facilitates motor output and, simultaneously, sup
presses sensory information processing. In addition, serotoninergic neurons 
play an auxiliary role in coordinating appropriate autonomic and neuroendo
crine outputs to the ongoing tonic or repetitive motor activity. Finally, when 
serotoninergic neuronal activity is suppressed, for example during orientation, 
motor output is dis facilitated and sensory processing is disinhibited, permit
ting more focussed information processing to occur. 

D. Release of Serotonin in Forebrain Sites 
I. Introduction 

Traditionally, functional activity within the eNS has been measured by means 
of neuronal activity. As described in the previous section, this is the primary 
manner in which we have evaluated the brain serotoninergic system. However, 
it is also possible, and perhaps even likely, that neuronal activity does not, 
under all conditions, directly and linearly reflect neurotransmitter release at 
postsynaptic target sites. There are a number of reasons, both theoretical and 
empirical, underlying this possibility. Therefore, we also employ in vivo brain 
microdialysis as a method to more directly assess neurotransmitter release in 
behaving animals. 

II. Sleep-Wake-Arousal Cycle 

In the study described above, in which we examined serotonin release in the 
hypothalamus in response to pyrogen administration, we also assessed 
changes across the sleep-wake-arousal cycle (WILKINSON et al. 1991). Extracel
lular serotonin in the anterior hypothalamic/preoptic area and caudate nucleus 
of the freely moving cat was measured using in vivo microdialysis. Behavioral 
state, from REM sleep through active waking, was quantified based on both 
behavioral and polygraphic criteria. In the first phase of this study we found 
that extracellular levels of serotonin in the hypothalamus and caudate nucleus 
were significantly increased in relation to increased levels of behavioral 
arousal. In a subsequent more detailed analysis, extracellular levels of seroto
nin in the hypothalamus displayed a strong positive correlation (r = 0.82) with 
behavioral state across the entire sleep-wake-arousal continuum. Finally, con
sistent with electrophysiological experiments, administration of 8-0 H -D PAT, 
a specific 5-HT1A autoreceptor agonist, which is known to decrease sero
toninergic neuronal activity (see below), significantly reduced extracellular 
levels of serotonin in both the caudate nucleus and hypothalamus. In general, 
these data confirm the basic validity of using single unit activity as an index of 
the functional activity of the brain serotoninergic system. 

In studies using rats we have examined changes in extracellular brain 
serotonin levels across the daily light-dark transition. These data support our 
electrophysiological data (described above) showing that behavioral state/ 
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motor activity is a more important determinant of serotoninergic activity than 
the light-dark cycle. When we examined serotonin levels in the cerebellum 
across the light-dark transition we found that there was approximately a 40% 
increase in the dark (MEND LIN et al. 1996). However, behavioral activity also 
increases dramatically in the dark. Thus, when we took this into account we 
found that there was a 0.97 correlation between serotonin levels and behav
ioral activity (percentage time spent in an active waking state). 

We have also examined this issue in a number of forebrain sites in the rat 
(RUETER and JACOBS 1996). Serotonin levels increased significantly during the 
first l/zh of the dark phase in the hippocampus, corpus striatum, amygdala, and 
prefrontal cortex. As in the cerebellum, serotonin levels covaried significantly 
with changes in time spent in active waking behaviors. When serotonin 
levels were compared during periods where either high levels of behavioral 
activity were equated in the light and dark, or where low levels of behavioral 
activity were equated in the light and dark, there was no significant difference. 
These data support our previous findings that serotonin release is importantly 
tied to behavioral state/behavioral activity, and is only indirectly related to the 
light-dark cycle insofar as it underlies the circadian distribution of behavioral 
activity. 

III. Response to Challenges/Stressors 

Employing in vivo micro dialysis in rats, we have returned to the issue of stress 
and serotoninergic function that we had previously examined electrophysi
ologically (RUETER 1995; RUETER and JACOBS 1995). We addressed several 
different issues in these studies: (1) Do stressors produce a larger effect than 
an activating but nonstressful stimulus? (2) Do different stressors produce a 
different magnitude or pattern of change in levels of extracellular serotonin 
across four forebrain sites: amygdala, prefrontal cortex, hippocampus, and 
corpus striatum? (3) Is a given brain region differentially affected by different 
stressors? (4) Are any differences noted in (2) and (3) accounted for by 
brainstem site of origin of the serotoninergic input to these four forebrain 
sites? To answer this, microdialysis samples were taken every 30min during 
the dark phase of the light-dark cycle while animals were exposed to various 
stressors. We found no evidence for a "stress response" in any of the forebrain 
sites that could not be accounted for by general activation of the organism. 
Thus, tail pinch, forced swimming, or exposure to a cat did not produce any 
larger increase (~30%-50%) in extracellular serotonin than that seen in these 
same sites during a non-stressful condition: spontaneous feeding. (Increases in 
plasma glucocorticoid levels confirmed the "stressful" nature of the stimuli.) 
There was also no clear-cut evidence that the different stressors, which clearly 
evoke different types of behavioral and physiological responses, produce a 
different pattern of serotonin release across the four target sites. Nor was there 
any compelling evidence that anyone stressor had a stronger overall effect, 
independent of brain region, than any other one. Somewhat interesting, 



Physiology and Pharmacology of Brain Serotoninergic Neurons 101 

however, is the fact that serotonin levels in the corpus striatum were signifi
cantly less responsive overall (i.e., across all experimental manipulations) than 
serotonin levels in the other three sites. Thus, it is possible that serotonin 
which derives from the DRN exclusively (corpus striatum) is more refractory 
to change than serotonin which derives from the NCS alone (dorsal hippocam
pus) or from it and the DRN (amygdala and frontal cortex). 

IV. Conclusions 

In summary, these studies employing in vivo microdialysis to measure changes 
in brain levels of serotonin in rats are consistent with our previous single unit 
studies in cats. The serotoninergic system is not stress activatable per se. 
Instead, the system appears to be responsive to more general factors such as 
behavioral state/behavioral activity. More specifically, our single unit studies 
suggest that the functional activity of the serotonin system is directly related 
to levels of tonic and repetitive (central pattern generator-mediated) motor 
activity. This is an issue that we wish to continue to explore with in vivo 
microdialysis. 

E. Pharmacological Studies of Serotonin 
Somatodendritic Autoreceptors 
I. Introduction 

It is becoming increasingly apparent that serotonin autoreceptors play an 
important role in the regulation of the activity of brain serotoninergic neurons. 
Furthermore, these receptors appear to playa critical role in the mechanism of 
action of several classes of psychotherapeutic drugs (e.g., non-benzodiazepine 
anxiolytics and certain antidepressants). In the following sections, we provide 
a brief summary of the electrophysiological responses of serotoninergic neu
rons to drugs acting on the 5-HT1A autoreceptor, and describe recent studies 
from our laboratory indicating that these receptors exert a tonic inhibitory 
influence on the activity of serotoninergic neurons under physiological condi
tions. Finally, the role of somatodendritic serotonin autoreceptors in the 
mechanism of action of selective serotonin reuptake inhibitors (SSRIs) is 
discussed in light of recent studies which suggest that the therapeutic efficacy 
of these antidepressant drugs might be potentiated by agents which block the 
serotonin autoreceptor. 

II. Effects of Agonist and Antagonist Drugs 

In the early 1970s, AGHAJANIAN and coworkers (1972), using single cell record
ing in combination with microiontophoresis, demonstrated the presence of 
serotonin-sensitive receptors located on the somata and dendrites of 
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serotoninergic neurons in the midbrain raphe. The activation of these 
"autoreceptors" resulted in an inhibition of neuronal activity. These receptors 
are thought to be part of an intrinsic negative feedback mechanism, where
by the local release of serotonin in the raphe region acts to dampen the 
impulse activity of central serotoninergic neurons (MOSKO and JACOBS 1977; 
AGHAJANIAN and WANG 1978; AGHAJANIAN and V ANDERMAELEN 1986). Thus, 
agents which increase the synaptic availability of brain serotonin (e.g., seroto
nin precursors, releasers, or reuptake inhibitors) depress the activity of central 
serotoninergic neurons by activating somatodendritic autoreceptors. This 
auto receptor-mediated inhibition results from a hyperpolarization of the cell 
membrane through an increase in potassium ion conductance (AGHAJANIAN 
and LAKOSKI 1984). 

Historically, the first drugs reported to exert a preferential action at the 
serotonin autoreceptor were hallucinogenic compounds such as D-Iysergic acid 
diethylamide (LSD) and 5-methoxy-N,N-dimethyltryptamine (5-MeODMT) 
(HAIGLER and AGHAJANIAN 1974; DE MONTIGNY and AGHAJANIAN 1977). These 
drugs were instrumental in the initial pharmacological characterization of the 
serotonin autoreceptor, although they do not discriminate between different 
serotonin receptor SUbtypes. In this respect, a new era in serotonin 
autoreceptor research began with the discovery of 8-0H-DPAT, a highly po
tent and selective 5-HT1A agonist. This compound displays high affinity (Kj = 
-2nM) and selectivity (>400-fold) for the 5-HT1A site, relative to other 5-HT
binding sites (5-HT1B,lC.ID, 5-HTz, or 5-HT3) (VAN WIJNGAARDEN et al. 1990). In 
intracellular studies, 8-0H-DPAT mimicked the hyperpolarizing action of 
serotonin on serotoninergic DRN neurons recorded in vitro, at concentrations 
approximately 1000 times lower than that of serotonin (WILLIAMS et al. 1988). 
8-0H-DPAT also inhibits the firing of midbrain serotoninergic neurons re
corded in vivo in anesthetized animals, whether administered systemically 
(LUM and PIERCEY 1988; SINTON and FALLON 1988; BLIER et al. 1989) or applied 
directly onto these cells by microiontophoresis (SPROUSE and AGHAJANIAN 
1986; BLIER et al. 1990b). The inhibitory action of 8-0H-DPAT is blocked by 
several nonselective 5-HT1A antagonists, induding spiperone (LUM and 
PIERCEY 1988; WILLIAMS et al. 1988; BLIER et al. 1989, 1993a; EscANDoN 
et al. 1994), (-)-tertatolol (JOLAS et al. 1993; LEJEUNE et al. 1993; PRISCO et al. 
1993), and (S)-UH 301 [(S)-5-fluoro-8-hydroxy-2-( di-n-propylamino) tetralin] 
(ARBORELIUS et al. 1994). More recently, the selective 5-HT1A antagonists 
(S)-WAY 100135 [N-tert-butyl-3-( 4-(2-methoxyphenyl)piperazin-1-yl)-2-
phenylpropanamide] (FLETCHER et al. 1993; LEJEUNE et al. 1993; LANFUMEY et 
al. 1993; MUNDEY et al. 1994) and WAY 100635 {N-[2-[4-(2-methoxyphenyl)-
1-piperazinyl]ethyl]-N-(2-pyridinyl) cyclohexanecarboxamide} (FORSTER et al. 
1995; MUNDEY et al. 1996) have been shown to block the suppression of 
serotoninergic DRN neurons produced by 8-0H-DPAT. These electrophysi
ological data are consistent with the characterization of the serotonin 
autoreceptor as being of the 5-HT1A SUbtype. In agreement with this, immuno
histochemical studies have shown that 5-HT1A receptors in the midbrain raphe 
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nuclei are localized almost exclusively on the cell membrane of serotoninergic 
neurons (SOTELO et al. 1990). 

Since the introduction of 8-0H-DPAT, a large number of chemically 
diverse compounds with 5-HT1A agonist properties have been synthesized and 
shown to suppress the firing of serotoninergic neurons (V ANDERMAELEN et al. 
1986; SPROUSE and AGHAJANIAN 1987; MILLAN et al. 1992, 1993; KmD et al. 
1993; MATHESON et al. 1994; FOREMAN et al. 1994). One chemical class of 
compounds which has attracted considerable attention is the pyrimidinyl
piperazines, in particular buspirone, ipsapirone, gepirone, and tandospirone. 
These compounds display moderate to high affinity for central 5-HT1A recep
tors and have anxiolytic and antidepressant properties in humans. The clinical 
efficacy of these drugs is largely attributed to their actions at 5-HT1A 

autoreceptors. Buspirone is currently marketed as a non-benzodiazepine 
anxiolytic agent. 

L Y293284 {(-)-4R-6-acetyl-4-( di-n-proplyamino )-1 ,3,4,5-tetrahydrobenz
[c,d]indole) is the most potent and selective 5-HTIA receptor agonist described 
to date. This compound has an extremely high affinity for the 5-HT1A site (Ki 
== 0.07 nM) and is reported to be approximately 45 times more potent than 8-
OH-DPAT in suppressing the activity of serotoninergic DRN neurons in 
anesthetized rats (FOREMAN et al. 1994). 

In behaving cats, intravenous administration of 8-0H-DPA T or the 
anxiolytic compounds buspirone and ipsapirone inhibited the spontaneous 
firing rate of serotoninergic neurons in a dose-dependent manner (FORNAL et 
al. 1994a). The onset of action of these compounds is rapid (less than 20s), and 
complete suppression of neuronal activity is typically observed at low doses 
(i.e .. 5-20.ug/kg). 8-0H-DPAT (ED"o == 1.5.ug/kg) was approximately four 
times more potent than ipsapirone (ED,o == 6.0.ug/kg) or buspirone (ED,o == 
6.8.ug/kg) in producing neuronal inhibition. The potency of these drugs in 
awake animals is similar to that reported in anesthetized rats (V ANDERMAELEN 
et al. 1986; SPROUSE and AGHAJANIAN 1987; LUM and PIERCEY 1988; SINTON and 
FALLON 1988; BUER et al. 1989). Furthermore, spiperone blocked the inhibi
tory action of 8-0H-DPAT. buspirone, and ipsapirone on serotoninergic 
neuronal activity in awake cats (FORNAL et al. 1994a). Recently. we have 
demonstrated the efficacy of (S)-WAY 100135 and WAY 100635 as 5-HT I A 

autoreceptor antagonists in the awake cat (FORNAL et al. 1996b). 
Presynaptic (somatodendritic) 5-HT1A autoreceptors appear to be ex

tremely sensitive to other drugs which have little or no apparent intrinsic 
activity at postsynaptic 5-HT1A receptors. Thus, compounds such as BMY 
7378 {8-[2-[ 4-(2-methoxyphenyl)-I-piperazinyl]ethyl]-8-azaspiro[ 4,5]decane-
7.9-dione) and NAN 190 (1-(2-methoxyphenyl)-4-[4-(2-phthalimido) 
butyl]piperazine). which at one time were thought to display only antagonist 
properties at central 5-HT1A receptors, have since been shown to potently 
activate 5-HT1A autoreceptors and completely inhibit the firing of seroton
inergic neurons in both anesthetized rats (CHAPUT and DE MONTIGNY 1988; 
Cox et al. 1993; FLETCHER et al. 1993; MILLAN et al. 1993) and freely moving 
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cats (FORNAL et al. 1994b). The greater sensitivity of presynaptic receptors to 
the agonist properties of 5-HT1A ligands may be due to a large receptor reserve 
in the raphe region and/or to a more efficient receptor-effector coupling (Cox 
et al. 1993; MELLER et al. 1990). 

In addition to confirming the marked sensitivity of serotoninergic DRN 
neurons to 5-HT1A agonists in awake animals, our results indicate that these 
drugs are more effective in suppressing neuronal activity during low levels of 
behavioral arousal (e.g., drowsiness) than during high levels of behavioral 
arousal (e.g., active waking). Thus, following administration of a 5-HT1A ago
nist, neurons which were otherwise completely inhibited when cats were inac
tive (e.g., drowsiness), resumed firing, albeit at a lower rate, when animals 
spontaneously became more aroused (e.g., active waking). Apparently, during 
periods of increased behavioral arousal, an increase in excitatory input to 
serotoninergic neurons appears to counteract the direct inhibitory action of 5-
HTIA agonists, particularly at low doses. These findings may be of clinical 
significance, since they suggest that the efficacy of "buspirone-like" anxiolytic 
drugs in modifying serotoninergic neuronal activity (and terminal release of 
serotonin) may vary over the course of the day, as the level of behavioral 
arousal changes. 

In general, the magnitude of neuronal inhibition produced by 5-HT1A 
agonist drugs in awake animals was negatively correlated with the spontane
ous baseline firing rate of serotoninergic DRN neurons (i.e., the faster the 
spontaneous discharge rate of a cell, the less responsive the cell was to 
each agonist). This relationship appears to be a general characteristic of 
serotoninergic neurons recorded in vivo in unanesthetized animals, since we 
previously reported a similar relationship for serotoninergic neurons in each 
of the four major raphe nuclei examined in response to systemic injections of 
5-MeODMT and LSD (JACOBS et al. 1983; FORNAL and JACOBS 1988). We have 
proposed that the sensitivity or density of soma to dendritic autoreceptors on 
individual neurons may be an important factor in determining both their level 
of spontaneous activity and responsiveness to serotonin autoreceptor agonists 
(JACOBS et al. 1983). Thus, neurons with relatively few or with less sensitive 
autoreceptors would hypothetically display a faster tonic firing rate due to less 
feedback inhibition, and would show less of a response to serotonin agonist 
drugs. 

There is pharmacological evidence that the sensitivity of serotonin 
somatodendritic autoreceptors may vary across different raphe cell groups. 
For example, previous studies in our laboratory conducted in behaving cats 
indicated that serotoninergic neurons in the caudal raphe nuclei (i.e., NRP and 
NRM) are substantially less responsive to serotonin autoreceptor agonists 
such as 5-MeODMT and LSD than serotoninergic neurons in the rostral raphe 
nuclei (i.e., DRN and NCS) (HEYM et al. 1982; JACOBS et al. 1983; FORNAL and 
JACOBS 1988). Recently, we have shown in awake cats that serotoninergic 
DRN neurons are more sensitive than NCS serotoninergic neurons to systemic 
administration of the selective 5-HT1A agonists 8-0H-DPAT and ipsapirone 
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(T ADA et al. 1991). These findings are consistent with previous electrophy
siological studies in anesthetized rats which utilized either systemic drug in
jections (SINTON and FALLON 1988) or the direct application of drugs onto 
serotoninergic neurons (BLIER et a1. 1990b), and may explain why 5-HT1A 

agonists such as 8-0H-DPAT and ipsapirone are more potent in inhibiting 
serotonin synthesis in DRN-innervated regions (e.g., striatum) than in regions 
innervated by the median raphe (e.g., hippocampus) following systemic ad
ministration (GOBERT et a1. 1995). Preliminary results in our laboratory also 
indicate that serotoninergic neurons in NRP/NRO are relatively insensitive to 
8-0H-DPAT (VEASEY et a1. 1995). 

III. Role in the Regulation of Neuronal Activity 

Although it is well established that the activity of central serotoninergic neu
rons is under negative feedback control, which is mediated by somatodendri
tic 5-HT1A autoreceptors (AGHAJANIAN and WANG 1978; AGHAJANIAN and 
V ANDERMAELEN 1986; SPROUSE and AGHAJANIAN 1987), it is not known 
whether these receptors are tonically activated by endogenous serotonin un
der physiological conditions. Previous studies conducted in anesthetized ani
mals have reported little or no change in the firing rate of serotoninergic DRN 
neurons following either pharmacological blockade (LUM and PIERCEY 1988; 
EUER et a1. 1989. 1993a; MILLAN et al. 1992) or inactivation of 5-HT1A 

autoreceptors (INNIS and AGHAJANIAN 1987; BUER et a1. 1993b). Thus, these 
studies do not support the hypothesis that 5-HT1A autoreceptor-mediated 
inhibition plays a role in the regulation of central serotoninergic neuronal 
activity. These negative results. however. might not extend beyond the anes
thetized preparation. 

Recently we have examined the effects of blockade of the 5-HT 1A 

autoreceptor on the activity of central serotoninergic neurons recorded in 
behaving cats (FORNAL et a1. 1994a). In direct contrast to studies in anesthe
tized animals. systemic administration of spiperone (0.25 and 1 mg/kg) pro
duced a rapid. dose-dependent increase in the firing rate of serotoninergic 
DRN neurons. suggesting that under physiological conditions these neurons 
are controlled by tonic feedback inhibition. Furthermore. as expected of a 
negative feedback system, the autoreceptor-mediated mechanism appears to 
be engaged when neurons are firing at a relatively high rate and disengaged at 
lower firing rates. Thus, during periods when serotoninergic neurons are rela
tively inactive (e.g., sleep), autoreceptor blockade with spiperone has little, if 
any, effect on tonic spontaneous activity. However. during periods when 
serotoninergic neurons are activated (e.g .. active waking), and the release of 
serotonin in the vicinity of 5-HT1A autoreceptors should have an inhibitory 
effect on neuronal activity, auto receptor blockade with spiperone results in a 
significant increase in the tonic firing rate of these neurons (FORNAL et a1. 
1994a). Spiperone also increases the firing rate of serotoninergic neurons 
located in other raphe nuclei (e.g .. NCS and NRP) in awake cats (T ADA et a1. 
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1991, unpublished observations). These findings suggest that serotoninergic 
neurons throughout the brainstem may be under tonic feedback inhibition. 
Thus, autoreceptor-mediated control of neuronal activity may constitute a 
general serotoninergic regulatory mechanism. 

The effect of spiperone on serotoninergic neuronal activity appears to be 
due to a blockade of 5-HT1A autoreceptors, since the increase in neuronal 
activity produced by spiperone was strongly correlated with its antagonist 
action at the 5-HT1A autoreceptor, as assessed by the blockade of 8-0H
DPAT-induced neuronal suppression (FORNAL et al. 1994a). The effect of 
spiperone is not related to its dopaminergic D z or serotoninergic 5-HTz an
tagonist properties, inasmuch as haloperidol and ritanserin did not increase 
the firing rate of serotoninergic neurons under the same conditions. Because 
spiperone is not selective for 5-HT1A receptors, more selective 5-HT1A antago
nists are needed in order to unequivocally demonstrate the physiological role 
of somatodendritic 5-HT1A autoreceptors. It is only recently that such com
pounds have been developed. 

Along these lines, we have examined the effects of two reportedly selec
tive 5-HT1A antagonists, (S)-WAY 100135 and its more potent analog WAY 
100635 (FLETCHER et al. 1993; FORSTER et al. 1995), on the activity of 
serotoninergic DRN neurons in behaving cats (FORNAL et al. 1996b). Our 
results show that (S)-WAY 100135 (0.025-1.0mg/kg, i.v.) moderately de
pressed neuronal activity at all doses tested, and was found to be a relatively 
weak autoreceptor antagonist, since it only partially blocked the inhibitory 
action of 8-0 H -D PAT on neuronal activity. The suppression of serotoninergic 
DRN neuronal activity produced by WAY 100135 is consistent with previous 
results obtained in anesthetized rats (FLETCHER et al. 1993; LEJEUNE et al. 1993; 
HADDJERI and BLIER 1995) and anesthetized cats (ESCANDON et al. 1994). In 
contrast, WAY 100635, at doses as low as 0.025 mg/kg i.v., strongly blocked the 
action of 8-0H-DPAT and significantly increased neuronal activity. The 
stimulatory action of WAY 100635, like that of spiperone, was evident during 
wakefulness, when serotoninergic neurons typically display a relatively high 
level of activity, but not during slow-wave or REM sleep, when serotoninergic 
neurons display little or no spontaneous activity. The neurochemical basis for 
the state-dependent action of 5-HT1A antagonists on serotoninergic unit ac
tivity appears to be a state-dependent decrease in raphe serotonin release 
(PORTAS and MCCARLEY 1994) and subsequent reduction in autoreceptor 
stimulation. 

The antagonist activity of WAY 100635 at 5-HT1A autoreceptors closely 
paralleled its ability to increase the activity of serotoninergic DRN neurons. 
Thus, WAY 100635 significantly increased neuronal activity at the same 
doses which blocked the action of 8-0H-DPAT, and the doses which pro
duced maximal neuronal activation also produced the strongest autoreceptor 
blockade. Furthermore, the duration of the neuronal activation produced by 
WAY 100635 paralleled the duration of its antagonist action at 5-HT1A 
autoreceptors. These results are consistent with the hypothesis that WAY 
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100635 increases serotoninergic neuronal activity by blocking 5-HT1A 
autoreceptors. 

Both spiperone and WAY 100635 increased the activity of serotoninergic 
neurons to about the same maximum level at doses producing comparable 
autoreceptor blockade, although WAY 100635 was approximately ten times 
more potent than spiperone. Furthermore, the magnitude of the neuronal 
increase produced by both drugs was inversely related to the spontaneous 
baseline firing rate of serotoninergic neurons. Thus, slower-firing cells, in 
general, displayed a larger percentage increase in neuronal activity than faster
firing cells. This suggests that fast-firing cells may be under less feedback 
inhibition than slower-firing cells, which may explain why they fire faster. 
Interestingly, for each drug, a small subgroup of cells (-10%) was encountered 
which exhibited little or no increase in activity following systemic administra
tion of spiperone or WAY 100635, although all of these cells showed the 
characteristic inhibitory response to 8-0H-DPA T. These results suggest that 
5-HT1A autoreceptors on some cells may only be of pharmacological signifi
cance, because these cells may lack autoregulatory feedback inputs in situ. On 
the other hand, 5-HT1A autoreceptors on cells sensitive to 5-HT1A autoreceptor 
antagonists (e.g., spiperone and WAY 100635) may play an important physi
ological role in regulating neuronal activity. The weak or inconsistent stimula
tory action of 5-HT1A antagonists observed in the anesthetized preparation 
may be due to the relatively low firing rate (typically 1 spike/s) of sero
toninergic neurons under anesthesia and/or to the elimination of the influence 
of behavioral state (JOLAS et al. 1993; LEJEUNE et al. 1993; PRISCO et al. 1993; 
ARBORELIUS et al. 1994; FORSTER et al. 1995; GARTSIDE et al. 1995; MUNDEY et 
al. 1996). Thus, there may be too little serotonin released onto 5-HT1A 
autoreceptors to exert significant feedback inhibition. 

Overall, our studies provide strong evidence that serotonin autoreceptors 
are activated under normal conditions by endogenous serotonin release, and 
that the level of auto inhibition varies as a function of the basal firing rate and 
the behavioral state of the animal. One function of these receptors may be to 
dampen or prevent excessive neuronal activation in response to increased 
tonic and phasic excitatory inputs, thereby maintaining a given steady-state 
concentration of synaptic serotonin in projection areas. Alterations in normal 
autoreceptor function may therefore lead to pronounced changes in central 
serotonin neurotransmission and may play a role in the etiology of various 
affective disorders (e.g .. anxiety and depression) in which serotonin has been 
implicated. 

In summary, while both (S)-WAY 100135 and WAY 100635 possess 5-
HT1A antagonist properties, only WAY 100635 appears to act as a selective 
autoreceptor antagonist, since it increased, rather than depressed, neuronal 
activity in awake cats. The results obtained with WAY 100635 confirm our 
previous findings obtained with spiperone, and support further the hypothesis 
that 5-HT1A autoreceptor-mediated feedback inhibition operates under physi
ological conditions. 
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IV. Role in Therapeutic Action of Antidepressant Drugs 

A major problem associated with current antidepressant drugs, including the 
recently developed class of compounds known as SSRIs, is the slow onset of 
their clinical action, typically 2-3 weeks. In addition, it has been estimated that 
approximately 30% of all patients treated with an antidepressant drug fail to 
demonstrate a significant improvement in mood, despite an adequate treat
ment regimen (HOLDEN 1991). Consequently, there has been considerable 
interest in the development of pharmacological approaches aimed at acceler
ating the clinical response to antidepressant drugs and increasing their thera
peutic effectiveness. 

SSRIs (e.g., fluoxetine) are presently the most widely prescribed class of 
antidepressant drugs and have proven effective in the treatment of major 
depression. The therapeutic action of these agents is generally believed to 
result from their ability to enhance central serotonin neurotransmission by 
increasing the synaptic availability of serotonin. Although SSRls rapidly in
hibit serotonin reuptake upon acute administration, several weeks of treat
ment are required to elicit a clinical response. A widely held hypothesis 
suggests that the delayed onset of action of these drugs may be due to the 
indirect activation of 5-HT1A autoreceptors following reuptake inhibition 
(BUER et al. 1990a; BUER and DE MONTIGNY 1994). 

The serotonin transporter, which inactivates serotonin released into the 
synapse, is present in both serotoninergic nerve terminal and cell body regions 
(i.e., raphe nuclei). Systemic administration of SSRls preferentially increases 
the concentration of extracellular serotonin in the midbrain raphe (INVERNIZZI 
et al. 1992; ARTIGAS 1993; GARTSIDE et al. 1995), which leads to an inhibition of 
serotoninergic neurons through increased activation of 5-HT1A autoreceptors. 
This decrease in serotoninergic neuronal activity following acute administra
tion limits the ability of SSRIs to increase serotonin levels in the forebrain 
(e.g., frontal cortex), and may thus explain the failure of these drugs to pro
duce an immediate therapeutic effect. 

The long-term administration of these drugs is believed to desensitize the 
5-HT1A autoreceptor to the inhibitory feedback action of serotonin, thus al
lowing serotoninergic neurons to resume their normal firing activity in the 
presence of continued reuptake inhibition (CHAPUT et al. 1986; BLIER et al. 
1990a). The resumption of serotoninergic neuronal activity (and hence neu
rotransmitter release) is thought to lead to an overall enhancement of seroto
nin neurotransmission which, in turn, may mediate the therapeutic effect. The 
time course of these changes is consistent with the delayed onset of action of 
these drugs in the clinic. 

Theoretically, the same functional consequences seen with autoreceptor 
desensitization (i.e., decreased autoinhibition) might be achieved much more 
rapidly by administering drugs which selectively block 5-HT1A autoreceptors 
and thus prevent the inhibitory feedback action of serotonin. It has been 
hypothesized that the combined administration of a highly potent and selec-
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tive 5-HT1A autoreceptor antagonist and an SSRI might lead to a more rapid 
or more effective antidepressant response (BLIER et a1. 1989; ARTIGAS 1993; 
BLIER and DE MONTIGNY 1994). Preliminary open-label clinical trials using 
(-)-pindolol, a j3-blocker with 5-HTIA antagonist properties, support this idea 
(ARTIGAS et a1. 1994; BLIER and BERGERON 1995). Although the precise mecha
nism underlying the therapeutic action of pindolol remains to be determined, 
neurochemical studies have shown that 5-HT1A antagonists in general potenti
ate the ability of SSRIs to increase extracellular serotonin levels in forebrain 
areas, presumably by blocking autoreceptor-mediated feedback inhibition of 
serotoninergic neuronal activity (HJORTH 1993; HJORTH and AUERBACH 1994; 
GARTSIDE et a!. 1995). 

Since the reestablishment of serotoninergic neuronal activity during 
sustained reuptake inhibition is thought to play a crucial role in the anti
depressant action of SSRIs, we recently examined the ability of two novel 
5-HT1A receptor antagonists {(S)-WA Y 100135 and WAY 100635) to restore 
the activity of serotoninergic DRN neurons after acute treatment with the 
SSRI fluoxetine (FORNAL et a1. 1995). In behaving cats, administration of 
fluoxetine (5mg/kg. i.v.) decreased the firing rate of serotoninergic DRN 
neurons to approximately 5 % of baseline levels. Subsequent administration of 
either (S)-WAY 100135 (0.5mg/kg, i.v.) or WAY 100635 (O.lmg/kg, i.v.) 
rapidly reversed the neuronal inhibition produced by fluoxetine, indicating 
that both compounds block the action of serotonin at 5-HT1A autoreceptors. 
WAY 100635 proved to be considerably more effective than (S)-WA Y 100135, 
however, since it completely reversed the effect of fluoxetine at low doses 
(e.g .. 0.025 mg/kg, i.v.), and further elevated the firing rate of these neurons 
above pre-fluoxetine baseline levels, while (S)-WA Y 100135 only partially 
reversed the neuronal suppression produced by fluoxetine. After the peak 
drug effect was reached, neuronal activity steadily returned to the suppressed 
fluoxetine baseline level, as the antagonist activity of these compounds dissi
pated over time (i.e., washout). At a dose of 0.1 mg/kg i.v., WAY 100635 
significantly antagonized the inhibitory action of fluoxetine on neuronal activ
ity for approximately 2h. In contrast, (S)-WAY 100135 (0.5mg/kg, i.v.) an
tagonized the effect of fluoxetine for only 15-30min. Thus. the antagonist 
action of (S)-WA Y 100135 was relatively short lived compared to that of 
WAY 100635. The ability of these compounds to block the action of other 
SSRls (i.e .. citalopram and paroxetine) on DRN serotoninergic neuronal 
activity has recently been demonstrated in anesthetized rats (ARBORELlUS 
et a!. 1995; GARTSIDE et a1. 1995; HAJOS et a1. 1995). Interestingly. (S)
WAY 100135 and WAY 100635 appear to be substantially less effective in 
the anesthetized animal. since the inhibitory response to SSRIs was not re
versed in every cell studied. and in those cases where reversal occurred. 
the magnitUde of the effect was relatively small compared to that observed 
in awake animals with fluoxetine. The reason for this is not clear, but may 
be related to a diminished excitatory input to serotoninergic neurons under 
anesthesia. 
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In addition, we found that the ability of (S)-WAY 100135 and WAY 
100635 to reverse the effect of fluoxetine on the activity of serotoninergic 
neurons was highly influenced by the behavioral state of the animal. These 
antagonists maximally elevated neuronal activity when cats were behaviorally 
active, and were less effective or completely ineffective in increasing neuronal 
activity after fluoxetine treatment during periods of behavioral quiescence 
(e.g., drowsiness or sleep). Since activation of an inhibitory GABAergic input 
during sleep is thought to mediate the state-dependent suppression of 
serotoninergic neuronal activity (LEVINE and JACOBS 1992), pharmacological 
blockade of 5-HT1A autoreceptors in fluoxetine-treated animals would not be 
expected to restore neuronal activity during sleep. 

v. Conclusions 

Considerable progress has been made in our understanding of the phy
siological and functional significance of the serotonin somatodendritic 
autoreceptor, largely due to the recent development of several highly se
lective 5-HT1A receptor ligands. Drugs which potently activate somatoden
dritic 5-HT1A autoreceptors, and thereby inhibit serotonergic cell firing and 
decrease serotonin release, have therapeutic efficacy in the treatment of 
anxiety. The clinical significance of drugs which block central 5-HT1A recep
tors, however, remains unclear. Our results suggest that 5-HT1A autoreceptor 
antagonists such as (S)-WAY 100135, and in particular WAY 100635, may 
be useful adjuncts to SSRI drug therapy, since the combined drug regimen 
should greatly enhance serotonin neurotransmission and produce a superior 
antidepressant response in the clinic. Furthermore, the apparent interac
tion between behavioral state and drug effect seen in unanesthetized 
animals suggests the potential utility of behavioral strategies (e.g., increasing 
general activity andlor the use of sleep deprivation) in further augmenting the 
effects of combining an SSRI and a 5-HT1A antagonist. The concomitant 
blockade of nerve terminal autoreceptors, which control the-amount of sero
tonin released per nerve impulse, would also be expected to potentiate the 
effect of this drug combination on serotonin release. The ability of 5-HT1A 
antagonists such as WAY 100635 to increase the spontaneous firing rate of 
serotoninergic neurons, when administered alone, suggests that these drugs 
may also have beneficial effects in other disorders (e.g., obesity, obsessive 
compulsive behavior, chronic pain) which respond to treatments which 
increase serotonin neurotransmission. However, currently available 5-HT1A 
receptor antagonists also block postsynaptic 5-HTJA receptors, which are 
present in high concentrations in many brain regions (e.g., hippocampus, 
septum, and amygdala). This blockade could conceivably counteract the 
effects of increased serotonin release at postsynaptic 5-HT1A receptors, 
which may mediate some or all of the antidepressant effect. In this respect, 
drugs which specifically block 5-HT1A autoreceptors may prove to be more 
effective. 
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Note Added in Proof. Recently, we examined the action of pindolol on the activity of 
serotoninergic DRN neurons in the awake, freely-moving cat (FORNAL et a\., unpub
lished observations). Contrary to current belief, our results indicate that pindolol acts 
as an agonist rather than an antagonist at the 5-HT1A autoreceptor. Systemic adminis
tration of pindolol produced a dose-dependent suppression of serotoninergic neuronal 
activity (ED50 = 0.25mg/kg, i.v.). This effect was completely reversed by the subse
quent administration of the 5-HTJ\ antagonist WA Y-I00635. In drug antagonism 
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studies, pindolol (O.l-Smg/kg, i.v.) failed to antagonize the effects of either a low dose 
of fluoxetine (0.5 mg/kg, i.v.), which mildly suppressed neuronal activity, or a high dose 
of fluoxetine (Smg/kg, i.v.), which completely suppressed neuronal activity. Further
more, in addition to lacking efficacy as an antagonist in these experiments, pindolol 
produced a further decrease in neuronal activity in animals treated with the low dose 
of fluoxetine. Pindolol also failed to antagonize the suppression of serotoninergic 
neuronal activity produced by the S-HTIA agonist 8-0H-DPAT. Since pindolol appar
ently lacks presynaptic S-HTIA antagonist activity, the clinical efficacy of the drug in 
augmenting the antidepressant response to SSRls, such as fluoxetine, may be unrelated 
to a restoration of serotoninergic neuronal activity. 



CHAPTER 4 

Tryptophan Hydroxylase: Molecular 
Biology and Regulation 

T.H. lOH 

A. Introduction 
Tryptophan hydroxylase [TPH, tryptophan 5-monooxygenase; L-tryptophan, 
tetrahydrobiopterin:oxygen oxidoreductase (5-hydroxylating), E.C. 1.14.16.4] 
catalyzes the first and rate-limiting step in the biosynthesis of serotonin (5-
HT, 5'-hydroxytryptamine) (GRAHAME-SMITHE 1964; LOVENBERG et a1. 1967; 
lEQUIRE et a1. 1969) (Fig. 1). Within the brain of vertebrates, this enzyme is 
selectively expressed in the serotoninergic neurons of the brainstem raphe 
nuclei and adjacent reticular formations. The serotoninergic projection system 
is the most extensive monoaminergic system in the brain. Ill-defined abnor
malities in serotoninergic as well as catecholaminergic neurotransmission are 
said to contribute to various affective brain disorders. Since regulation of 5-
HT levels in the brain is directly related to TPH activity, understanding TPH 
regulation is an important step toward elucidating the functions of 5-HT in the 
central nervous system. 

TPH also catalyzes the first step in melatonin biosynthesis in the pineal 
gland (Fig. 1). Although melatonin synthesis is mainly controlled by serotonin 
N-acetyltransferase (SNAT, EC 2.3.1.87) activity, which is regulated by the 
sympathetic impulse flow increasing during the night period of the light/dark 
cycle (see review article of KRAUSE and DUBOCOVICH 1990), pineal gland TPH 
activity is also enhanced in the dark cycle. This enhanced activity of both TPH 
and SNAT is due to increased levels of cAMP. In fact, the structure of the 
TPH gene has been recently characterized and its 5'-upstream region contains 
several possible cis-acting elements, including the cyclic AMP response ele
ment CRE (STOLL et a1. 1990; BOULARAND et a1. 1995a,b). Whether CRE plays 
an important role in TPH gene transcription is under dispute (BOULARAND et 
a1. 1995a; REED et al. 1995). 

In spite of the numerous studies done in the past on 5-HT, knowledge of 
its synthesizing enzyme TPH, such as its structure, characterization and regu
lation, have not progressed compared to that of other monoamine enzymes, 
such as tyrosine hydroxylase. This is because of its low abundance and dif
ficulty of purification, and thus cloning of its gene. However, molecular bio
logical studies on TPH are slowly but steadily progressing toward an 
understanding of its gene structure and transcriptional and translational regu
lation. In this chapter, a summary is given of the recent reports in the field 
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Fig. 1. Biosynthesis of serotonin and melatonin_ Note that tryptophan hydroxylase is 
the first and rate-limiting enzyme in the serotonin biosynthetic pathway_ For melatonin 
biosynthesis, serotonin N-acetyltransferase is believed to be the rate-limiting enzyme 

which have been published mostly after 1990, including studies on the struc
tural characterization and regulation of the TPH gene_ 

B. Structure 
Recently, isolation and characterization of full-length complementary DNA 
for TPH led to the determination of TPH structure_ Full-length cDNA for 
rabbit TPH was cloned from the rabbit pineal gland cDNA library, and its 
amino acid sequence is found to be highly homologous to those of tyrosine 
hydroxylase and phenylalanine hydroxylase (GRENETT et al. 1987)_ Two-thirds 
of the C-terminal of these proteins constituted the enzyme activity core, while 
the N-terminal third constituted domains for substrate specificity_ Based on 
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these results, three enzymes were identified as belonging to a gene family of 
aromatic L-amino acid hydroxylases (GRENETT et al. 1987). In Drosophila, only 
two aromatic L-amino acid hydroxylase genes exist: one encoding tyrosine 
hydroxylase, and the other encoding both TPH and phenylalanine hydroxy
lase (NECKAMEYER and WHITE 1992). 

Rat TPH cDNA was cloned from the rat pineal cDNA library, from which 
a complete amino acid sequence was deduced (DARMON et a1. 1988; DELORT et 
a1. 1989). Cloning and characterization of cDNA encoding TPH from rat 
central serotoninergic neurons revealed the identical sequence to that of 
pineal TPH (KIM et a1. 1991). Mouse TPH cDNA was cloned from P81S mouse 
mastocytoma cell cDNA library (STOLL et al. 1990). A complete coding se
quence of human TPH was also identified (BOULARAND et al. 1990). The 
results of the human TPH cDNAs cloning and anchored polymerase chain 
reaction revealed diversity of the human TPH mRNA, which is restricted to 
their 5'-untranslated region. In this study, they identified four human TPH 
mRNA species which were transcribed from a single transcriptional initiation 
site. Their diversity resulted from differential splicing of three intron-like 
regions and of three exons located in the 5'-untranslated region (BOULARAND 
et a1. 1995a). Diversity in rat TPH mRNA has also been reported: two rat TPH 
cDNA clones different at the 3'-untranslated regions (DARMON et al. 1988) and 
two others different in their 5' -un translated regions (DELORT et al. 1989) were 
isolated from a rat pineal gland library. A further mRNA present in the rat 
pineal gland as well as the raphe nuclei has been identified whose expression 
is under differential control in the two tissues (DUMAS et al. 1989). Discrepan
cies in the ratios between TPH mRNA and TPH protein in these two tissues 
have been reported (DUMAS et al. 1989; KIM et al. 1991). 

Human TPH was assigned to chromosome 11p (LED LEY et a1. 1987), and 
was further defined to llp15.3-p14 by in situ hybridization (CRAIG et al. 1991). 
The mouse TPH locus was mapped by Southern blot analysis of somatic cell 
hybrids and by an interspecific backcross to a position in the proximal half of 
chromosome 7 (STOLL et al. 1990). and the homology between mouse chromo
some 7 and human chromosome 11 was further defined (STOLL et al. 1990: 
STUBBS et al. 1994). 

C. Neurochemistry 
As mentioned above, TPH is a member of the aromatic L-amino acid hydroxy
lase gene family, which includes tyrosine hydroxylase and phenylalanine hy
droxylase. TPH has proven difficult to purify due to its low abundance in the 
brain (TONG and KAUFMAN 1975; JOH et a1. 1975). and the enzyme has re
mained the least characterized of all members of this enzyme gene family. 
Since full-length TPH cDNAs from various species were cloned and character
ized (GRENETT et al. 1987: DARMON et a1. 1988; BOULARAND et a1. 1990; STOLL 
et al. 1990; HART et a1. 1991: KIM et al. 1991). attempts have been made to 
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express and purify it from E. coli (TIPPER et al. 1994; PARK et al. 1994a). For 
structural analysis and determination of enzyme active center regions, dele
tion and mutation of human TPH cDNA sequences and expression in E. coli 
were attempted (YANG and KAUFMAN 1994). The results showed that removal 
of the N-terminal 164 amino acids completely abolished TPH activity. Re
moval of the 91 amino acids from the N-terminal resulted in a sevenfold 
reduction in specific activity. While the removal of 36, 55, or 112 amino acids 
from the C-terminus abolished the activity, deletion of 19 residues decreased 
the specific activity by 11-fold (YANG and KAUFMAN 1994). It was concluded 
that TPH consists of an N-terminal regulatory domain, a catalytic core, and a 
small C-terminal region of uncertain but important function (YANG and 
KAUFMAN 1994). 

Regulation of TPH activity by protein phosphorylation has been studied 
by various laboratories in the past. Activation of TPH by cAMP-dependent 
protein kinases was observed in brain slices and synaptosomal fractions, 
but not in soluble extracts (KUHN et al. 1978; BOADLE-BIBER 1979; KUHN 
and LOVENBERG 1982; SAWADA et al. 1985; GARBER and MAKMAN 1987; EHRET 
et al. 1989; OSBORNE and BARNETT 1989; EHRET et al. 1991; FOGUET et al. 
1993). Recombinant rabbit TPH was found to be phosphorylated by cAMP
dependent protein kinase, suggesting TPH activation by phosphorylation 
(VRANA et al. 1994). In vitro, Ca2+/calmodulin-dependent protein kinase incor
porates phosphate into the TPH molecule, leading to increased TPH activity 
(HAMON et al. 1978; KUHN et al. 1978; YAMAGUCHI et al. 1979; EHRET et al. 

Tyrosine Tryptophan BH4 

~~ ~~ \~, 
TH TPH BH2 reductase 

H>o1 H>o1 NADH + H+ 

OH-BH4 
dopa 5-HTP 

I 
dehydratase 

t t t 
dopamine serotonin qBH2 

t t 
norepinephrine N-acetylserotonin 

t t 
epinephrine melatonin 

Fig. 2. Tetrahydrobiopterin requirement for tryptophan hydroxylase reaction. 
Tetrahydrobiopterin is required as an essential cofactor of all aromatic L-amino acid 
hydroxylases, which include tyrosine hydroxylase, phenylalanine hydroxylase, and 
tryptophan hydroxylase. TH, tyrosine hydroxylase; TPH, tryptophan hydroxylase; 
BH4, tetrahydrobiopterin; qBHb quinoid form of biopterin 
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Fig. 3. Biosynthetic pathway of tetrahydrobiopterin. The first enzyme, GTP
cyciohydrolase, is the rate-limiting enzyme in this pathway 

1989). However, no information is available with regard to the site(s) of TPH 
phosphorylation by these protein kinases. 

These aromatic I-amino acid hydroxylases are tetrahydrobiopterin (BH4)
dependent enzymes, where BH4 acts as an essential proton donor for the 
catalytic activity (Fig, 2). Thus, 5-HT biosynthesis in vivo requires BH4 and its 
biosynthetic mechanisms in addition to catalytic activities of TPH and aro
matic L-amino acid decarboxylase (AADC), the second enzyme in the biosyn
thetic pathway. BH4 , after giving two protons to the hydroxylation reaction, 
is converted to the quinonoid form of biopterin (qBH2) via 4a-OH BH4 (Fig. 
3). qBH2 returns to BH4 by NADH-dependent catalytic reaction of dihy
dropteridin reductase (Fig. 2). Furthermore, recent results of immunohis
tochemistry (NAGATSU et a1. 1996) and in situ hybridization (LENTZ and 
KAPATOS 1996; HWANG et a1. 1996) of GTP-cyclohydrolase (GTPCH), the first 
enzyme in the biosynthetic pathway for BH4 (Fig. 3), showed that it is specifi
cally localized in monoaminergic neurons of the central nervous system and is 
heavily localized in central serotoninergic neurons. 

D. Gene Expression and Regulation 
Genomic DNA encoding TPH was screened from a BALB/c murine genomic 
library (STOLL and GOLDMAN 1991). Restriction mapping and sequence analy
sis of identified clones revealed that the gene contains 11 exons and covers a 
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-192 -136 -59/-50 -28 -22 +1 

Fig. 4. Cis-acting DNA motifs in the 5'-upstream sequence of the rat tryptophan 
hydroxylase gene 

region of DNA of approximately 21 kb. Total length of the TPH gene is 
suspected to be approximately 40kb, and a 12-kb upstream and 14-kb down
stream segment of the gene were identified (STOLL and GOLDMAN 1991). The 
nucleotide sequence of the 5'-flanking sequences of mouse TPH showed sev
eral important cis-elements including two cyclic AMP response elements and 
SP1 as shown in Fig. 4 (STOLL and GOLDMAN 1991). 

The human TPH gene was also isolated and characterized (BOULARAND et 
al. 1995a). It spans a region of 29 kb containing at least 11 exons, and the 
variably spliced boundaries of the human TPH gene are very similar to those 
of human tyrosine hydroxylase and phenylalanine hydroxylase. The promoter 
region of the human TPH gene was isolated and characterized (BOULARAND et 
al. 1995b), and transient transfection assays using pinealocyte culture showed 
that the promoter region from -73 to +2 is sufficient to direct cAMP
dependent transcription, although it does not contain a motif exhibiting a 
significant identity to the CRE- or AP-2-binding site. Together with gel mobil
ity shift analysis, it was suggested that an inverted CCAAT box, located 
between -73 and -51, is essential for cAMP inducibility of human TPH pro
moter (BOULARAND et al. 1995b). In similar analysis using P815-HTR 
mastocytoma cells, REED et al. (1995) demonstrated that sequences between 
nucleotides -343 and -21 were responsible for the mouse TPH transcriptional 
activation. DNase I footprint analysis using nuclear protein extracted from 
these cells revealed a protein-DNA interaction between nucleotides -77 and 
-46. It was further suggested that the transcription factor NF-Y binds to a 
GGCCAAT motif in the TPH proximal promoter and activates transcription 
(REED et al. 1995). However, preliminary reports indicate that one of the CRE 
(CRE1) in the mouse TPH gene upstream (Fig. 4) is responsible for the 
cAMP-dependent induction of the TPH gene (CHO et al. 1993). 

Tryptophan hydroxylase is expressed in a tissue-specific manner in 
transgenic mice (HUH et al. 1994). Although the 6.1-kb 5'-upstream region of 
the mouse TPH gene directs expression of lacZ to major serotoninergic brain 
regions and pineal gland in transgenic mice (HUH et al. 1994), some ectopic 
expression of TPH using this gene construct was observed. While the 6.1-kb 
upstream region showed tissue-specific and high expression in the pineal gland 
(HUH et al. 1994; CHO et al. 1996), a smaller 5'-flanking sequence of 1.1 kb 
directed no detectable serotoninergic tissue-specificity. These results suggest 
firstly that DNA elements critical for serotoninergic tissue-specific expression 
reside between -6.1 kb and -1.1 kb of the 5'-flanking region of the mouse TPH 
gene, and secondly that this region confers a restricted tissue-specific expres
sion (HUH et al. 1994). 
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E. Immortalized Serotoninergic Cell Lines 
In order to study regulation of gene expression of TPH and to elucidate 
intracellular mechanisms underlying TPH regulation, immortalized serotonin
producing cell lines are essential. Although cloning of immortalized cell lines 
from naturally occurring cancer cells is a common method, recent technologi
cal advances allow us to produce immortalized cells through manipulation of 
retroviral oncogenes with dissociated embryonic neuronal cells. Two such 
studies in the field of serotonin research have been published (WHITE et al. 
1994; SON et al. 1996). 

A retrovirus encoding the temperature-sensitive mutant of SV 40 T anti
gen was used to infect dissociated rat medullary raphe cells at embryonic day 
13, and a neuronal cell line, RN46A, was cloned by serial dilution (WHITE et al. 
1994). These cells divide at 33°C and cease dividing under differentiation 
conditions (39°C), taking on a neuronal morphology. At 39°C, they express 
low levels of TPH immunoreactivity and enhanced levels of neurospecific 
enolase as well as all molecular forms of neurofilament. The effects of various 
neurotrophic factors, KCI and forskolin on TPH immunoreactivity were ex
amined (WHITE et al. 1994). This cell line was further characterized (EATON et 
al. 1995), and various neurotrophic factor receptors were identified. 5-HT 
synthesis in this cell line requires initial treatment with brain-derived 
neurotrophic factor (BDNF), followed by growth under partial membrane
depolarizing conditions. Several data with differentiation conditions or with 
BDNF under depolarizing conditions indicate that distinct aspects of 5-HT 
metabolism are differentially regulated during development. The authors sug
gested that 5-HT may function as a developmental signal in an autocrine loop 
during early serotoninergic differentiation (EATON et al. 1995). 

SON et al. (1996) used transgenic technology to produce immortalized cell 
line from neuroendocrine pinealocytes which produce 5-HT and melatonin. 
They established transgenic mice carrying a construct consisting of a 6.1-kb 5'
upstream region of the mouse TPH gene, which is known to direct the re
stricted expression of lacZ reporter gene to the pineal gland (HUH et al. 1994) 
fused to the SV40 T-antigen. The animals developed highly invasive pineal 
tumors which were utilized to establish the immortalized pinealocyte-derived 
cell line. The cells expressed both TPH and serotonin N-acetyltransferase 
(SON et al. 1996), and thus this cell line may be a valuable in vitro model system 
for the study of the rhythmic nature of pineal function as well as TPH gene 
regulation. 

F. TPH Regulation at mRNA Levels 
As mentioned above, studies of TPH gene regulation at transcription and 
translation levels have not progressed as rapidly as those of other monoamine 
enzyme genes. Obvious reasons for this have been the low abundance of 
steady-state levels of TPH mRNA in the central nervous system for in vivo 
studies, as well as the lack of proper immortalized cell lines for in vitro studies. 
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Some pharmacological studies on drug effects on TPH activity are available 
which are relevant to the physiological significance of 5-HT. Therefore, in this 
section, some recent publications on TPH gene regulation at mRNA levels are 
summarized. 

The steady-state levels of TPH mRNA are influenced in vivo by levels of 
5-HT (BIGUET et al. 1986; FOSTER et al. 1991; WESSEL and JOR 1992; CORTES et 
al. 1993; LI et al. 1993; PARK et al. 1993a,b, 1994b), although high concentra
tions (up to 5 X 10-4 M) of 5-HT did not inhibit in vitro TPH activity (You DIM 

et al. 1975; LOVENBERG 1977; PARK et al. 1994b). p-Chlorophenylalanine 
(PCPA) is an irreversible inhibitor of TPH that potently and specifically 
depletes brain 5-HT (KOE and WEISSMAN 1966; GAL et al. 1970; LOVENBERG et 
al. 1973). A single dose of PCPA (300mg/kg. i.p.) almost completely depletes 
brain 5-HT and TPH activity, which slowly returns to normal after 2 weeks 
(LOVENBERG et al. 1973; PARK et al. 1989; 1994b). Recent studies (CORTES et al. 
1993; PARK et al. 1994b) suggest that TPH mRNA levels are at their highest 
when 5-HT and TPH protein levels are at their lowest. The data suggest that 
PCPA produces a decrease in 5-HT concentration, which then causes 
upregulation of TPH gene transcription. In contrast, when a monoamine 
oxidase inhibitor is administered, 5-HT levels increase in the 5-HT nerve 
terminals, and the conversion of 3H-tryptophan to 3H-5-HT markedly de
creases, implying a decrease in TPH activity (MACON et al. 1971; CARLSSON and 
LINDQVIST 1972; HAMON et al. 1972). However, this study was done at the 
enzyme activity level and not at the transcriptional level. Since high concentra
tions of 5-HT do not inhibit in vitro TPH activity, these results strongly suggest 
that end-product inhibition may regulate TPH gene transcription, although 
nuclear run-on assay or transient transfection analysis in cell lines may be 
necessary to prove this hypothesis (CORTES et al. 1993; PARK et al. 1989; 1994b). 
However, BENDOTTI et al. (1993) demonstrated that repeated high doses of d
fenfluramine (10mg/kg, i.p. twice daily for 4 days), which markedly reduce 5-
HT concentrations in the hippocampus and striatum of rat brain up to 1 
month, increased TPH mRNA levels in the nucleus raphe dorsalis. These data 
are also in agreement with the suggestion that end-product inhibition regu
lates TPH gene transcription. In this report, the authors also examined the 
effects of 5,7-dihydroxytryptamine (5,7-DHT) and demonstrated that 
intracerebroventricular injection of 5,7-DHT (150,ug/20,u1) induced a marked 
and long-lasting reduction of 5-HT and TPH in the hippocampus and striatum 
of rats (BENDOTTI et al. 1993). Thirty days after injection, 5,7-DHT markedly 
reduced the number of labeled neurons in the dorsal and ventral regions of the 
nucleus raphe dorsalis and raised the levels of TPH mRNA in the spared 
neurons at all times examined, suggesting that 5,7-DHT damages 5-HT nerve 
terminals and perikarya (BENDOTTI et al. 1993). Similar results have also been 
reported from use of in situ hybridization and immunocytochemical staining of 
neonatal animals after 5,7-DHT treatment. PARK et al. (1993) showed that 
intracisternal (i.c.) injection of 5,7-DHT in neonatal rats (24,ug free base) 
caused a marked reduction in TPH and aromatic L-amino acid decarboxy-
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lase (AADC) message levels as well as the number of 5-HT and AADC
immunoreactive cells within the dorsal raphe nucleus as early as 1 week after 
the injection. Even 15 weeks after drug administration, recovery did not occur. 
In 1975, BAUMGARTEN et al. demonstrated long-lasting reductions of tryp
tophan hydroxylase activity in various brain regions following i.c. administra
tion of 5,7-DHT in newborn rats. These studies indicate that neonatal 
treatment with 5,7-DHT produces a marked and permanent reduction in the 
number of central serotoninergic neurons and that the neuronal loss is region
specific (PARK et al. 1993). 

Central serotoninergic systems may mediate stress-induced stimulation of 
the hypothalamic-pituitary-adrenal (HPA) axis and, reciprocally, ACTH and 
glucocorticoids may affect central serotoninergic systems (CHAOULOFF 1993). 
However, the presently available data are controversial and do not clearly 
define the relationship between stress hormones and the central sero
toninergic systems (AZMITIA and McEWEN 1969; LOVEN BERG et al. 1973; 
NECKERS and SZE 1975; AZMITIA and McEWEN 1976; SZE et al. 1976; AZMITIA 
et al. 1993). To date, there have been no studies addressing the efficacy of 
glucocorticoid treatment and the role of ACTH in TPH mRNA regulation. 
Preliminary results in the author's laboratory indicate that TPH activity and 
mRNA in the rat dorsal raphe are significantly increased 10 days after 
hypophysectomy (PARK and JOH 1996, data not published). However, it is not 
known whether ACTH acts directly or indirectly through glucocorticoids on 
TPH activity. AZMITlA et al. (1993), using specific TPH antibodies, demon
strated that 49kDa immunoreactive protein was greater (50%-75%) in 
immunoblots of midbrain raphe samples from adrenalectomized rats given 
dexamethasone in their drinking water (lOmg/l) for 12-96h. Quantification of 
immunostaining per cell soma indicated that amount of antibody immunoreac
tivity in neurons from both the lateral wing subdivision of the dorsal raphe 
nucleus and in the supralemniscal nucleus, B-9, was 80% higher in the 
adrenalectomized-dexamethasone-treated than in adrenalectomized animals 
(AZMITlA et aJ. 1993). They suggested that a part of the increase in TPH 
staining may be a consequence of cellular hypertrophy due to dexamethasone 
treatment of the adrenalectomized rats. 

It is known that TPH activity in the pineal gland depends on the activity of 
innervating noradrenergic input from the superior cervical ganglia, which 
varies during the day/night cycle (KRAUSE and DIBOCOVICH 1990). Steady-state 
levels of TPH mRNA also vary with the light/dark cycle (JOR et al. 1996, 
preliminary results, data not published). Furthermore, any significant physi
ological activities on the superior cervical ganglia may increase TPH gene 
regulation in the pineal gland. 

G. Conclusion 
NIELSEN et al. (1994) reported that in some individuals a genetic variant of the 
TPH gene may influence 5-hydroxyindoleacetic acid (5-HIAA) concentration 
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in the cerebrospinal fluid and predisposition of suicidal behavior. This report 
may represent the first step toward an understanding of the linkage between 
the TPH gene and abnormal behaviors controlled by 5-HT. More studies are 
required to substantiate the potential relationships between TPH polymor
phism and abnormal behavior. We are now in an early stage of understanding 
the importance of the genetic control of 5-HT actions in animal brains. There 
are various disadvantages in studying the TPH system, such as the low abun
dance of TPH in the brain, the lack of proper immortalized cell lines, and the 
complexity of 5-HT action related to other monoamines. However, progress 
made within the past several years of TPH gene research is apparent, and the 
author believes that there will be a great advance in this field in the coming 
years. 

The author acknowledges the incomplete compilation and citation of the 
relevant publications, especially those which deal with the various compounds 
affecting TPH activity. 
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CHAPTER 5 

Molecular Analysis of Serotonin Packaging 
into Secretory Vesicles 

D. PETER, J.P. FINN III, A. MERICKEL, Y. Lw, and R.H. EDWARDS 

A. Introduction 
The synthesis of serotonin by mast cells and platelets as well as neurons 
suggests a diverse role for this transmitter in inflammation and vasomotor 
control as well as neurotransmission. In all of these cases, serotonin is released 
by regulated exocytosis from vesicular stores. The transmitter, therefore, re
quires packaging into vesicles for regulated release. Indeed, an active trans
port mechanism functions to translocate both serotonin and the other 
monoamines from the site of synthesis in the cytoplasm into the lumen of 
secretory vesicles. Vesicles containing serotonin then undergo exocytosis in 
response to neural activity. 

Vesicular monoamine transport differs in biological role, bioenergetics 
and pharmacology from the neurotransmitter transport activities found at the 
plasma membrane. Plasma membrane transport functions to terminate the 
action of many neurotransmitters and uses the cotransport of sodium to drive 
reuptake (KANNER and SCHULDINER 1987). Further, distinct plasma membrane 
transport activities mediate the reuptake of dopamine, norepinephrine and 
serotonin (AMARA and KUHAR 1993). In terms of pharmacology, cocaine and 
many antidepressants appear to act by inhibiting this class of transporters. 

The vesicular transporters, in contrast to those at the plasma membrane. 
translocate transmitters from the cytoplasm into vesicles in preparation for 
regulated release by exocytosis. In addition. a single transport activity recog
nizes all of the monoamine transmitters with similar affinity, occurring in 
dopaminergic, noradrenergic and serotoninergic neurons (JOHNSON 1988). 
The vesicular transporter also uses a proton antiport mechanism to drive the 
transmitter into vesicles and, in the case of monoamines, shows inhibition by 
reserpine rather than cocaine or antidepressants (KANNER and SCHULDlNER 
1987: JOHNSON 1988). 

I. Bioenergetics 

Classical studies have characterized the bioenergetic mechanism responsible 
for vesicular monoamine transport. Using secretory granules from the bovine 
adrenal medulla (chromaffin granules) as an abundant source of transport 
activity, these studies found that a distinct vesicular protein, a vacuolar-type 
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H+-ATPase, provides the energy necessary to drive monoamine accumulation 
within vesicles. In this respect, transmitter packaging resembles other pro
cesses such as nutrient uptake in bacteria and ATP production in mitochon
dria that also rely on a proton electrochemical gradient. In bacteria, nutrient 
uptake involves cotransport of protons. In mitochondria, the FlFo H+-ATPase 
uses an H+ gradient derived from an electron transport chain to synthesize 
ATP. The vesicular H+-ATPase, in contrast, uses the energy derived from 
A TP hydrolysis to pump protons into the lumen of secretory vesicles. If an 
anion such as chloride accompanies the movement of protons, this leads 
primarily to a pH gradient with the inside of the vesicle acidic relative to 
the outside. If an anion does not accompany proton translocation, this 
leads primarily to an electrical gradient with the inside of the vesicle positive 
relative to the outside. The energy stored in this proton electrochemical gradi
ent is then used to package the neurotransmitter. Specifically, studies of ve
sicular monoamine transport suggest that two protons from the lumen of the 
vesicle are transported out of the vesicle in exchange for one cytoplasmic 
amine (KNOTH et al. 1981). Although both the electrical and chemical gradi
ents are potential sources of energy, classical studies also suggest that the 
vesicular monoamine transporter uses primarily the pH component (JOHNSON 
1988). 

II. Pharmacology 

Two potent inhibitors of vesicular monoamine transport, reserpine and 
tetrabenazine, have helped to define the physiological roles of monoamines. 
These inhibitors also provide invaluable tools to characterize the mechanism 
and regulation of monoamine transport. 

In vitro, reserpine potently and rapidly inhibits vesicular amine transport 
expressed by platelets (BRODIE et al. 1957), chromaffin granules (KIRSHNER 
1962) and synaptic vesicles (ANGELIDES 1980). In vivo, reserpine depletes both 
peripheral and central monoamine stores (CARLSSON 1965). In terms of physi
ological effects, the drug lowers blood pressure and causes a syndrome resem
bling depression (FRIZE 1954). In addition, it can produce a parkinsonian state 
characterized by bradykinesia and rigidity. Reserpine also ameliorates 
hyperkinetic disorders presumably due to increased dopaminergic neurotrans
mission (JANKOVIC and ORMAN 1988). 

Previous studies of transport and drug binding have characterized the 
interaction of reserpine with the monoamine transporter expressed in bovine 
chromaffin granules. Reserpine competitively inhibits vesicular monoamine 
transport and substrates compete with reserpine for binding at concentrations 
close to their Km for transport, suggesting that reserpine binds near the site of 
amine recognition (WEAVER and DEUPREE 1982; SCHERMAN and HENRY 1984). 
Reserpic acid, a membrane impermeant derivative of reserpine, only inhibits 
monoamine uptake when applied to the outside of the vesicle, suggesting that 
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reserpine also binds to the cytoplasmic face of the protein (CHAPLIN et a1. 
1985). In addition, the binding of reserpine is stimulated by the imposition of 
a proton electrochemical gradient across the vesicle membrane (RUDNICK et 
a1.1990). In contrast to the two protons required for transport, reserpine 
binding appears to require a single proton (RUDNICK et a1. 1990). Taken 
together, the results suggest that reserpine inhibits one part of the transport 
cycle and in particular the step where translocation of a proton induces the 
reorientation of the substrate recognition site to the cytoplasmic face of the 
membrane. Drug-binding studies have also indicated that reserpine dissociates 
extremely slowly from the transport protein (T1/2 > 16h) (RUDNICK et a1. 1990), 
enabling its use to label the transporter essentially irreversibly. 

The synthetic benzoquinoline tetrabenazine also inhibits vesicular 
monoamine transport. Clinically, tetrabenazine has proven more useful than 
reserpine for the treatment of hyperkinetic disorders because it affects central 
monoamine stores more than peripheral (CARLSSON 1965) and does not pro
duce the postural hypotension caused by reserpine (JANKOVIC and ORMAN 
1988). In vitro, tetrabenazine inhibits the uptake of monoamines into chroma
ffin granules. However, in contrast to reserpine, competition studies demon
strate that amine substrates inhibit tetrabenazine binding only poorly 
(SCHERMAN and HENRY 1984). Thus, tetrabenazine is considered to bind at a 
site distinct from reserpine and the usual monoamine substrates. In addition, 
tetrabenazine binding is not accelerated by a pH gradient (SCHERMAN and 
HENRY 1984). Competition studies demonstrate, however, that a relation
ship exists between the sites for reserpine and tetrabenazine binding. 
Tetrabenazine inhibits reserpine binding to the transporter, and reserpine 
inhibits tetrabenazine binding, although at concentrations of reserpine much 
higher than those needed to inhibit transport (SCHERMAN and HENRY 1984). In 
addition, brief pretreatment with tetrabenazine in vivo can protect against the 
long-term effects of reserpine, presumably by preventing the essentially irre
versible binding of reserpine to the transport protein (CARLSSON 1965). 

These classic pharmacological observations suggest a model of the trans
port cycle in which the translocation of a proton out of the vesicle reorients the 
substrate recognition site to the cytoplasmic face of the membrane where it 
can bind either substrate or reserpine. Tetrabenazine has been considered to 
inhibit both transport and reserpine binding by preventing this conformational 
change (DARCHEN et a1. 1989). The second proton not required for reserpine 
binding presumably trans locates either simultaneously with substrate move
ment into the vesicle or shortly thereafter, promoting release of the substrate 
into the lumen of the vesicle. 

In addition to reserpine and tetrabenazine, amphetamine and related 
psychostimulants interfere with the storage of monoamine transmitter. Am
phetamines act by promoting the translocation of large amounts of monoam
ine into the synapse (DI CHIARA and IMPERATO 1988; CARBONI et a1. 
1989).However, rather than stimulating the fusion of secretory vesicles with 
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the plasma membrane, amphetamines appear to induce release through 
nonexocytotic mechanisms. Inhibition of plasma membrane monoamine 
transport blocks the action of amphetamines (FISCHER and CHO 1979; LIANGE 
and RUTLEDGE 1982), indicating a role for this activity in amphetamine action 
and suggesting that reversal of flux by the transporter mediates the release 
of monoamines from the cytoplasm into the synapse (RUDNICK and 
WALL 1992a-c; SULZER et al. 1993). Indeed, the amphetamine derivatives 
3,4-methylenedioxymethamphetamine (MDMA or ecstasy), p chloroam
phetamine (PCA) and fenfluramine all interact with the plasma membrane 
monoamine transporters in vitro (RUDNICK and WALL 1992a-c). Efflux of the 
entire cytoplasmic pool of monoamine into the synapse would, however, have 
little effect on the synaptic concentration unless the normally low cytoplasmic 
levels ( ~0.15 mM for dopamine) were increased by efflux from storage vesicles 
that contain high concentrations of transmitter (0.3-3M). The mechanism by 
which amphetamines cause vesicular efflux remains unclear. 

In one model for amphetamine action, the plasma membrane transporter 
catalyzes the exchange of extracellular amphetamine for cytoplasmic 
monoamine. The lipophilic nature of amphetamine then enables it to diffuse 
back out of the cell for another round of exchange, eventually redistributing 
transmitter from vesicular stores into the cytoplasm. In contrast to this ex
change-diffusion model for amphetamine action, the drug may act directly on 
vesicular stores. In this model, amphetamines act as weak bases and alkalinize 
the interior of secretory vesicles. In the absence of a driving force for active 
transport, vesicular efflux of monoamines increases the cytoplasmic concen
trations and thus enables plasma membrane transport to mediate efflux into 
the synapse (SULZER and RAYPORT 1990). Indeed, classical studies using bovine 
chromaffin granules have shown that they retain preloaded transmitter for up 
to 1 h even after dilution into substrate-free medium that should promote 
redistribution out of the vesicle (MARON et al. 1983). Only dissipation of the 
pH gradient induces vesicular efflux. Nonetheless, the role of the vesicular 
transport proteins in flux reversal remains unclear. Reserpine and 
tetrabenazine apparently do not block efflux from chromaffin granules in
duced by amphetamines or by dissipation of i1pH. Studies in primary culture 
also show that reserpine does not block the alkalinization of intracellular 
compartments by amphetamines in ventral tegmental neurons (SULZER and 
RAYPORT 1990). Indeed, alkalinization of the vesicle interior could simply 
result in deprotonation of the monoamine transmitters and nonspecific leak
age of the uncharged molecules across the lipid bilayer. 

Amphetamine action may nonetheless involve vesicular amine transport 
and several observations support a direct interaction. At low micromolar 
concentrations, MDMA and PCA inhibit transport of monoamines into 
vesicles (RUDNICK and WALL 1992a,b). In addition, the physiological effects 
of reserpine can be blocked in vivo by amphetamines (CARLSSON 1965), sug
gesting that amphetamines may interact with the site of amine recognition. 
Further, MDMA and fenfluramine appear to inhibit uptake by bovine chro-
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maffin granules by interacting directly with the transport proteins at the site 
of amine recognition, but they also reduce the transmembrane pH gradient 
and so may have indirect effects as well (SCHULDINER et aL 1993b). Indeed, 
PCA lacks a direct effect on the transport protein and apparently acts only 
through a reduction in the transmembrane pH gradient (SCHULDINER et aL 
1993b). 

Vesicular monoamine transport proteins may participate in the action of 
amphetamines through several distinct mechanisms. First, the transporter may 
exchange cytoplasmic amphetamine for intra vesicular monoamine. Subse
quent diffusion of the lipophilic drug back out of the vesicle then enables 
another round of exchange, leading eventually to dissipation of the 
pH gradient through many rounds of futile active transport. Alternatively, 
vesicular transport may accumulate lumenal amphetamine and, acting as a 
weak base, the drug may promote dissipation of the pH gradient. Monoamine 
efflux induced by dissipation of the pH gradient may then occur through the 
transporter even though reserpine and tetrabenazine have failed to inhibit it 
(SULZER and RA YPORT 1990). Failure of the drugs to inhibit efflux may simply 
result from dissipation of L'lpH. which clearly does inhibit reserpine binding. 
Thus, in contrast to the plasma membrane transporters which mediate the 
efflux of monoamines across the plasma membrane caused by amphetamine 
(GIROS et aL 1996). a role for the vesicular transport proteins remains less 
clear. 

B. Biochemical Analysis and Molecular Cloning 
To identify the proteins responsible for vesicular monoamine transport. inves
tigators have previously relied on protein purification in conjunction with an 
assay for activity. Indeed, functional reconstitution of vesicular transport in 
artificial membrane vesicles has been achieved for monoamines and other 
classical transmitters (MAYCOX et al. 1988: CARLSON et aL 1989; HELL et aL 
1990; STERN-BACH 1990: HELL et aL 1991). In crude membrane preparations 
from tissue, the addition of ATP suffices to activate the endogenous H+
ATPase. In reconstituted detergent extracts, a diffusion potential or co
reconstitution with bacteriorhodopsin can supply the driving force needed for 
transport. However, the difficulties inherent in this assay have forced investi
gators to rely on other determinations such as drug binding to assay protein 
purification. Schul diner and colleagues have in particular used the almost 
irreversible binding of 3H-reserpine to follow the transport protein during its 
purification from bovine chromaffin granules (STERN-BACH et aL 1990). They 
then demonstrated the functional reconstitution of a highly purified fraction. 
Tetrabenazine and ketanserin have similarly been used to assay the fractions 
obtained during purification (ISAMBERT et aL 1992; VINCENT and NEAR 1991). 
However, the molecular cloning of a cDNA encoding vesicular amine trans
port did not depend on purification of the protein responsible. 
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I. Vesicular Monoamine Transport Suppresses MPTP+ Toxicity 

The administration of N-methyl-1,2,3,6-tetrahydropyridine (MPTP) to hu
mans and certain experimental animals causes the relatively selective degen
eration of the same midbrain dopamine cell populations that degenerate in 
Parkinson's disease (PD) (LANGSTON et al. 1983). Like PD, the MPTP syn
drome also responds to treatment with L-dopa (JENNER et al. 1984). Since 
MPTP toxicity provides an excellent model for PD, understanding its patho
genesis may yield insight into the cause of the idiopathic disorder. After 
administration, MPTP readily crosses the blood-brain barrier due to its lipo
philic character and is converted to the active metabolite N-methyl-4-
phenylpyridinium (MPP+) by monoamine oxidase B (LANGSTON et al. 1984; 
MARKEY et al. 1984; HEIKKILA et al. 1984). MPP+ is then recognized by plasma 
membrane amine transporters which accumulate the toxin. The selective ex
pression of these transporters on monoamine cells presumably accounts for 
the selectivity of degeneration (JAVITCH et al. 1985). Once inside the cell, MPP+ 
enters mitochondria and inhibits respiration (KRUEGER et al. 1990). 

Several features of MPTP toxicity have proven relevant for idiopathic PD. 
Interestingly, the monoamine oxidase inhibitor deprenyl prevents the MPTP 
syndrome by blocking the formation of MPP+ and also slows the rate of 
progression in PD (PARKINSON STUDY GROUP 1989). Mitochondrial abnormali
ties predicted by the MPTP model have also been identified in multiple tissues 
from patients with PD (SCHAPIRA et al. 1990; SHOFFNER et al. 1991). However, 
an exogenous toxin responsible for idiopathic PD has not yet been found 
(TANNER and LANGSTROM 1990). In addition, plasma membrane transporters 
for norepinephrine and serotonin as well as dopamine mediate uptake of the 
toxin into multiple monoamine cell groups, leaving unexplained the relatively 
selective degeneration of dopamine neurons in the substantia nigra. In particu
lar, adrenal chromaffin cells and postganglionic sympathetic neurons accumu
late MPP+ but do not generally die after exposure to the toxin or in idiopathic 
PD. Interestingly, it has been demonstrated that MPP+ is a substrate for the 
vesicular amine transport activity expressed by bovine chromaffin granules 
(DANIELS and REINHARD 1988; SCHERMAN et al. 1988), suggesting one addi
tional way to influence toxicity. 

Consistent with the relative resistance of adrenal medullary cells to MPTP 
toxicity, the rat PC12 pheochromocytoma cell line also shows resistance to 
MPP+. Even though it expresses a plasma membrane monoamine transport 
activity to accumulate the toxin and has been used as a model system to study 
MPTP toxicity, PC12 cells show more resistance to MPP+ than Chinese ham
ster ovary (CHO) cells, a fibroblast cell line that lacks amine transporters. To 
characterize the mechanism responsible for resistance of PC12 cells to MPP+, 
a PC12 cDNA library was transfected into the relatively MPP+-sensitive CHO 
cells and transfectants were selected in 1mM MPP+ (Lm et al. 1992a). This 
procedure led to the isolation of an MPP+-resistant stable CHO transformant 
(Lm et al. 1992a). Importantly, reserpine inhibited the resistance of this clone 
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to MPP+, suggesting a role for vesicular amine transport. Further, the MPP+
resistant CHO cells showed a particulate pattern of staining for dopamine 
after they were nonspecifically loaded with high concentrations of the trans
mitter and its distribution visualized by virtue of its intrinsic fluorescence. 
Wild-type CHO cells sensitive to MPP+ and resistant cells treated with 
reserpine showed a more diffuse pattern of staining, These observations sug
gest that vesicular amine transport sequesters the toxin in secretory vesicles, 
away from its primary site of action in mitochondria, and so protects the cell. 

II. Two Genes Encode Vesicular Amine Transport 

Plasmid rescue of the cDNAs integrated into the genome of MPP+-resistant 
stable CHO transformants yielded a single clone that alone confers resistance 
to MPP+ (LlU et a1. 1992b). Membrane vesicles prepared from the transfected 
cells also show robust uptake of 3H-dopamine with the expected dependence 
on a pH gradient, appropriate affinity for substrates and pharmacology similar 
to that reported for bovine chromaffin granules (LlU et a1. 1992b). In addition, 
membranes prepared from the MPP+-resistant cells bind to reserpine with two 
distinct affinities (0.9 and 5 nM) and the imposition of a pH gradient acceler
ates drug binding (SCHULDlNER et a1. 1993a). Thus, a non-neural cell such as 
the CHO cell can support vesicular amine transport activity even though it 
lacks synaptic vesicles. 

1. RNA Analysis 

Northern analysis demonstrated expression of the cloned sequences in the 
adrenal gland but not the brain (LlU et a1. 1992b). However. classical studies 
clearly indicate that central monoamine populations also have the capacity to 
store monoamines in regulated secretory vesicles. Further. these studies have 
suggested that a single activity mediates vesicular amine transport in both the 
adrenal gland and the brain. Since we could not detect expression of the 
original cloned sequences (initially referred to as the chromaffin granule 
amine transporter or CGAT, now referred to as vesicular monoamine trans
porter-I or VMA TI) in the brain, we therefore considered that a distinct but 
closely related protein might occur in the central nervous system. Indeed, 
screening of a rat brainstem library with the VMAT1 cDNA as probe led to 
the isolation of a distinct but highly related cDNA clone (initially termed the 
synaptic vesicle amine transporter or SV AT, now known as VMAT2) (LIU et 
al. 1992b). In addition, Hoffman and colleagues isolated a cDNA identical 
to VMA T2 from a rat basophilic leukemia cell line while screening for plasma 
membrane serotonin uptake (ERICKSON et a1. 1992). 

In situ hybridization shows expression of VMA T2 mRN A by monoamine 
populations including dopaminergic cell groups of the substantia nigra and the 
ventral tegmental area, noradrenergic cells of the locus coeruleus, nucleus 
tractus solitarius and A2 and AS cell groups as well as serotoninergic popula-
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tions in the raphe (LIU et a1. 1992b). These results strongly suggest that a single 
activity mediates vesicular amine transport in all of these central monoamine 
populations and that the protein responsible differs from the predominant 
form expressed by the adrenal gland. 

Surprisingly, the sequence of a peptide derived from material purified 
from bovine chromaffin granules showed more similarity to rat VMAT2 than 
VMAT1 (STERN-BACH et al. 1992). Indeed, the sequence of the bovine cDNA 
also shows more similarity to VMAT2 (HOWELL et al. 1994). Subsequent work 
has demonstrated the existence of a VMAT1 homologue in the cow adrenal, 
indicating that both sequences occur in this tissue and suggesting that the 
relative proportion may vary in different species. Human cDNAs encoding 
VMAT2 have also been isolated (SURRATT et a1. 1993; PETER et a1. 1993; 
ERICKSON et a1. 1993) and show striking amino acid identity to the rat sequence 
(92.5%), with most of the divergence occurring within the large lumenal loop 
and the N- and C-termini. Consistent with the sequence similarity, the bio
chemical function of human VMAT2 resembles that of rat VMA T2 (ERICKSON 
et a1. 1993). 

2. Sequence Relationship to Bacterial Antibiotic Resistance Proteins 

The amino acid sequences of rat VMAT1 and VMAT2 predict hydrophobic 
proteins with 12 transmembrane a-helical domains and a large lumenal loop 
between transmembrane domains (TMD) 1 and 2 (LIU et al. 1992b). The large 
lumenal loop contains several potential sites for N-linked glycosylation and 
the hydrophilic domains predicted to reside in the cytoplasm contain multiple 
sites for phosphorylation by a variety of kinases including cAMP-dependent 
protein kinase and protein kinase C. The two VMATs show a high degree of 
primary sequence homology, with 78% similarity and 62% identity. Most of 
the divergence occurs within the large lumenal loop and N- and C-termini. 
Interestingly, there is no significant homology between the vesicular amine 
transporters and any of the plasma membrane amine transporters that recog
nize the same transmitters as substrates and also contain 12 predicted TMDs. 
However, the N-terminal half of the VMATs shows remote homology to a 
class of bacterial transporters that includes tetracycline resistance proteins 
from a number of organisms, a bacterial multi drug resistance transporter and 
a protein conferring resistance to methylenomycin (Lm 1992b). Supporting 
the functional significance of the sequence similarity, the VMATs share sev
eral properties with the bacterial transporters (Lm et al. 1992b). They all act to 
remove toxins (MPP+ or antibiotics) from the cytoplasm of the cell and they 
recognize a diverse group of compounds as substrate (NEYFAKH et a1. 1991). In 
addition, the VMATs and the bacterial transporters both use proton exchange 
to drive transport activity (KANEKO et al. 1985). Further, the drug reserpine 
that inhibits vesicular amine transport also inhibits the bacterial multidrug 
resistance transporter (NEYFAKH et a1. 1991). These functional as well as struc-
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tural relationships suggest that the YMA Ts may have evolved from ancient 
bacterial detoxification systems, and support a role in detoxification as well as 
signaling. 

3. Implications for Parkinson's Disease 

Although no exogenous toxin such as MPTP has been identified in idiopathic 
PD, postmortem studies have shown evidence of oxidative stress. Free radicals 
such as the superoxide and hydroxyl radicals oxidize lipid and protein, damag
ing the cell. The source of the oxidative stress in PD is unknown, but may 
involve exogenous or endogenous toxins. One of the best candiates for an 
endogenous toxin is dopamine itself. Dopamine is highly toxic to neural cells 
in culture, more so than similar concentrations of MPP+ (MICHEL and HEFTI 
1990; ROSENBERG 1988). Catalase protects against dopamine toxicity, indicat
ing that oxidation of dopamine is likely to play a role in this toxicity 
(ROSENBERG 1988). If dopamine itself plays a role in the oxidative stress seen 
in PO, then regulation of dopamine metabolism and distribution of dopamine 
in the cell are clearly of great importance. This indicates a possible role for the 
YMA Ts in control of the distribution of intracellular dopamine and therefore 
of the oxidative stress placed on dopaminergic neurons. Further, the locus 
coeruleus and dorsal raphe express higher levels of YMA T2 than dopamine 
cells in the midbrain (Y ANDER BORGHT et a1. 1995). This may account for the 
relative sparing of noradrenergic and serotoninergic neurons in both MPTP 
toxicity and idiopathic PD. 

4. Chromosomal Localization 

A variety of observations have implicated monoamines in many behavioral 
phenomena. including sensory perception, motor control, motivation, the or
ganization of thought, mood and consciousness as well as the control of heart 
rate. vascular tone and blood pressure. In particular, monoamines appear to 
have an important role in human psychiatric illness including depression and 
schizophrenia as well as neural degeneration (in Parkinson's disease). It is 
therefore of great interest to determine if the YMA T genes show linkage to 
any human neuropsychiatric disorders. Using mouse-human hybrid somatic 
cell lines as well as fluorescent in situ hybridization (FISH), the human gene 
encoding YMA Tl was localized to chromosome 8p21.3 and the human 
YMAT2 gene to chromosome lOq25 (PETER et a1. 1993). Deletions in either 
of these regions are associated with rare disorders that suggest a possible 
involvement of the transporters, but no human disease gene has thus far 
been linked to these loci. More recently, direct sequencing of the YMAT2 
cDNA from multiple patients with affective disorders has excluded a muta
tion in the protein-coding region as a cause for this condition (LESCH et a1. 
1994). Nonetheless, mutations in the YMATs may contribute to other human 
disorders. 



140 

c. Functional Properties 
I. Transport 

D. PETER et al. 

Although previous studies have suggested that all monoamine cells express a 
single transport activity, the identification of two distinct transport proteins 
suggested that they may differ in function. To address this possibility, we 
examined the biochemical properties of VMA T1 and VMA T2 in terms of 
substrate affinity and drug sensitivity, using vesicles prepared from stable 
CHO cell transform ants resistant to MPP+ and from monkey kidney COS cells 
transiently transfected with the two cDNAs (PETER et al. 1994). In both of 
these heterologous expression systems, the VMATs localize to endosomes 
that contain the vacuolar H+-ATPase required to provide the driving force for 
transport (LIU et al. 1994), as do a number of other synaptic vesicle proteins 
when expressed in non-neural cells. Analysis of vesicular transport activity in 
these systems further demonstrates characteristics similar to those previously 
reported from bovine chromaffin granules with several unexpected differ
ences. In terms of substrate specificity, both VMATs have the highest appar
ent affinity for serotonin but VMAT2 has a threefold higher affinity than 
VMAT1 for most monoamine substrates as well as MPP+. In addition, 
VMAT2 has a strikingly higher (10- to 100-fold) affinity for histamine than 
VMAT1. 

II. Drug Binding 

In terms of pharmacology, transport catalyzed by both VMA T1 and VMAT2 
shows equal sensitivity to inhibition by reserpine (PETER et al. 1994). Monoam
ines also inhibit the binding of 3H-reserpine with a potency similar to their 
apparent affinity for transport, consistent with previous data using bovine 
chromaffin granules (PETER et al. 1994). In addition, reserpine binds to each of 
the VMATs with two distinct affinities and the imposition of a pH gradient 
accelerates binding (SCHULDINER et al. 1993a). Using reserpine binding to 
determine the number of transporters, we have also calculated a turnover 
number of ~400/min for both VMATs (PETER et al. 1994). Although low 
relative to other transporters, this value greatly exceeds previous estimates 
from bovine chromaffin granules. In addition, the transport assay is performed 
at 29°C, so the rate at physiological temperatures is presumably much higher. 
In contrast to the similar potency of reserpine for both VMA Ts, tetrabenazine 
inhibits VMA T2 with tenfold greater potency than VMA T2 (PETER et al. 
1994). Tetrabenazine also inhibits reserpine binding to VMAT2 and with 
much greater potency than to VMATI. The inhibition of reserpine binding 
correlates with the inhibition of transport, suggesting that the inhibition de
rives from interference with substrate recognition. To determine whether the 
difference in sensitivity to tetrabenazine results from differences in binding or 
in the conformational change that results from drug binding, we measured the 
binding of 3H-tetrabenazine and found no binding to VMAT1 despite strong 
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binding to YMA T2. Therefore, the difference in sensitivity to tetrabenazine 
derives simply from a difference in drug binding. The differential sensitivity of 
YMAT1 and YMA T2 also helps to explain previous pharmacologic observa
tions that whereas reserpine depletes both central and peripheral amine stores 
(presumably as a result of inhibiting both YMA T1 and YMA T2), tetra
benazine depletes primarily central stores (presumably as a result of selectivly 
inhibiting YMA T2) (CARLSSON 1965). 

We have also examined the interaction of the YMATs with the atypical 
monoamine substrate histamine. Despite the apparent dependence on hy
droxyl groups for substrate recognition, histamine lacks hydroxyl groups and 
still undergoes storage in the regulated secretory granules of neurons as well as 
mast cells. To determine if YMA T2 recognizes histamine as a substrate, we 
performed the transport assay using 3H-histamine. Despite the absence of a 
hydroxyl group, histamine still undergoes specific transport by VMAT2, al
though at lower levels than serotonin. However, histamine does not compete 
with reserpine for binding to YMAT2, suggesting that histamine may interact 
with a distinct site (MERTCKEL and Edwards 1995). Indeed, reserpine inhibits 
the transport of histamine only at very high concentrations if at all. Thus, 
histamine may interact with YMA T2 in a very different manner from most 
substrates, presumably because it lacks hydroxyl groups and so must rely on a 
different mechanism for recognition. 

III. Flux Reversal 

In addition to their role in regulated exocytotic release, secretory vesicles that 
contain neurotransmitter also exhibit efflux into the cytoplasm. Bovine chro
maffin granules loaded with monoamines and then diluted into medium with
out transmitter retain their contents for up to 1 h despite a large concentration 
gradient favoring efflux (JOHNSON 1988). Since the core of aggregated protein 
in chromaffin granules may trap the transmitter and so prevent efflux, similar 
experiments have been performed with chromaffin ghosts. Chromaffin ghosts 
are prepared through the repeated hypo-osmotic lysis of chromaffin granules 
and thus lack a dense core. These ghosts also retain pre loaded monoamines at 
prolonged intervals after dilution, demonstrating that the insoluble complex in 
the granule is not responsible for retention of the neurotransmitter (MARON et 
al. 1983). Indeed, efflux from chromaffin ghosts occurs only after disruption of 
the proton electrochemical gradient such as by the addition of proton iono
phores, suggesting that the gradient acts as a kinetic barrier to the reversal of 
flux (MARON et al. 1983). However, neither reserpine nor tetrabenazine inhibit 
efflux from pre loaded chromaffin ghosts, indicating either that the transporter 
does not mediate efflux or that the transporter adopts a conformation that 
cannot be recognized by the inhibitors. In support of these observations with 
chromaffin ghosts. synaptic vesicles purified from the brain also show net 
efflux of monoamines that is not sensitive to the two inhibitors (FLOOR et al. 
1995). However, in this system, the drugs did inhibit an exchange reaction in 
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which preloaded vesicles are diluted into medium containing neurotransmit
ter. This reduces the concentration gradient favoring net efflux but enables 
extravesicular monoamine to exchange with transmitter inside the vesicle. The 
results thus support a role for the vesicular transport protein in exchange but 
not net efflux, suggesting again either that the transporter mediates exchange 
but not efflux or that reserpine and tetrabenazine cannot inhibit net efflux 
catalyzed by the transporter. To determine if the conditions of the experiment 
prevent inhibition by the drugs, we have examined the efflux of preloaded 
neurotransmitter from secretory vesicles. Using a heterologous expression 
system, we found that altering the conditions of the experiment enables 
reserpine to inhibit net efflux from preloaded vesicles (D. PETER, unpublished 
observations). This establishes a role for the VMATs in net efflux as well as 
exchange reactions. In addition, we have found that, like synaptic vesicles 
(FLOOR et al. 1995), considerable net efflux occurs after dilution despite the 
presence of a proton electrochemical gradient. The origin of the discrepancy 
between these results with synaptic vesicles and secretory vesicles, on the one 
hand, and with chromaffin granules and ghosts on the other, remains unclear. 
In summary, vesicular efflux may undergo regulation and has important physi
ological implications for the concentrations of transmitter inside the vesicle 
and in the cytoplasm. Vesicular efflux also has relevance for the mechanism of 
amphetamine action. 

To increase synaptic concentrations of neurotransmitter through the re
versal of plasma membrane monoamine transporters, the amphetamines must 
first redistribute vesicular stores to the cytoplasm. Although reserpine and 
tetrabenazine have previously failed to inhibit vesicular efflux in membrane 
preparations, recent observations show that reserpine inhibits amphetamine
induced reductions in quantal size as measured directly by amperometry 
(SULZER et al. 1996), indicating that VMATs mediate the vesicular efflux. To 
assess the interaction with methamphetamine using the cloned VMA Ts, we 
have determined the effect of the drug on transport and found potent inhibi
tion of VMAT2 at concentrations considerably below those at which it dissi
pates i1pH (PETER et al. 1994). Further, similar concentrations of amphetamine 
do not inhibit transport by VMATl. These observations suggest a direct 
interaction of amphetamines with VMA T2 that could promote efflux through 
several distinct mechanisms: uptake of the weak base followed by alkaliniza
tion and monoamine efflux; exchange of amphetamine for lumenal monoam
ine followed by diffusion of the drug back to the cytoplasm for another round 
of exchange and eventual redistribution of monoamine from the vesicle into 
the cytoplasm. The precise contribution of these various mechanisms to am
phetamine action and toxicity remains unknown. 

D. Distribution 
To understand the biological significance of differences in function between 
VMAT1 and VMA T2, we have raised antipeptide antibodies to both rat 
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VMA Ts (PETER et al. 1995). Using these antibodies, we find VMA T1 immu
noreactivity in adrenal chromaffin cells. Other studies show VMA T1 
immunostaining in paracrine cells of the gastrointestinal tract and small in
tensely fluorescent (SIF) cells of sympathetic ganglia (WEIHE et al. 1994). 
Thus, non-neural cells express VMATl. 

With the exception of dopaminergic interneurons in the olfactory bulb, all 
central monoamine popUlations express VMA T2. In situ hybridization shows 
high levels of expression by monoamine cell groups and immunocytochemistry 
reveals staining of processes as well as cell bodies (PETER et al. 1995). How
ever, both in situ hybridization and immunocytochemistry have failed to de
tect any expression in dopaminergic neurons of the olfactory bulb. Indeed, 
screening of an olfactory bulb cDNA library using the rat VMA T1 and 
VMAT2 as the probe did not yield any related cDNA clones (A. ROGHANI, 
personal communication), suggesting either that a remotely related trans
porter functions in amine transport in the olfactory bulb, that release of 
neurotransmitter occurs by another mechanism such as nonvesicular release 
or that the levels of expression are too low to detect. In the periphery, VMA T2 
occurs in a small number of chromaffin cells, sympathetic ganglion cells, 
enteric neurons and enterochromaffin cells of the stomach (WEIHE et al. 1994: 
PETER et aJ. 1995). Thus, although adrenal chromaffin cells and a variety of 
other cells including sympathetic ganglion cells all derive from the neural 
crest, they express distinct VMA Ts. 

The expression patterns observed for VMA T1 and VMA T2 correlate with 
previous observations. Clinically, tetrabenazine depletes central monoamine 
stores to a much greater extent than peripheral stores, producing much less 
hypotension than reserpine (CARLSON 1965: JANKOVIC and ORMAN 1988). Al
though a variety of explanations have been provided to account for this 
differential effect of tetrabenazine but not reserpine, our functional studies in 
vitro show that VMA T2 is tenfold more sensitive to tetrabenazine than 
VMA T1. The expression of VMA T2 in the brain and VMA Tl in the adrenal 
gland thus accounts for the preferential depletion of central monoamine stores 
by tetrabenazine. In addition, the functional studies show that VMA T2 has a 
10- to IOO-fold higher affinity for histamine than VMATl. Correspondingly, 
histamine cells in both the brain and the gastrointestinal tract express VMA T2 
rather than VMA TI. 

E. Subcellular Localization 
Regulated exocytosis of neurotransmitter occurs from two types of secretory 
vesicle. Large dense-core vesicles (LDCVs) store neural peptides (KELLY 
1991) whereas small synaptic vesicles (SSVs) contain classical transmitters 
such as acetylcholine (ACh), r-aminobutyric acid (GABA), glycine and 
glutamate (SUDHOF and JAHN 1991). Interestingly, monoamine storage ap
pears different from that of other classical transmitters. Monoamines occur in 
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both LDCVs (chromaffin granules of the adrenal medulla) (JOHNSON 1988) 
and SSVs in the brain (SMITH 1972; THURESON-KLEIN 1983). 

The site of storage in LDCVs or SSVs is physiologically significant be
cause it determines the role of the transmitter. LDCVs undergo exocytosis 
with a longer latency than SSVs and their release requires stimulation at 
higher frequency. In addition, exocytosis of the two vesicle types differs in its 
sensitivity to a-Iatrotoxin (MATIEOLI et al. 1988) and intracellular calcium 
(RANE et al. 1987; MARTIN and MAGISTRETII 1989), indicating differences in the 
mechanism of release. Further, LDCVs and SSVs differ in their subcellular 
location. SSVs cluster at synaptic sites in the nerve terminal, supporting a 
role in fast synaptic transmission. In contrast, LDCVs occur at much lower 
levels at the nerve terminal but also occur in the cell body and dendrites, 
consistent with their release of neuromodulators such as peptides. Thus, the 
location of the VMATs in either LDCVs or SSVs will determine the sensitiv
ity, mode, site and hence the physiological role of monoamine release. The 
existence of two VMATs further suggests that these proteins may differ in 
their location. Immunostaining has shown VMAT1 expression in adrenal 
chromaffin cells and other non-neural cells whereas VMA T2 occurs in the 
brain (PETER et al. 1995), suggesting that VMAT1 may localize to LDCVs and 
VMAT2 to SSVs. 

To determine the subcellular location of the VMATs, we have again used 
the antibodies generated against peptides from the C-terminus of the proteins. 
In PC12 cells, endogenous VMAT1 colocalizes by immunofluorescence with 
the LDCV marker secretogranin rather than with the synaptic-like 
microvesicle (SLMV) marker synaptophysin (Lm et al. 1994). Sucrose density 
gradient fractionation also demonstrates preferential expression of VMA T1 in 
LDCVs. Smaller amounts of VMAT1 occur in lighter vesicle fractions, and 
velocity sedimentation through glycerol indicates that VMA T1 occurs at low 
levels on SLMVs. Consistent with these observations in PC12 cells, 
immunoelectron microscopy shows VMA T1 expression in the chromaffin 
granules of adrenal medullary cells, whereas synaptic-like microvesicles in 
these cells contain little VMAT1 (Lm et al. 1994). 

To determine if VMAT2 differs in distribution from VMAT1, we have 
determined its subcellular location in PC12 cells and the brain. In contrast to 
our expectation that heterologous expression of VMA T2 in PC12 cells would 
confer localization to SLMVs, we found VMA T2 almost exclusively on 
LDCVs. Velocity sedimentation through glycerol showed no expression on 
SLMVs (Y. Lm, C. WAITES, P. TAN, R. EDWARDS, unpublished observations). 
Since PC12 cells derive from endocrine cells rather than neurons, they may not 
possess the machinery required to sort VMAT to SLMVs. However, the 
closely related vesicular ACh transporter does localize to SLMVs in PC12 cells 
as well as in vivo (Y. Lm, R. EDWARDS, in preparation; GILMOR et al. 1996), 
suggesting that these cells do have the machinery required to sort vesicular 
transport proteins to SLMVs. Further, immunoelectron microscopy per-
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formed to determine the localization of VMA T2 in vivo shows preferential 
expression in LDCVs of the rat solitary tract nuclei (NIRENBERG et al. 1995). 
However, VMAT2 also occurs in SSVs and in tubulovesicular membranes of 
midbrain dopamine cell bodies and dendrites (NIRENBERG et al. 1996). Classi
cal studies have demonstrated storage of monoamines in these tubulovesicular 
structures and midbrain dopamine release does occur from a reserpine
sensitive compartment. Thus, VMA T2 shows preferential localization to 
vesicles other than SSVs in both PC12 cells and the brain. 

VMATs may enter SSVs in brain or SLMVs in neurons through two 
distinct mechanisms. Both VMATs presumably sort to LDCVs on exit from 
the trans-Golgi network and stringent sorting of VMA T2 at this site presum
ably accounts for the exclusive localization of VMAT2 on LDCVs in PC12 
cells. However, VMAT1 may not sort as stringently, enabling the transport 
protein to reach the plasma membrane through the constitutive secretory 
pathway and then to enter SLMVs after internalization, a route followed by 
other synaptic vesicle proteins (REGNIER-VIGOUROUX et al. 1991). Alterna
tively, both VMATs may enter SLMVs only after fusion of LDCVs with the 
plasma membrane. The absence of VMAT2 from SLMVs mitigates against 
this route for VMA T1 but supports this possibility in the case of VMA T2. 
Thus, fusion of LDCVs with the cell surface may trigger the appearance of 
VMATs in SSVs and so provides a mechanism for activity to alter the regula
tion, mode and site of monoamine release. 

F. StructurelFunction Studies of Vesicular 
Amine Transport 
The alteration of amino acid residues by chemical modification and site
directed mutagenesis has been used to extract information about the role of 
specific residues in the transport mechanism. In terms of substrate recognition, 
studies have shown that the modifier N,N' -dicyclohexylcarbodiimide 
(DCCD), which reacts with carboxyl residues, inhibits monoamine transport 
as well as reserpine and tetrabenazine binding to the transporter expressed in 
bovine chromaffin granules, suggesting a role for acidic residues in the overall 
structure of the transporter (GASNIER et al. 1985; SUCHI et al. 1991). Consistent 
with this hypothesis, site-specific mutation of two aspartate residues in trans
membrane domain 10 (TMDI0) or TMDll of VMATl to cysteine (D404C; 
D43lC) abolishes transport activity (SCHULDINER et al. 1995). 

In addition to the use of chemical modification by DCCD to guide site
directed mutagenesis, remote sequence homology of the VMATs to a class of 
bacterial drug resistance transporters (the tetracycline resistance genes of 
pBR322 and TnlO and a bacterial multi drug resistance transporter) further 
suggests the involvement of an aspartate residue in the first transmembrane 
domain in substrate recognition. Interestingly, aspartate residues in the third 
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transmembrane domain of receptors for monoamines are thought to bind to 
the cationic amino group of the monoamine ligand (STRADER et al. 1987, 1988). 
Using these observations to guide mutagenesis ofthe VMATs, we have shown 
that mutation of an aspartate in TMD1 of VMA T2 to asparagine (D34N) 
eliminates serotonin transport and the ability of serotonin to inhibit reserpine 
binding, indicating a specific deficit in substrate recognition (MERICKEL et al. 
1995). The D34N mutant, however, exhibits equilibrium reserpine binding 
comparable to the wild-type protein, suggesting that the overall structure of 
D34N has not been perturbed. 

Previous studies of substrate recognition by both monoamine receptors 
and plasma membrane transporters suggest that serine residues are central to 
substrate recognition. Mutation of two serines in TMD5 of the fJ-adrenergic 
receptor (STRADER et al. 1989) and two serines in TMD7 of the plasma mem
brane dopamine transporter (KITAYAMA et al. 1992) affect substrate recogni
tion. More specifically, a compound lacking hydroxyl groups on the catechol 
ring is recognized equally well by mutant and wild-type fJ-adrenergic receptors 
(STRADER et al. 1989), suggesting that the serine residues interact with the 
hydroxyl groups of the normal substrate. Consistent with this hypothesis, 
mutation of three serines to alanine (S180, 181, 182) near TMD3 (Stmd3A) in 
VMAT2 completely abolishes transport activity (MERICKEL et al. 1995). Fur
ther, reserpine binding data with this mutant demonstrate that the protein 
folds normally and remains coupled to the proton-electrochemical gradient. 
Taken together, the results from the D34N and Stmd3A mutants suggest a 
model for substrate recognition in which, analogous to G-protein-coupled 
receptors, the cationic amino group of the substrate interacts with an aspartate 
in TMD1 and the hydroxyl group of the substrate interacts with serines in 
TMD3. 

In addition to the substrate recognition event, chemical modification and 
site-directed mutations implicate specific residues in bioenergetic coupling to 
the driving force for transport. Diethylpyrocarbonate (DEPC) modifies histi
dine residues, and inhibits both serotonin transport and the acceleration of 
reserpine binding by a pH gradient (ISAMBERT and HENRY 1981; SUCHI et al. 
1992), suggesting that modification of these sites either disrupts proton trans
port or prevents the resulting conformational change in the protein that occurs 
as part of the transport cycle. Further, site-directed mutagenesis shows that 
mutation of the only histidine residue conserved between VMAT1 and 2 to 
cysteine or arginine (H419C or H419R) abolishes transport activity. In this 
mutant, although equilibrium binding of reserpine is similar to the wild-type 
protein, a proton gradient no longer accelerates reserpine binding, suggesting 
a role for H419 in energy coupling (SHIRVAN et al. 1994). Finally, recent studies 
show that replacement of an aspartate in TMDlO at position 404 in VMATI 
with glutamate results in a downward shift in the pH optimum of transport, 
and replacement of an aspartate in transmembrane domain 11 at position 431 
of VMA Tl with either glutamate or serine results in a transporter able to 
recognize substrate but unable to complete the entire transport cycle 
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(STEINER-MoRDACH et a1. 1996). Taken together, the site-directed mutagenesis 
studies indicate that multiple regions of the transporter are involved in the 
transport cycle. 

A third method that has been used to deduce the structural basis for 
VMA T function involves the analysis of chimeric transporters (PETER et a1. 
1996). Chimeric analysis has several advantages over chemical mutagenesis 
and site-directed mutagenesis. It is less likely to perturb protein structure and 
does not require additional information to guide mutagenesis. Rather, the 
method relies on the analysis of functional chimerae that are derived from 
related parental proteins and has been used successfully to study the plasma 
membrane transporters for serotonin, dopamine and norepinephrine (BARKER 
et al. 1994; BUCK and AMARA 1994; GIROS et a1. 1994). 

The two vesicular amine transporters VMA T1 and VMA T2 are very 
similar in sequence yet exhibit mUltiple differences in substrate affinity 
and sensitivity to inhibitors (PETER et al. 1994). The sequence similarity al
lowed the construction and biochemical comparison of functional chimeric 
transporters of VMAT1 and VMA T2. Confirming results from the site
directed mutagenesis studies, the chimeric analysis suggests that multiple re
gions of the protein are involved in substrate recognition (for serotonin and 
histamine) and high-affinity interaction with the transport inhibitor 
tetrabenazine. By substituting domains of VMA Tl sequences with VMA T2, 
we found that high-affinity interactions with serotonin, histamine and 
tetrabenazine characteristic of VMA T2 require TMD5-8 and TMD9-12 of 
VMA T2, but neither domain alone suffices to confer the VMA T2 phenotype. 
Each domain requires the presence of an additional domain: a downstream 
domain in the case of TMD5-8 and an upstream domain in the case of TMD9-
12. Presumably, each domain requires the other for the high-affinity interac
tion. In addition, a domain from the extreme N-terminus of VMA T2 when 
substituted alone into VMA T1 increases the affinity for substrates and 
the sensitivity to tetrabenazine; however, it is not required for the VMAT2 
phenotype. Finally, a domain from TMD3-4 increases serotonin affinity but 
not histamine affinity or tetrabenazine sensitivity, and TMD5-7 of VMA T2 
in the presence of N-terminal VMAT2 sequences reduces the affinity for 
serotonin. These results show that high-affinity serotonin and histamine 
recognition as well as high tetrabenazine sensitivity require similar regions 
of the protein, and that multiple regions of VMAT2 are required simulta
neously to impart the VMAT2 phenotype. Interestingly, our chimera analysis 
suggests that the same domains of the transporter influence histamine recog
nition and tetrabenazine sensitivity. In vitro studies also show that histamine 
does not inhibit reserpine binding and reserpine does not inhibit histamine 
transport (MERIKEL and EDWARDS 1995), consistent with previous observa
tions that tetrabenazine binds at a site distinct from the reserpine-binding site. 
Future site-directed mutagenesis of individual residues in these domains will 
further refine our knowledge of the critical residues involved in the transport 
mechanism. 
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CHAPTER 6 

Regulation of the Environment of the Interior 
of Serotonin-Storing Vesicles 

M.D. GERSHON and H. TAMIR 

A. Introduction 
Properties of the synaptic vesicles of serotoninergic neurons are of 
great interest, but very difficult to study. The importance of these neurons is 
highlighted by the successful use of 5-HT-selective reuptake inhibitors in the 
treatment of depression (JOFFE et al. 1996; KUZEL 1996), obsessive-compulsive 
behavior (BAER 1996), and panic disorders (KLEIN 1996), as well as the effec
tiveness of 5-HT 1 A agonists in treating anxiety (LUCKY 1996) and the con trover -
sial use of the serotonin-releasing drug fenfturamine to reduce appetite 
(NOACH 1994; BLUNDELL and LAWTON 1995). Clearly, the role played by 5-HT 
as a neurotransmitter cannot be thoroughly understood in the absence of 
knowledge about the characteristics of the synaptic vesicles of serotoninergic 
neurons. For investigators seeking to understand compounds that affect the 
storage of 5-HT, which, in addition to fenfturamine, include such drugs as 
reserpine, cocaine, and amphetamine (SULZER et al. 1995), information about 
these vesicles is even more critical. Since it is impossible to obtain a pure 
preparation of synaptic vesicles from serotoninergic neurons, investigators 
have sought to employ surrogates, which can be investigated as models that 
are relevant to serotoninergic neurons. Platelets, mast cells, and enterochro
maffin cells are all peripheral cells that store 5-HT (ERSPAMER 1966); however, 
none of these are developmentally related to neurons. Platelets and mast cells 
are mesodermal derivatives and enterochromaffin cells develop from endo
derm. There is thus no reason to believe that any of these cells are appropriate 
surrogates for serotoninergic neurons. Far better would seem to be a model 
cell the developmental origin of which is common to that of serotoninergic 
neurons. Such a surrogate is likely to share fundamental serotoninergic 
mechanisms with the neurons. For this reason, the secretory vesicles of 
serotoninergic paraneurons are of particular interest. 

Paraneurons (parafollicular cells) that contain 5-HT are found in the 
thyroid gland (NUNEZ and GERSHON 1978). Parafollicular cells are endocrine; 
however, they are closely related to neurons (BARASCH et a1. 1987a; Russo et 
a1. 1992; JACOBS-COHEN et a1. 1994; CLARK et al. 1995); moreover, parafollicular 
cells are accessible and can readily be isolated in pure form for experimental 
analysis (BERND et a1. 1981; BARASCH et a1. 1987b; ClDON et a1. 1991). 
Serotoninergic neurons cannot similarly be isolated from the nuclei of the 
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median raphe. The neural properties of parafollicular cells include their ex
pression of voltage-gated Na+ channels (DERIEMER et al. 1991; TAMIR et al. 
1994b) and their ability to "neuralize" when they are separated from thyroid 
follicular cells and cocultured with gut or exposed to nerve growth factor 
(BARASCH et al. 1987a; JACOBS-COHEN et al. 1994; CLARK et al. 1995). The 
following properties define the term "neuralize": (a) extend neurites, (b) 
synthesize neurofilament proteins, (c) change alternative splicing of mRNA 
encoded by the calcitonin gene to produce calcitonin gene-related peptide 
(CGRP) instead of calcitonin (AMARA et al. 1982), and (d) express the specific 
plasmalemmal5-HT transporter that is responsible for uptake of 5-HT (CLARK 
et al. 1995). Both the secretory vesicles of parafollicular cells (BARASCH et al. 
1987b) and the synaptic vesicles of serotoninergic neurons (GERSHON et al. 
1983; KIRCHGESSNER et al. 1988) contain a soluble 5-HT-binding protein (SBP). 
This protein is exclusively found in serotoninergic cells, but only in those, such 
as parafollicular cells and neurons, which are derived from neurectoderm 
(GERSHoN and TAMIR 1985). Curiously, parafollicular cells even begin to 
"neuralize" when they are grown for extended periods of time in the absence 
of thyroid follicular cells; moreover, "neuralization" of parafollicular cells is 
antagonized by high concentrations of triiodothyronine, suggesting that the 
close contact of parafollicular cells with follicular cells in the thyroid may 
be responsible for maintaining these cells in an endocrine phenotype 
(JACOBS-COHEN et al. 1994). The default pathway for the precursor cells that 
give rise to parafollicular cells may thus be similar to that of the precursors of 
enteric serotoninergic neurons. Both are derived from the vagal region of 
the neural crest (LE DOUARIN 1982) and both are derived from cells that 
express the gene mash-l (CLARK et al. 1995; BLAUGRUND et al. 1996). When 
such cells develop in the thyroid, the thyroid microenvironment, which 
includes the exposure of the cells to high concentrations of thyroid hormones, 
may keep them in an endocrine phenotype. When similar cells develop in 
the bowel, they may give rise to enteric serotoninergic neurons. In support 
of the idea that the endocrine state is a "less mature form" that requires 
the active intervention of an environmental factor, such as triiodothyronine, to 
prevent it from "neuralizing," is the fact that the expression of mash-l 
is permanent in parafollicular cells (in situ) (CLARK et al. 1995), but is 
expressed only transiently during development by serotoninergic neurons 
(GUILLEMOT and JOYNER 1993; BLAUGRUND et al. 1996). Whether or not this 
hypothesis is correct, it is clear that parafollicular cells and enteric 
serotoninergic neurons are very closely related. Enteric serotoninergic 
neurons, moreover, are not known to be significantly different from their 
central counterparts. In discussing the specialized properties of the secretory 
vesicles of serotoninergic neurons or their parafollicular cell surrogates, it is 
useful to consider first what types of secretory vesicle are known to exist and 
how the vesicles of neurectodermally derived serotoninergic cells might be 
unique. 
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B. Secretory Pathways and the Vesicles Found 
at Synapses 
Two secretory pathways have been identified in cells, the constitutive and the 
regulated (ROTHMAN and ORC! 1992; ROTHMAN and WARREN 1994). The consti
tutive pathway, found in almost every cell, consists of a continuous stream of 
transport vesicles that travel from the trans-Golgi network (TGN) to the 
plasma membrane. These vesicles deliver membrane proteins and lipids to 
the plasmalemma, while at the same time they secrete their soluble cargo to 
the extracellular space by exocytosis. The regulated pathway is found in a 
much more restricted subset of cells, which are specialized for the rapid signal
evoked secretion of products, such as enzymes, hormones, or neurotransmit
ters/neuromodulators. These products are sorted in the TGN and diverted 
from the constitutive stream of vesicles for delivery to specialized secretory 
vesicles in which they are stored in preparation for eventual stimulus-coupled 
secretion. The regulated secretory pathway is represented in nerve terminals 
by large, dense-cored vesicles, which are also found in neuroendocrine cells 
and paraneurons (DE CAMILLI and JAHN 1990; JAHN and SUDHOF 1994). Large, 
dense-cored vesicles contain proteins and/or peptides that are packaged in the 
TGN and transported to terminals for regulated secretion (THURESON-KLEIN 
and KLEIN 1990). Nerve endings also contain much smaller (~50nm) synaptic 
vesicles, which store small-molecule neurotransmitters, such as acetylcholine, 
glutamate, or GABA (JAHN and SUDHOF 1994). Synaptic vesicles differ from 
large, dense-cored vesicles in that they are derived from endosomes, not the 
TGN, and are specialized to permit exocytosis to recur at high frequencies 
(CAMERON et a1. 1991; LINSTEDT and KELLY 1991). Since synaptic vesicles need 
not each be generated in the TGN and transported to terminals, they can 
instead be replenished locally, by endocytic recycling from the plasma mem
brane (HEUSER 1989; VALTORTA et a1. 1990; FESCE et a1. 1994). The membra
nous components of synaptic vesicles. including an H+-translocating ATPase, 
capable of acidifying the internal environment of the vesicles. and transporters 
that import neurotransmitters from the cytosol. are initially delivered to the 
plasma membrane via the constitutive secretory pathway. The transporters 
enable synaptic vesicles to become filled with neurotransmitter, which is syn
thesized in the cytosol (LIU et a1. 1992). The neurotransmitter-loaded synaptic 
vesicles translocate to the active zone of the plasma membrane (either by 
diffusion or by a mechanism aided by cytoskeletal components), where they 
dock and are primed to become competent for fast exocytosis triggered by 
Ca2+ (BAJJALlEH and SCHELLER 1995; SCHELLER 1995; SUDHOF 1995). The 
primed vesicles await a Ca2+ spike associated with action potentials, which 
triggers fusion of the vesicles with the plasmalemma and exocytosis. Following 
exocytosis, the synaptic vesicle membrane is re-internalized by endocytosis. 
probably by way of clathrin-coated pits, which become coated vesicles. The 
retrieved coated vesicles uncoat. acidify. reload with transmitter, and the cycle 
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is repeated. In contrast to synaptic vesicles, there is no evidence that the large, 
dense-cored vesicles derived from the TGN recycle following exocytosis. The 
peptide contents of these vesicles have to be loaded with fresh peptide as the 
vesicles form in the TGN. 

I. Secretory Vesicles of Parafollicular Cells 

The vesicles of the regulated secretory pathway of neural crest-derived 
paraneurons seem to represent a third class of secretory vesicle, in that they 
share characteristics of both the large, TGN-derived, peptide-containing 
dense-cored vesicles and the small, endosome-derived, low-molecular-weight 
neurotransmitter-containing synaptic vesicles. Paraneurons include adrenal 
chromaffin cells and thyroid parafollicular cells (FUJITA 1987). The secretory 
vesicles of these cells are large, form initially within the TGN (THURESON
KLEIN and KLEIN 1990), and contain peptides (WEILER et a1. 1989); however, 
like endosome-derived synaptic vesicles, they also contain small molecules 
(NUNEZ and GERSHON 1972; JOHNSON 1988; ClDON et al. 1991). Chromaffin 
granules costore catecholamines with endorphins and other peptides, while 
the secretory vesicles of parafollicular cells costore calcitonin (as well as 
somatostatin and other peptides) with 5-HT, which they obtain by transmem
brane transport from the cytosol (NUNEZ and GERSHON 1972; ClDON et al. 
1991). In fact, all of the secretory vesicles of parafollicular cells costore 5-HT 
with calcitonin and also take up 3H-5-HT that has been synthesized in the 
cytosol from 3H-5-hydroxytryptophan (NUNEZ and GERSHON 1972). Isolated 
parafollicular vesicles transport 3H-5-HT in an ATP-dependent fashion 
(BARASCH et al. 1987b; ClDON et a1. 1991). Moreover, the secretory vesicles of 
parafollicular cells recycle (TAMIR et al. 1994a) and their membranes contain 
the highly conserved set of proteins, which include synaptotagmin, 
synaptophysin, and synaptobrevin (WEILER et al. 1989; TAMIR et al. 1994c), that 
are present in synaptic vesicles and essential for exocytosis (ELFERIK et al. 
1993; JAHN and SUDHOF 1994; LI et al. 1995; SUDHOF 1995). 

The synaptic vesicles of serotoninergic neurons have not been well charac
terized, although, in the absence of specific evidence, they have been classified 
together with other small endosome-derived synaptic vesicles (JAHN and 
SUDHOF 1994). Because the information is lacking, however, it is unclear as to 
whether serotoninergic synaptic vesicles, like those which store acetylcholine, 
fall within the class of small molecule-storing synaptic vesicles, or whether 
instead 5-HT-containing synaptic vesicles resemble the serotoninergic secre
tory vesicles of parafollicular cells. This distinction is important, because the 
secretory vesicles of thyroid parafollicular cells display properties that have 
not yet been detected in synaptic vesicles, large, dense-cored vesicles, or even 
chromaffin granules. Not only is the secretion of the contents of these vesicles 
regulated, but their internal environment is also regulated by the same stimuli 
that initiate secretion (BARASCH et al. 1988; ClDON et al. 1991; T AMIR et al. 
1994c). In contrast to the interior of chromaffin vesicles, which is constitutively 
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Fig. 1. The gating of a vesicular chloride channel regulates the acidity of the internal 
milieu of the secretory vesicles of parafollicular cells. Top In a nonstimulated cell, the 
chloride channel in the membrane of the vesicle is closed. As a result. a 6.'i' develops in 
response to the constitutive action of the vesicular H+/ ATPase. The generation of the 
6.'1' limits transmembrane transport of H\ and restricts the 6.pH that develops across 
the membrane. The low 6.pH provides a minimal drive for the vesicular uptake of 5-
HT. Bottom In a stimulated cell, the chloride channel in the membrane of the vesicle is 
open. As a result, the 6.'i' is dissipated. The vesicular H+/ ATPase now effectively 
transports H+ into the vesicles and a substantial 6.pH develops across the vesicular 
membrane. The high 6.pH provides a strong drive for the vesicular uptake of 5-HT 

acidic (JOHNSON 1988), the interior of the secretory vesicles of parafollicular 
cells becomes acidic only when the cells are stimulated to secrete (BARASCH et 
al. 1988; CIDON et al. 1991). Acidification of the secretory vesicles of both 
chromaffin (J OHNSON 1988) and parafollicular (BARASCH et a1. 1988; CIDON et 
al. 1991) cells occurs as a result of the action of an H+/ ATPase in the vesicular 
membranes (MORIYAMA and NELSON 1989). In isolated chromaffin granules, H+ 
transport gives rise to a transmembrane ~pH, because cr can permeate the 
membrane of the granules and act as a counterion, preventing the develop
ment of a transmembrane potential difference (~'I'; interior positive) that 
would otherwise limit continued transport of H+ (JOHNSON 1988). In contrast 
(Fig. 1), cr channels in the membranes of secretory vesicles of unstimulated 
parafollicular cells are probably closed (BARASCH et al. 1988) (see Sect. B.V). 

As a result, cr cannot act as a counterion and the action of the H+/ ATPase 
thus causes a transmembrane ~'I' to develop (CIDON et a1. 1991). The ~'I', in 
turn, antagonizes transport of H+ and prevents acidification of the vesicles. 
Stimulation of parafollicular cells with a secretogogue, however, leads to the 
opening of vesicular cr channels and vesicle acidification in situ (BARASCH et 
al. 1988; T AMIR et al. 1994c). Acidification promotes the loading of vesicles 
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with neurotransmitter because L1pH provides a more potent driving force than 
L1'1' for the transmembrane transport of 5-HT into parafollicular vesicles 
(ClDON et al. 1991). It follows, therefore, that even the filling of parafolli
cular vesicles with 5-HT is probably regulated by secretogogue stimulation. 
Stimulus-induced acidification may thus control the 5-HT content/vesicle. If 
the uptake of 5-HT into vesicles is maximal during periods when para follicular 
cells are stimulated with a secretogogue, then the 5-HT content of individual 
vesicles should increase in proportion to the duration or frequency of periods 
of stimulation. 

Parafollicular cells are thus of intrinsic interest, if for no other reason than 
that they contain secretory vesicles that may have properties that are unlike 
those of other secretory vesicles. The gating of a cr channel in the membrane 
of serotoninergic vesicles by a plasmalemmal receptor (see below for further 
details), moreover, is a novel mechanism that has not previously been de
scribed and may have applicability to serotoninergic neurons and perhaps to 
other cells of the nervous system. 

II. Contents of Parafollicular Secretory Vesicles and 
Serotoninergic Neurons 

The secretory vesicles of parafollicular cells (BERND et al. 1981; BARASCH et al. 
1987b) and a tumor cell line derived from it (MTC cells) (TAMIR et al. 1989) 
resemble the synaptic vesicles of serotoninergic neurons (GERSHON et al. 1983) 
in that both contain a specific 5-HT-binding protein (SBP). SBP is only present 
in synaptic vesicles of central (GERSHON et al. 1983) and peripheral neurons 
that are serotoninergic (JONAKAIT et al. 1977; JONAKAIT et al. 1979; 
KIRCHGESSNER et al. 1988). Stimulated peripheral serotoninergic neurons and 
MTC cells secrete SBP together with 5-HT (JONAKAIT et al. 1979). Vesicles of 
the synaptic type (containing both 5-HT and SBP) are present in the growth 
cones of developing serotoninergic neurons prior to the formation of synapses 
(IvGY-MAY et al. 1994), indicating that this type of vesicle develops very early 
in serotoninergic cells and may enable serotoninergic neurons to influence the 
development of neurons that arise later than serotoninergic cells during ontog
eny. In neurons, vesicles, marked by their content of SBP, move from the 
perikaryon to axon terminals by fast transport (GERSHON et al. 1983). This 
observation is consistent with the idea that the SBP-marked neuronal 
serotoninergic vesicles initially arise in the TGN, but this origin does not mean 
that they do not recycle. 

III. Vesicle Recycling 

Although SBP is a soluble constituent of the vesicular matrix and thus is 
secreted from stimulated cells, the secretion of 5-HT does not deplete cells of 
SBP. Although some SBP is released to the ambient medium, a portion of the 
vesicular SBP store remains membrane bound and is recaptured during vesicle 



Regulation of the Environment of the Interior of Serotonin-Storing Vesicles 159 

recycling after exocytosis (TAMIR et al. 1994a). The recaptured membrane
bound SBP then dissociates from the membrane and is reutilized in recycled 
secretory vesicles. These observations indicate that although they are peptide 
containing and initially TGN derived, the secretory vesicles of parafollicular 
cells can also be recycled from endosomes. The reuse of SBP provides a 
convenient "tag" for studies of the recycling of parafollicular vesicles. Since, at 
the time of exocytosis, some SBP remains bound to what was the luminal face 
of the vesicular membrane, the bound SBP becomes exposed to the extracel
lular medium. When exocytosis is induced in the presence of antibodies to 
SBP, therefore, these antibodies bind to the exposed SBP and are recaptured 
with it when the vesicular membrane is retrieved (T AMIR et al. 1994a). The 
subsequent stimulation-dependent incorporation of antibodies to SBP into 
parafollicular secretory vesicles thus directly demonstrates vesicle recycling. 
When cells are incubated in the presence of antibodies to SBP, but are not 
stimulated, SBP is not internalized: moreover, antibodies in the extracellular 
medium that do not react with proteins of the luminal face of secretory vesicles 
fail to be incorporated into parafollicular cells, even when the cells are 
stimulated. 

The presence of a vesicle-specific soluble protein (SBP) in the 5-HT
containing vesicles of both parafollicular cells and neurons suggests that the 
two vesicles are at least similar to one another and are more typical of a TGN 
than a synaptic vesicle that is purely endosome derived. When neuropeptides 
and small-molecule neurotransmitters are costored in the same terminals, the 
neuropeptides have usually been found in large, dense-cored vesicles and the 
small-molecule neurotransmitters in synaptic vesicles (DE POTTER et al. 1987: 
KONG et al. 1990; BAUERFEIND et al. 1993: MITCHELL and STAUBER 1993: 
ANNAERT et al. 1994). The TGN-derived large, dense-cored vesicles of most 
neurons, moreover, tend to lack the transporters that pump neurotransmitters 
into the vesicles from the cytosol and which appear to be necessary for the 
biosynthesis of endosome-derived synaptic vesicles (BAUERFEIND et al. 1993). 
The observations that 5-HT-containing synaptic vesicles contain a soluble 
protein (SBP), but are surrounded by a membrane that recycles and contains 
a transporter, thus suggest that the synaptic vesicles of serotoninergic neurons 
are "atypical" with respect to the category of small molecule-containing syn
aptic vesicles. They may, therefore, be more similar to the secretory vesicles of 
parafollicular cells than to either the large, dense-cored vesicles or synaptic 
vesicles of other types of neuron. 

IV. Induction of Secretion 

MTC cells are a serotoninergic parafollicular cell-derived tumor cell line with 
properties which resemble those of the parent parafollicular cells (T AMIR et al. 
1989). The MTC line can be utilized to obtain large quantities of 
serotoninergic cells for biochemical analyses. They have thus been valuable 
for the characterization of the signal transduction mechanism leading to the 
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secretion of 5-HT. Surprisingly, multiple signal transduction pathways were 
found to be involved. Although secretion is induced by increasing cytosolic 
cAMP, this second messenger is not affected by the natural secretogogues, 
which cause parafollicular cells to secrete, elevated [Ca2+]e and thyrotropin, or 
by depolarizing parafollicular cells with high concentrations of [K+]e. In con
trast, each of the natural secretogogues increases the levels of cytoplasmic free 
Ca2+ ([Ca2+D, which can be detected by quantitative Fura-2 fluorescence with 
microscopic imaging (T AMIR et al. 1990). Activators of protein kinase C (PKC) 
also evoke secretion of 5-HT; moreover, downregulation of PKC blocks thy
rotropin- or phorbol ester-induced secretion (TAMIR et al. 1992). Phorbol 
esters evoke 5-HT secretion by isolated parafollicular cells, as well as by MTC 
cells, and downregulation of PKC antagonizes the secretion of 5-HT evoked 
by a high concentration of [Ca2+]e; thus both elevated [Ca2+]j and PKC contrib
ute to the induction of secretion by parafollicular cells. 

V. Stimulus-Coupled Acidification of Vesicles and Its Study 

Sheep parafollicular cells have been studied most extensively because they can 
be isolated for experimental analysis in vitro (97% of the cells in the isolated 
preparations are parafollicular) (BERND et al. 1981; BARASCH et al. 1987b). 
Secretory vesicles, furthermore, can be isolated from sheep parafollicular cells 
(BARASCH et al. 1987b; CIDON et al. 1991; TAMIR et al. 1994c). The uptake of 5-
HT by the secretory vesicles of sheep parafollicular cells is mediated by a 
reserpine-sensitive transporter in the vesicular membranes, is ATP-depen
dent, and is driven maximally by a transmembrane proton gradient and to a 
lesser extent by membrane potential (~\}') (CIDON et al. 1991). As noted 
above, the interiors of the secretory vesicles of intact "resting" (unstimulated) 
parafollicular cells are rarely acidic, but almost all become acidic when 
parafollicular cells are exposed to a secretogogue. Secretory vesicles isolated 
from unstimulated parafollicular cells do not acidify in vitro when exposed to 
ATP; however, acidification proceeds if the isolated vesicles are exposed to 
A TP in the presence of the K+ ionophore valinomycin in order to dissipate a 
~ \}' across the membranes of the vesicles (BARASCH et al. 1988). In the absence 
of the ionophore, the continued A TP-induced acidification of isolated vesicles 
is limited by the development of a transmembrane ~\}', which can be demon
strated with a voltage-sensitive dye, oxonolol VI; a ~pH develops when this 
~ \}' is dissipated, either by exposing isolated vesicles to an ionophore, or by 
stimulating intact cells, which causes the opening of a conductance for a 
counterion in the vesicular membranes (CIDON et al. 1991). Secretory vesicles 
isolated from secretogogue-stimulated parafollicular cells have been stably 
changed and readily acidify when exposed to A TP; acidification is made pos
sible by a Cl- conductance in the membranes of the vesicles (BARASCH 
et al. 1988; CIDON et al. 1991; TAMIR et al. 1994c). The same vacuolar H+
translocating ATPase that acidifies chromaffin granules and other Golgi
derived organelles is present in the membranes of the secretory vesicles of 
parafollicular cells (CIDON et al. 1991); these membranes contain p64, a 64-
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kDa cr channel, that is gated in response to secretogogue stimulation of intact 
parafollicular cells. Opening of this cr channel is what naturally dissipates the 
A TP-dependent t. '¥ and thus permits vesicles to acidify (BARASCH et al. 1987b; 
ClDON et al. 1991; T AMIR et al. 1994c). Demonstrable chloride actually enters 
the secretory vesicles of intact parafollicular cells in response to secretogogue 
stimulation and secretogogues also induce the phosphorylation of p64 (T AMIR 
et al. 1994c). These observations indicate that acidification of the secretory 
vesicles of parafollicular cells depends on the secretogogue-evoked gating of a 
vesicular cr channel. The data also suggest that phosphorylation of the chan
nel may be involved in its gating. As a result of the critical role in 5-HT uptake 
played by the transmembrane t.pH in parafollicular secretory vesicles, the 
uptake and accumulation of 5-HT, as much as intravesicular acidity, is regu
lated by the secretogogue-induced gating of the vesicular Cl- channel (ClDON 
et at. 1991; TAMIR et al. 1994c). 

VI. Plasmalemmal Calcium Receptor of the Parafollicular Cell 

Parafollicular cells secrete 5-HT and acidify their secretory vesicles in re
sponse to increases in extracellular Ca2+ ([Ca2+U (BARASCH et al. 1988). This 
remarkable property may be related to the presence of a plasma membrane 
calcium receptor (BROWN et al. 1993; MICHALCHIK and Russo 1994; GARRETT et 
al. 1995; TAMIR et al. 1996), a [Ca2+L-binding integral membrane protein that is 
not a Ca2+ channel. Alternatively. the voltage-gated or other Ca2+ channels of 
the parafollicular cell plasma membrane might respond to elevated levels of 
[Ca2+L independently of the calcium receptor. Parathyroid chief cells, which, 
like parafollicular cells, respond to extracellular Ca2+, express a plasmalemmal 
calcium receptor that is identical to that of parafollicular cells (BROWN et al. 
1993). The distribution of the calcium receptor in the nervous system has 
recently been determined, and transcripts encoding the calcium receptor have 
been found in the brain and gut (ROGERS et al. 1994) (personal communica
tion). Some of the cells that express the calcium receptor are serotoninergic 
raphe neurons; the receptor is thus expressed by serotoninergic neurons. 
although these cells are not the only neurons that express it. The calcium 
receptor is concentrated in axon terminals (RUAT et al. 1995) and is a member 
of the heptahelical (7-transmembrane domain) family of receptors. This type 
of receptor is invariably coupled to a heterotrimeric GTP-binding protein (G 
protein). In the case of the parafollicular cell, the calcium receptor is coupled 
primarily to Gai and, to a lesser extent, to Gaq (T AMIR et al. 1996). 

A substantial part of the transduction pathway to which the calcium 
receptor is coupled has now been ascertained. The parafollicular cell calcium 
receptor functions as a [Ca2+]e sensor, which leads both to secretion and to 
vesicle acidification. The pathways responsible for stimulus-acidification and 
stimulus-secretion coupling diverge at a step distal to the G protein and, as a 
result, these two processes can be dissociated. Acidification of vesicles, more
over, is inhibited by compounds that antagonize a variety of protein kinases or 
phosphatases. The idea. noted above. that a covalent post-translational 
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modification, such as phosphorylation, is responsible for gating vesicular cr 
channels is supported by the observation that the phenomenon is sufficiently 
stable to permit vesicles to be isolated from stimulated cells with their cr 
channels in the open configuration (BARASCH et al. 1988). All observations are 
consistent with the following working hypotheses: (a) p64 is the cr channel in 
vesicular membranes that permits the stimulation-induced entry of cr into 
vesicles; (b) the state and site of phosphorylation of p64 determine whether 
the channel is open or closed; and (c) signal transduction pathways couple the 
surface calcium receptor to protein kinases and phosphatases that determine 
the level of phosphorylation of the channel protein. It has been suggested that 
signal transduction for acidification from the calcium receptor follows the 
following pathway (TAMIR et al. 1996): calcium receptor ~ Gi ~ phospholi
pase C (PLC) ~ mobilization of [Ca2+]i ~ Ca binds to calmodulin ~ activation 
of NO synthase (NOS) ~ stimulation of guanyl cyclase ~ increases cGMP ~ 
activation of protein kinase G ~ (participation of both protein kinases and 
phosphatases) ~ opening of the vesicular cr channel (Fig. 2) (TAMIR et al. 
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Fig. 2. A heuristic model showing the signal transduction pathway in parafollicular 
cells believed to be responsible for the gating of vesicular chloride channels in response 
to agonists that stimulate the plasmalemmal calcium receptor. The gating of this 
channel regulates the acidification of vesicles. It is possible that in serotoninergic 
neurons a similar or analogous pathway regulates vesicle acidification in response to 
any stimulus that activates the neurons 
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1996). A separate pathway that can also induce vesicle acidification is acti
vated by Ca2+ entering parafollicular cells through plasmalemmal calcium 
channels. This pathway activates PKC. It now remains to summarize the 
evidence that has accumulated in support of this hypothetical pathway (T AMIR 
et al. 1996). 

The most important natural secretogogue for parafollicular cells is in
creased [Ca2+]e. Stimulation by increased [Ca2+L, as noted above, induces both 
the acidification of secretory vesicles and secretion. These phenomena sug
gested three questions that have now, at least partially, been answered. (a) Are 
vesicle acidification in, and secretion by. parafollicular cells the results of a 
single process or are they dissociable; could exocytosis occur if vesicle acidifi
cation were to be prevented? (b) What is the surface element of parafollicular 
cells that responds to elevations in [Ca2+]e; is it the calcium receptor, Ca2+ 
channel( s). or both? (c) How is the cellular perception of an increase in [Ca2+]e 
transduced to gate vesicular cr channels to the open configuration (how does 
either stimulation of the calcium receptor or entry of Ca2+ through a 
Ca2+channel cause secretory vesicles to acidify)? The answers to these ques
tions. summarized below. have served as the basis for constructing the model 
shown in Fig. 2 (T AMIR et al. 1996). 

VII. Dissociation of Acidification of Parafollicular Secretory 
Vesicles from Secretion 

Acidification of parafollicular secretory vesicles can be dissociated from secre
tion; exocytosis can occur even if acidification of secretory vesicles does not. 
Exposure of parafollicular cells to Ba2+ (2-SmM). like exposure of these cells 
to increased [Ca2+L, induces secretion of S-HT. In fact. Ba2+ is a more potent 
secretogogue than is elevated [Ca2+L which does not induce significant secre
tion at concentrations below S.OmM. In contrast to increased [Ca2+L however. 
exposure of parafollicular cells to Ba2+ does not cause secretory vesicles to 
acidify. Bal + is known to enter cells through Ca2+ channels. but then to block 
these channels from the inside (PRZYWARA et al. 1993). Ba2+ also induces the 
release of Ca"c from internal stores (PRZYWARA et aJ. 1993). As a result. Bal + 

powerfully evokes an increase in [Ca2+]i (confirmed by measuring Fura-2 fluo
rescence), because the Ca2+ released internally by Ba2+ cannot diffuse out of 
cells through the Ba2+-blocked plasmalemmal Ca2+ channels. Since the failure 
of vesicles to acidify does not interfere with Ba2+-evoked secretion, vesicle 
acidification is clearly not a prerequisite for exocytosis. 

C. Evoking of Vesicle Acidification by the Parafollicular 
Calcium Receptor 
A role for the calcium receptor in secretogogue-induced acidification of 
parafollicular secretory vesicles has now been established (TAMIR et al. 1996). 
For this purpose, it was necessary to be able to distinguish the effects of 
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stimulation of the calcium receptor from effects mediated solely by 
plasmalemmal Ca2+ channels. L-type Caz+ channels appear to be able to 
contribute to the mediation of the acidification of vesicles, because 
dihydropyridines, such as nimodipine (lOpM), antagonize vesicle acidification 
when cells are exposed to very high concentrations of [Caz+]e. Since the 
acidification induced by elevated [Ca2+]e at concentrations <2.0mM, however, 
is unchanged by nimodipine, it seems likely that L-type Ca2+ channels are not 
involved in the vesicle acidification that occurs in response t6 exposure of 
parafollicular cells to low concentrations of [Ca2+]e. The response to [Caz+]e is 
thus complex; entry of Ca2+ through L-type Ca2+ channels evidently can 
provide a signal that causes vesicles to acidify, but this mechanism appears to 
be operative only under extreme conditions when the concentration of [Ca2+]e 
is extraordinarily high. The resistance of the low end of the concentration
effect curve to inhibition by nimodipine is compatible with the idea that the 
calcium receptor, rather than a Caz+ channel, mediates responses to low con
centrations of [Ca2+]e. Although Ca2+ influx through L-type Ca2+ channels 
contributes to vesicle acidification only at higher concentrations of [Ca2+]e, the 
action of nimodipine alone does not rule out the participation of either Ca2+ 
channels that are insensitive to dihydropyridines, or the calcium receptor. To 
confirm the idea that the calcium channel is responsible for acidification of 
vesicles, it is necessary to expose parafollicular cells to a ligand that stimulates 
the calcium receptor, but does not increase the influx of Caz+ through Ca2+ 
channels. In addition to Ca2+, the calcium receptor binds to, and is activated by, 
lanthanides (BROWN et al. 1993). Lanthanides block virtually all Ca2+ channels 
(HESS 1990). The lanthanide Gd3+ was therefore employed to stimulate 
the calcium receptor, while simultaneously blocking Caz+ entry through 
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Fig. 3. Both Gd3+ and Ca2+ (in the presence of nimodipine to block L-type Ca2+ chan
nels) stimulate vesicle acidification in parafollicular cells. Gd3+ is also a Ca2+ channel 
blocker. It is presumed that vesicle acidification in response to either agonist is due to 
stimulation of the plasmalemmal calcium receptor. Note that Gd3+ is more potent than 
Ca2+; however, the concentration-effect curves for the two agonists are parallel 



Regulation of the Environment of the Interior of Serotonin-Storing Vesicles 165 

plasmalemmal Ca2
+ channels. Gd'+ was found to be a potent inducer of vesicle 

acidification; the concentration-effect curve for Gd3+ is parallel to that of Ca1+, 
suggesting an action on the same receptor; however, the potency of Gd3+ (ED:;II 
= 52J.1M) is ~tenfold greater than that of Ca2+ (EDso = 636J.1M) (Fig. 3). 
As expected, Gd3+ does not evoke 5-HT secretion, because entry of Ca2+ 
through calcium channels is absolutely required for exocytosis. Gd3+ causes 
vesicles to acidify, even in the presence of ethyleneglycoltetraacetic acid 
(EGT A) and nimodipine (lOJ.1M), confirming that its effects are independent 
of [Ca2+L. These data suggest that the parafollicular cell calcium receptor can 
induce vesicle acidification, even if Ca2+ from the external solution is pre
vented from entering parafollicular cells; but since Gd3+ blocks Ca2+ channels, 
which are necessary for exocytosis, the action of Gd3+ does not, by itself, make 
clear whether activation of the calcium receptor is capable of inducing exocy
tosis as well as acidification. Conceivably, if calcium channels had not been 
blocked by Gd"+, stimulation of the receptor might have induced secretion. 
The action of Gd3+ also establishes that if increased cytosolic [Ca2+]i is a signal 
that leads to vesicle acidification the signaling pathway must include the re
lapse of [Cac+], from an internal source. 

Since stimulation of the calcium receptor evokes vesicle acidification, as 
the results with Gd3+ suggest, it is difficult to understand why Ba2+, which binds 
to the calcium receptor and induces secretion (see above), does not cause 
vesicles to acidify. The answer to this seeming paradox is that Ba2+ evidently 
antagonizes signal transduction from the calcium receptor by an internal ac
tion. As a result, Ba2+ does induce vesicle acidification when its entry into 
parafollicular cells is blocked. When entry of Ba2+ into parafollicular cells is 
prevented by simultaneously exposing cells to nimodipine, Ba2+ causes vesicles 
to acidify. This observation suggests that Ba2+ activates the calcium receptor, 
but this action can be negated by an opposing intracellular action of Ba2+. 
Indeed, the effects of submaxima1 concentrations of Ba2+ and Gd3+ on vesicle 
acidification are additive. The additive action can be explained by the ability of 
Gd3+ to block Ca2+ channels and prevent Ba2+ from entering parafollicular cells. 
If Ba"+ does not enter the cells, then its action is confined to stimulation of the 
calcium receptor on the cell surface, and vesicle acidification proceeds. 

I. Induction of Binding of eSS]GTPrs to Gcxi and Gaq by 
Stimulation of Parafollicular Cells by the Calcium Receptor 
Agonists Ca2+ or Gd3+ 

The G proteins that are coupled to the calcium receptor were identified by 
incubating isolated parafollicular cell membranes with [35S]GTP')8 in the pres
ence of a ligand (Gd'+ or Ca2+). The radioactivity immunoprecipitated by 
antibodies that react specifically with Gai, Gaq, or all known Ga-subunits was 
then determined. Both Ca2+ and Gd3+ were found to stimulate the binding of 
[ 35S]GTP)8 to Gai and, to a much lesser extent, to Gaq. Treatment of the 
membranes with pertussis toxin (PTx) abolished the binding of C5S]GTP)8 to 
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Gai; however, the ligand-stimulated binding of [35S]GTP)S to Gaq was unaf
fected. Since PTx blocks the agonist-induced binding of [35S]GTP}S to Gai, 
but not Gaq, the effects of PTx on vesicle acidification were determined. If the 
critical G protein involved in the transduction of calcium receptor stimulation 
is Gi, then PTx would be expected to inhibit the acidification of vesicles. In 
contrast, if a significant component of the pathway is dependent on the cou
pling of the receptor to Gq, then vesicle acidification should be at least rela
tively resistant to inhibition by PTx. In fact, PTx was able to virtually abolish 
agonist-induced vesicle acidification. It thus seems that Gi, rather than Gq, is 
essential for coupling the calcium receptor to the acidification of secretory 
vesicles. 

Although not essential for acidification of secretory vesicles, entry of Ca2+ 
from the outside appears to contribute to signal transduction. Under physi
ological conditions, when parafollicular cells are stimulated by elevated [Ca2+]e 
and not by Gd3+, plasmalemmal voltage-sensitive Ca2+ channels do mediate 
Ca2+ entry and lead both to acidification of secretory vesicles and to secretion. 
At low concentrations, [Ca2+]e can, as noted above, acidify vesicles even in the 
presence of nimodipine; however, the increment in acidification that occurs at 
concentrations of [Caz+]e above 1-2mM is nimodipine sensitive. In contrast to 
vesicle acidification, secretion of 5-HT evoked by increased [Ca2+]e is abolished 
by nimodipine, suggesting that Caz+ entry from the external medium is abso
lutely essential for exocytosis, even though it is not essential for vesicle acidi
fication. This conclusion was confirmed by using thapsigargin (10,uM; 60min) 
to deplete Ca2+ from the endoplasmic reticulum. Thapsigargin irreversibly 
inhibits the transport of Ca2+ into the ER and other inositol trisphosphate 
(IP3)-releasable Ca2+ pools, leading eventually to depletion of internal stores of 
Ca2+ (GHOSH et al. 1991; LYTTON et al. 1991). Thapsigargin does not affect 
plasmalemmal Ca2+ pumps or channels. Exposure of isolated parafollicular 
cells to i[Ca2+]e evoked 5-HT secretion, even when internal stores of Caz+ were 
depleted by thapsigargin. Internal, IP3-releasable Ca2+ stores are thus not 
essential for exocytosis, although, as we have seen, they probably are essential 
for vesicle acidification. 

II. Release of Ca2+ from Internal Stores and Increase in Cytosolic 
[Ca2+]j by Activation of the Calcium Receptor 

The observations that ligands for the calcium receptor, such as Gd3+, and the 
influx of Ca2+ through Ca2+ channels, can each induce vesicle acidification, 
suggest that [Ca2+1 is an important signal in mediating the response. The 
calcium receptor could induce the release of Ca2+ from the endoplasmic reticu
lum, thereby enabling the calcium receptor to be effective even in the absence 
of [Ca2+]e. Pura-2 was therefore used to evaluate the effects of exposure to Gd3+ 
on [Ca2+]i. Gd3+ was found to cause an increase in [Ca2+]i. The source of the 
Ca2+ responsible for the Gd3+-evoked increase in [Ca2+]i was investigated by 
exposing isolated parafollicular cells for 60min to thapsigargin (10,uM). 



Regulation of the Environment of the Interior of Serotonin-Storing Vesicles 167 

Thapsigargin, by itself, evoked an initial transient increase [Ca2+];, which rap
idly dissipated. Secretory vesicles acidified briefly during the transient increase 
of [Ca2+]; induced by thapsigargin. This observation itself suggests that eleva
tion of [Ca2+]; is sufficient as signal to induce the acidification of secretory 
vesicles. The acidification in response to thapsigargin was rapidly lost as the 
[Ca2+]; declined. Parafollicular cells were challenged with the calcium receptor 
agonist Gd3+ 60min after application of thapsigargin, when the [Ca2+]; was no 
longer elevated, and secretory vesicles were no longer acidic. Pretreatment 
of parafollicular cells with thapsigargin blocked the ability of Gd3+ to 
increase [Ca2+]; and also to acidify secretory vesicles (TAMIR et a1. 1996). These 
data suggest that stimulation of the calcium receptor by Gd3+ leads to the 
release of Ca2+ from the endoplasmic reticulum and that the consequent eleva
tion of [Ca2+]j is both necessary and sufficient to trigger acidification of 
parafollicular secretory vesicles. Similarly, low concentrations of [Ca2+L also 
evoked a rise in the concentration of [Ca2+]j' even in the presence of 
nimodipine. Again, the rise in [Ca2+]j induced by low concentrations of [Ca2+L 
was prevented by pretreatment of cells with thapsigargin. These data are 
consistent with the idea that low concentrations of [Ca2+]c' like Gd3+, activate 
the calcium receptoL which leads to the release of Ca2+ from the endoplasmic 
reticulum. 

Since the calcium receptor is a G-protein-coupled receptor and its 
action evidently depends on the release of [Ca2+]; from the endoplasmic reticu
lum. it is likely that the Gi activated by the calcium receptor stimulates 
a phosphoinositide-specific phospholipase C. The hydrolysis of phos
phoinositides by a phosphoinositide-specific phospholipase C to produce IP3 

and diacylglycerol (DAG) is the most common mechanism of introducing to 
the cytosol an activator of [Ca2+];-releasing receptors on the endoplasmic 
reticulum. The IP] resulting from the action of a PI-PLC could thus be the 
signal that evokes the release of Ca2+ from the endoplasmic reticulum. U73122. 
a selective phosphoinositide-specific phospholipase C inhibitor, but not its 
inactive congener. U733433, blocked both Ca2+_ and Gd3+-induced vesicle 
acidification (TAMIR et al. 1996). These observations suggest that the Gi, which 
is activated by the calcium receptor, stimulates a phosphoinositide-specific 
phospholipase C to generate IP, and increase [Ca2+];. The Gi could activate 
the phosphoinositide-specific phospholipase C either through its (X- or f3y
subunits, each of which has previously been found to stimulate this enzyme 
(BLANK et a1. 1991; MURTHY and MAKHLOUF 1995). 

Further experiments were carried out in order to clarify the role played in 
the acidification signal transduction pathway by elevated [Ca2+]j. An 
unsurprising observation was that the calmodulin inhibitors W-7 (50 pM) and 
trifluoperazine (15 pM) each almost completely blocked agonist-induced acidi
fication of secretory vesicles (T AMIR et a1. 1994c). Parafollicular cells were also 
found to contain NADPH diaphorase, which was demonstrated histochemi
cally, and nitric oxide synthase (NOS), which was demonstrated immunocy
tochemically (T AMIR et a1. 1996). NOS has been shown to have N ADPH 
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diaphorase activity (DAWSON et al. 1991; HOPE et al. 1991). The constitutive 
form of NOS is known to be activated by increased [Ca2+1; therefore, the 
involvement of NO production in the signal transduction pathway leading to 
acidification of secretory vesicles was tested. The idea that NO is interposed in 
the signaling pathway has been supported by four observations: (a) exposure 
of parafollicular cells to sodium nitroprusside, which generates NO (BERT and 
SNYDER 1989), causes parafollicular secretory vesicles to acidify (TAMIR et al. 
1996). (b) L-N-5-(1-iminoethyl) ornithine (imino-ornithine), which is an irre
versible inhibitor of NOS (MCCALL et al. 1991), blocks Gd3+-induced vesicle 
acidification (T AMIR et al. 1996). (c) If NO is involved in signaling, it is likely to 
activate guanylate cyclase (one of the NO receptors), thereby producing 
cGMP (YOUNG et al. 1993). LY83583, a guanylate cyclase inhibitor (PANDOL 
and SCHOEFFIELD-PAYNE 1990), does indeed antagonize Gd3+-induced vesicle 
acidification (TAMIR et al. 1996); moreover, exposure of parafollicular cells to 
dibutyryl cGMP induces the acidification of secretory vesicles and this re
sponse to dibutyryl cGMP is not inhibited either by L Y83583 or by imino
ornithine, as would be expected of agents that antagonize steps in the 
production of cGMP, but not its action. (d) RpcGMPS, an inhibitor of cGMP
dependent kinase, blocks the acidification of vesicles induced by calcium 
receptor agonists, implying that vesicle acidification depends on the 
phosphorylation of a protein by an enzyme activated by cGMP. These obser
vations thus provide strong support for the idea that NO participates in the 
signal transduction pathway that couples the calcium receptor to the acidifica
tion of secretory granules in parafollicular cells. 

Since the acidification of vesicles, induced by neither nitroprusside nor 
dibutyryl cGMP, is associated with an increase in [Ca2+l, it is likely that NO 
acts at a step in the signal transduction pathway that is distal to that affected 
by [Ca2+k This conclusion is consistent with the hypothesis that Ca2+j 
calmodulin activates NOS and thus acts prior to the generation of NO. NO 
activates guanylyl cyclase, which in turn activates cGMP-dependent kinase (G 
kinase). The G-kinase inhibitor Rp-cGMPS antagonizes vesicle acidification, 
suggesting that this enzyme gates the vesicular cr channel, directly or via a 
regulatory intermediate. Phosphorylation of p64 is then associated with chan
nel opening (TAMIR et al. 1994c). 

Even if one accepts the evidence that NO, cGMP, and a G-kinase are 
responsible for gating the cr channel in the membranes of parafollicular 
secretory vesicles that regulates the acidification of the vesicles, it does not 
necessarily follow that this transduction pathway is the only route from the 
calcium receptor to vesicle membrane. DAG is generated along with IP3 as a 
result of activation of the calcium receptor. DAG is a well-known activator of 
PKC. It is therefore necessary to determine whether PKC also contributes to 
calcium receptor-mediated vesicle acidification. Strong evidence, in fact, sug
gests that it does (TAMIR et al. 1996). The PKC activ<:ttor phorbol myristyl 
acetate is a potent inducer of vesicle acidification. In contrast to the calcium 
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receptor agonists Gd'+ or increased [Ca2+L, however, phorbol myristyl acetate 
does not increase [Ca2+]j. The acidification induced by phorbol myristyl acetate 
is also unaffected by inhibitors of NOS or guanylyl cyclase. The re
sponse of vesicles to phorbol myristyl acetate is blocked by staurosporin 
and by other, more selective PKC inhibitors, including calphostin C and 
chelerythrine. Neither staurosporin nor the other PKC inhibitors, however, 
inhibit the acidification of vesicles induced by the calcium receptor 
agonists Gd3+ or increased [Ca2+Jc. Similarly, chronic downregulation of 
PKC (by prolonged exposure to a phorbol ester) blocks the acidification 
of secretory vesicles in response to phorbol myristyl acetate, but it fails to 
affect the acidification of vesicles that occurs in response to Gd3+ or i[Ca2+]c' 
These observations indicate that PKC can, when activated, cause para
follicular vesicles to acidify, but the enzyme is not likely to be a physi
ologically significant factor in transducing calcium receptor-related vesicle 
acidification. 

Since there is a nimodipine-sensitive increment in vesicle acidification, 
which becomes active at concentrations of [Ca2+Jc higher than those needed to 
stimulate the calcium receptor, there is a second pathway that also opens cr 
channels in the membranes of secretory vesicles. The fact that PKC is not 
physiologically involved in signal transduction of responses initiated by the 
calcium receptor does not rule out the possibility that PKC contributes physi
ologically to the Ca2+-channel-related acidification of secretory vesicles. Nei
ther the chronic downregulation of PKC nor the PKC inhibitor staurosporin 
affects the nimodipine-insensitive component of vesicle acidification (the 
calcium receptor-mediated response); nevertheless, both the chronic 
downregulation of PKC and staurosporin block the nimodipine-dependent 
increment in vesicle acidification that occurs at high concentrations of [Ca2+]c 
These observations are consistent with the ideas that PKC does not contribute 
to the calcium receptor-induced acidification of vesicles, but PKC is respon
sible for an increment in vesicle acidification evoked by the entry of Ca2+ 
through nimodipine-sensitive calcium channels (TAMIR et al. 1996). 

III. Electrophysiological Characterization of Plasmalemmal Ca2+ 

Channels of Parafollicular Cells 

Electrophysiological studies have been carried out to characterize ion chan
nels in the plasma membrane of isolated parafollicular cells (HSIUNG et al. 
1993; MITRAL et al. 1994). Measurements of membrane potential, using whole
cell-perforated patch recordings, indicate that a high concentration of [Ca2+]e' 
lOmM, induces a slow depolarization of the cells, with an associated increase 
in membrane conductance. This effect causes a rhythmic series of action 
potentials that continue until the [Ca2+]e is returned to its resting level, 2.5 mM. 
Imaging of cells loaded with Fura-2 reveals that exposure of parafollicular cells 
to this high concentration of [Ca2+L causes a rhythmic series of oscillations in 
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[Ca2+1 that coincides with the period during which [Ca2+]c is elevated. Under 
voltage clamp conditions (Vmax = -60mV), application of lOmM [Ca2+]e is 
found to stimulate an inward current in parafollicular cells that does not return 
to baseline until the high concentration of [Ca2+]e is washed out. Pretreatment 
of cells with non-subtype-selective Ca2+ channel blockers (La3+ or Gd3+) pre
vents the depolarization induced by lOmM [Ca2+]e. Nimodipine, which inter
feres with the increase in [Ca2+l, also inhibits the depolarization induced by 
10mM [Ca2+]c, but not as strongly as does La3+. These data are compatible with 
the idea that the changes in membrane conductance induced by exposing 
parafollicular cells to an elevation of [Ca2+]e contribute to the ability of high 
concentrations of [Ca2+]e to act as a secretogogue. The relationship between 
the calcium receptor, depolarization of parafollicular cells, and the opening of 
voltage-gated Ca2+ channels in their plasma membrane remains to be deter
mined. Parafollicular cells also express voltage-dependent Na+ channels in 
their plasma membrane (DERIEMER et al. 1991). These channels may playa 
role in secretory mechanisms since secretion induced by exposing 
parafollicular cells to elevated levels of [Ca2+]e is partially inhibited by 
tetrodotoxin. 

IV. Real-Time Measurement of 5-HT Secretion from Single 
Parafollicular Vesicles 

The secretion of 5-HT by cultured parafollicular cells has recently been stud
ied with an amperometric detection method that permits the release of 5-HT 
from single exocytotic events to be detected (personal observations, in col
laboration with Dr. David Sulzer of Columbia University). This method em
ploys a carbon fiber electrode to measure 5-HT. Single exocytotic events 
appear as spike-like oxidation currents, with a good time resolution. The mean 
quantal content of released 5-HT was found to be 100242 and the maximum 
was 265000 molecules. Preliminary observations suggest that repeated stimu
lation of parafollicular cells gives rise to a gradually increasing degree of 
acidity in the secretory vesicles. In parallel, the quantal content of secreted 5-
HT also appears to increase. Blockade of the increment in vesicle acidification, 
for example by inhibition of the vesicular H+ ATPase, prevents the increase in 
quantal content of secreted 5-HT that accompanies repeated stimulation. 
These observations suggest that the acidification of vesicles may serve to make 
them more efficient carriers of transmitter. As acidification increases, the 
vesicles would be expected, as noted above, to load increasing quantities of 5-
HT, because the transmembrane transport of 5-HT into vesicles is driven by 
the ~pH across the vesicular membrane (ClDON et al. 1991). In addition, the 
acidification of vesicles would be expected to enhance the dissociation of 5-HT 
from intravesicular (or membrane-bound) SBP, and thus promote its diffusion 
to the extracellular medium at the time of exocytosis. The binding of 5-HT to 
SBP is strongly inhibited when the ambient pH falls below 6.6 (BARASCH et al. 
1987b). 
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CHAPTER 7 

Molecular Biology and Transductional 
Characteristics of 5-HT Receptors 

P.R. HARTIG 

A. Serotonin, the Largest 7TM Neuroreceptor Family? 
Serotonin is an ancient neurotransmitter. Phylogenetic comparisons suggest 
that the earliest serotonin receptor may have first appeared over 700 million 
years ago (PEROUTKA and HOWELL 1994). It is released from fiber tracts origi
nating in primitive brainstem regions (the raphe nuclei of the brainstem reticu
lar formation), and is found in species as ancient as Aplysia, Caenorhabditis 
eiegans, and Drosophila. In addition, its synapses and receptors are widely 
distributed throughout the brain. serving many broad modulatory roles for 
diverse brain functions. It is not surprising, then. that serotonin receptors are 
primarily of the G-protein-coupled. 7-transmembrane receptor (7TM) class 
since these receptors couple to enzymatic and ion channel-modulating second 
messenger pathways (primarily adenylate cyclase. phosphoinositide turnover, 
and potassium channel modulation) which exhibit time constants in the second 
to millisecond range, consistent with broad signal modulation and gain-setting 
functions in the brain. 

The broad distribution and diverse roles of serotonin are reflected in its 
large complement of 7TM receptor SUbtypes. These number 12 SUbtypes in 
man (13 in rodents) plus several pharmacologically unique species homo
logues (see below) plus a single ligand-gated ion channel subtype (5-HT3)' At 
present, this diversity of 7TM receptor subtypes appears to be the largest 
known for any neurotransmitter. This diversity may be a direct result of the 
ancient origin, broad regional distribution and wide-ranging roles of serotonin. 
These factors may have driven the evolutionary expansion and divergence of 
serotonin receptor subtypes by an overall process of gene duplication, evolu
tionary divergence. and fixation in the genome of new receptor subtypes (as 
occurred in the hemoglobin and homeobox gene families (WILLS 1993». 

This review surveys the diversity of mammalian cDNA and genomic 
clones reported for serotonin receptors. information on second messenger 
coupling of these subtypes in transfected cell systems, and insights provided by 
molecular biological approaches such as receptor mutagenesis, chimeric re
ceptor studies, gene knockouts, and antisense oligonucleotides. Only minimal 
comments will be provided on the distribution and roles of serotonin receptor 
subtypes since these are covered in other chapters. Additional reviews on the 
molecular biology of serotonin receptors include those by JULIUS (1991), BEER 
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et al. (1993), BOESS and MARTIN (1994), and LUCAS and HEN (1995). Informa
tion on the chromosomal localization of both mouse and rat serotonin recep
tor genes can be found in the review by LUCAS and HEN (1995) and is not 
reviewed here. 

B. Receptor Families and Subtypes 
To date, 14 unique serotonin receptor subtypes and their related genes have 
been described in mammals, along with many additional species homologues 
(orthologous genes) that represent the "equivalent" receptor subtype in a 
different species [see HARTIG et al. 1992 for a discussion of species homologues 
(orthologues) of serotonin receptor genes]. With the exception of the 5-hts8 
receptor (see below), all mammalian species studied to date appear to have the 
same set of functional serotonin receptor genes. This has led to a consistent 
molecular nomenclature for these mammalian serotonin receptor subtypes 
(HOYER et al. 1994; HARTIG et al. 1996) as shown in Table 1. The current 
nomenclature has evolved over the past 20 years from the surprisingly 

Dendogram of the Serotonin Receptor Family 

5-HTJA 

5-HTJB 

5-HTJD 

5-HTJE 
5-HTJF 

5-HTSA 

5-HTsB 

'---------15-HT7 1 

} 

5-lHIT2A } 

5-lHIT 2C 

5-lHIT 218 

~ _________ 15-HT4 I 

~--------15-HT61 

5-HTJ Subfamily 

5-HT2 Subfamily 

Fig. 1. Dendogram of the transmembrane amino acid identities between the 13 seroto
nin 7TM receptors. The lengths of line segments along the x-axis are proportional to 
the number of transmembrane amino acid differences between the receptor sequences 
shown in Fig. 2. A1l5-HTJ receptors are strongly coupled to Gior Go (adenylate cyclase 
inhibition) and all 5-HT2 receptors are strongly coupled to G q or G l1 (activation of 
phosphoinositide hydrolysis). The subtypes within boxes (5-HT4' 5-HT6' 5-HT7) are 
strongly coupled to Gs (adenylate cyclase stimulation) but are not closely related and 
thus do not form a subfamily grouping. The second messenger coupling of the 5-ht5 
receptors is unknown 
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Table 1. The current recommended serotonin receptor 
nomenclature (HOYER et al. 1994; HARTIG et al. 1996) is 
shown below, utilizing a capital letter 5-HT designation for 
those subtypes that have fulfilled, and a small letter 5-ht 
designation for those subtypes that have not yet fulfilled, 
all of the operational, structural, and transductional 
criteria needed for full receptor subtype classification. 
Some of the previous names used for each serotonin 
subtype and their genes, which are found in the published 
literature, are also listed. The pharmacological properties 
of each receptor subtype may differ significantly between 
different species so the use of lowercase letters to design
ate the species from which the clone was obtained is 
encouraged in those cases (e.g., h5-HTm; see HARTIG et al. 
1996). All of these subtypes appear to be represented by 
single-copy genes in all studied mammalian genomes with 
the single possible exception of the 5-htsB receptor, which 
may be an inactived gene in the human genome (see 
Section C. XII) 

Preferred subtype 
name 

5-HT IA 
5-HT1I3 

5-HT ID 

5-htlE 
5-htlF 
5-HT2A 
5-HT2H 

5-HT2( 

5-HT, 
5-HT4 

5-htsA 

5-htsB 

5-HT" 
5-HT7 

Previous name(s) 

Human 5-HTlDfi' S12, rat 5-HTIB/l 
Human 5-HT'DU' dog RDC4 
S31 
5-HTIE.likC' 5-HTIE/J 
5-HT, 
5-HT;F' SRL gene 
5-HT lC 

5-HT,R-A 

5-HTs,5-HTsu 

5-HTsfJ 

successful initial efforts of pharmacologists to use biochemical and physiologi
cal data to deduce probable molecular subtypes without the benefit of cloning 
or receptor purification. This success may partly reflect the fact that 
most serotonin receptor subtypes are from the same 7TM superfamily 
and share many common features that have facilitated their study. Current 
nomenclature unites molecular and genomic information on serotonin recep
tors (one gene-one subtype) with an older literature on pharmacological (op
erational) and second messenger coupling (transductional) properties of these 
receptors (HARTIG et al. 1996). We have generally found that anyone of these 
criteria (structure, pharmacology, or coupling) will group 7TM receptor sub
types into the same subfamilies. This should not be considered surprising since 
the process of gene duplication, divergence through mutation, and preserva
tion of favorable adaptations in the genome is believed to underlie the evolu-
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Fig. 2. Amino acid sequence alignment of 7TM serotonin receptors. Human receptor 
sequences obtained from the European Molecular Biology Laboratory (http:// 
expasy.hcuge.ch/www/expasy-top.html) were used whenever available (see text for 
original references). Rat sequences were used for the 5-HT4 and 5-hts8 receptors since 
no human sequences have been described. Sequences were aligned by the Multalin 
program (http://www.ibcp.fr/multalin.html). Conserved positions (amino acid identity) 
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are shown by inverted type (white on black). The start and stop posItIOns of the 
transmembrane segments are not known with certainty and are reported in different 
positions by various authors. Note that the amino ends of the transmembrane segments 
alternate between extracellular and cytoplasmic faces of the plasma membrane as the 
receptor winds in and out of the lipid hilayer in a serpentine fashion 
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tion of protein families over evolutionary timescales (WILLS 1993). This pro
cess would be expected to produce subfamilies of closely related genes and 
receptor proteins, much as we observe in the current diversity of 7TM sub
types from the serotonin family, and many other receptor families. In the next 
section, these structural, pharmacological and coupling properties that 
have led to classification into the current serotonin receptor subfamilies are 
reviewed. 

The transmembrane portions of 7TM serotonin receptors, the region be
lieved to encompass the serotonin- and drug-binding site(s) (STRADER et al. 
1994), can be used to group the known subtypes into subfamilies based upon 
their degree of amino acid similarity. Figure 1 shows a dendogram of the 
amino acid similarities among serotonin receptor subtypes. In this figure, the 
length of horizontal line segments connecting subtypes is proportional to the 
number of transmembrane amino acid differences found between receptor 
SUbtypes. Certain clusterings are immediately obvious, including the 5-HT2A , 

5-HT2B , 5-HT2C subfamily, and the group of 5-HT j subtypes, as shown in Fig. 
1. Different authors have shown slightly different dendograms depending on 
how much of the receptor structure is included in the comparison, the assigned 
start and stop positions of transmembrane segments, and whether identity or 
similarity is examined, but all maps agree on the three basic groupings into 5-
HT1 , 5-HT2, and "other" receptor subfamilies. Detailed examination of the 
aligned transmembrane amino acids of serotonin 7TM receptor subtypes (Fig. 
2) reveals several microdomains where this clustering into subtypes is reflected 
in nonconservative amino acid changes. For example, cysteine vs. phenylala
nine at position 9 of TM III and cysteine or serine vs. methionine at position 
12 of TM VI. These subfamily-specific micro domains may be interesting to 
examine for molecular mechanisms underlying certain subfamily differences 
(e.g., the low percentage of agonist high-affinity states formed by 5-HT2 recep
tors). 

Since the clustering of subtypes into subfamilies is based upon the amino 
acid structure of the transmembrane domains, which are believed to contain 
the drug-binding site(s) (STRADER et al. 1994), it is not surprising that related 
receptors within a subfamily often show closely related pharmacological prop
erties that have made it difficult for drug designers to produce truly selective 
ligands. Prime examples are found in the human 5-HTlB and 5-HTJDreceptors, 
which display nearly identical binding affinities for 18 compounds (HARTIG et 
al. 1992), although spiperone and ketanserin display some selectivity. A simi
lar situation exists for the 5-HT2A , 5-HT2B , and 5-HT2C receptors, which have 
been very difficult to separate pharmacologically. It is worth noting that the 
degree of amino acid homology between these difficult-to-separate subtypes is 
not unusual for subfamily members (typically around 75% transmembrane 
identity). What appears to distinguish these pharmacologically difficult-to
separate receptors is the lack of amino acid substitutions in those critical 
domains involved in drug binding. Site-directed mutagenesis studies have 
shown that single amino acid substitutions can dramatically alter the receptor-
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binding properties of serotonin receptors if they occur within or near the 
proposed drug-binding site (e.g., see KAO et al. 1992). For these "difficult" 
subtypes, it would appear that those random or selected amino acid substitu
tions that drove the separation and fixation of duplicated genes simply did not 
occur in the vicinity of the drug-binding site. Since the tiny natural ligand 
serotonin was probably the only significant ligand encountered by serotonin 
receptors in the course of their evolution, this should perhaps not be surpris
ing. As far as classification schemes are concerned, it is difficult to define an 
appropriate ligand basis set for determining the degree of "relatedness" of 
receptor SUbtypes. Nevertheless the cases of difficult-to-separate subtypes and 
the frequent observation that similar chemical structures generally exhibit 
highest binding to related receptors within a subfamily serves to further vali
date the current groupings. 

The classification of subtypes by amino acid similarity parallels the cluster
ing of subtypes observed when quite different structural classification criteria 
are examined, such as gene structure (number and positions of introns) and 
the lengths of two receptor segments known to be critical for G protein 
coupling, the third intracellular loop, and the carboxy tail. All genes of the 5-
HT j subfamily, for example, are composed of a single exon across the protein
coding region, whereas the coding region of the 5-HT2 subfamily is interrupted 
by at least two introns in the coding region, one within the first extracellular 
loop (01) joining transmembrane segments 2 and 3 (TM II to TM III) and one 
in the middle of TM IV (FOGUET et al. 1992a; STAM et al. 1992, 1994). All three 
5-HT2 genes contain these same two introns in the same two positions, suggest
ing a common evolutionary origin. The 5-HT2C receptor contains at least one 
additional coding region intron which is not found in the other two SUbtypes. 
This additional intron is found in the amino-terminal segment of the 5-HT2C 

receptor, 40 amino acids upstream of TM I (FOGUET et al. 1992a; STAM et al. 
1994).The positions of all three coding region introns of the 5-HT2C receptor 
are conserved in both the human (STAM et al. 1994) and mouse (FOGUET et al. 
1992a) homologues. as are the positions of the two introns in the 5-HT2A 

receptor gene in the rat (FOGUET et al. 1992a) and human (STAM et al. 1992) 
genomes. The remaining serotonin receptor SUbtypes, 5-HT4' 5-HTs, 5-HTo' 
and 5-HT7' all contain at least one coding region intron, but the positions are 
different in each receptor subtype, with the possible exception of the 5-HT5A' 
5-HT5B' and 5-HT6 receptors, which all appear to contain a splice site in the 
third intracellular loop (MATTHES et al. 1993; MONSMA et al. 1993). It is also 
interesting to note a strong overlap of certain serotonin receptor intron posi
tions with a variety of dopaminergic and peptidergic receptor sites (STAM et al. 
1994), perhaps pointing to a distant common ancestor gene. 

The lengths of two protein segments critical to interaction with the u
subunit of the G protein, the i3100p and the carboxy tail (STRADER et al. 1994), 
are also conserved in many 7TM receptor subfamilies. Among the serotonin 
receptor subtypes, this relationship also holds, although the lengths of these 
segments are not as well conserved between subfamily members as are other 
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classification parameters. The 5-HT1 subfamily members all exhibit long i3 
loops but short carboxy tails, features commonly associated with Gi-coupled 
receptors (JIN et al. 1992; BEER et al. 1993). The i3 loop of 5-HT1 receptors 
varies from 84 to 90 amino acids (with the single exception of 127 amino acids 
for 5-HT1A), and the carboxy tail is 15-18 amino acids. The 5-HT2 subfamily 
has long segments at both positions: 70-85 amino acids for i3 and 86-98 amino 
acids for the carboxy tail. The remaining subtypes do not resemble each other, 
especially in the carboxy tail region, where the length varies from 15 to 117 
amino acids. 

Signal transduction by these receptor subtypes follows the same subfamily 
patterns expressed by the protein and gene structural analyses. All members 
of the 5-HT1 subfamily exhibit strong inhibition of adenyl ate cyclase activity in 
membrane assays, while all 5-HT2 receptors are tightly coupled to enhance
ment of phosphoinositide turnover. The coupling of each 5-HT1 and 5-HT2 

receptor to its primary second messenger pathway is generally or always 
tighter (more efficient) than coupling to other second messenger pathways, 
although alternative couplings can be observed, especially in the artificial 
environment of a transfected cell host where very high receptor expression 
densities can be obtained and receptors may be associated with G proteins not 
encountered in their native cell environment. For example, the 5-HT1A recep
tor can couple to inhibition of f3-adrenergic agonist-stimulated and forskolin
stimulated adenylate cyclase activity when a 5-HT1A genomic clone is 
transfected into He La or COS-7 cells; yet it can also stimulate phospholipase 
C (PLC) activity in the HeLa cell host (FARGIN et al. 1989) and further 
stimulates phosphate uptake via a protein kinase C pathway (RAYMOND et al. 
1989). The PLC-coupling pathway appears to be much weaker, however, than 
the coupling to Gi and adenylate cyclase inhibition as demonstrated by the 
much higher agonist concentration required to elicit PLC coupling (FARGIN et 
al. 1989). Furthermore, transfection of the 5-HT1A receptor into Escherichia 
coli, which is devoid of endogenous G proteins, demonstrated that this recep
tor couples efficiently to Gi a-subunits, but only very weakly to Go and not at 
all to Gs (BERTIN et al. 1992), indicating a high degree of selectivity for Gi 
pathways. These data that the 5-HT1A receptor shows a strong preference for 
Oi-coupling pathways in transfected systems are in agreement with studies 
showing a preferred link to adenylate cyclase inhibition in native tissues 
(HOYER et al 1994). Similar cross-reactivities of transfected receptors with 
different G proteins (promiscuity) have been observed for many 7TM recep
tors, although a preferred coupling is usually found to occur at a higher 
efficiency than any other, and to agree with the coupling normally observed in 
native tissues. 

Although the predominant data in the 7TM field describe a strong prefer
ential coupling of each receptor to a single G protein, clear exceptions to the 
rule have been described in the case of the calcitonin, thyrotropin, parathyroid 
hormone, and pituitary-adrenal cortex activating peptide (PACAP) receptors. 
For example, the PACAP receptor efficiently couples to both adenylate cy-
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clase stimulation and phosphoinositide hydrolysis in native cell preparations 
(SPENGLER et a1. 1993). Furthermore, different naturally occurring PACAP 
peptide agonists show quite different pharmacological properties and prefer
ential activation of one second messenger pathway over the other (SPENGLER 
et a1. 1993). This dual coupling might reflect a mixture of microdomains in one 
or more cell types, each one containing a different G-protein and coupling 
pathway. Although this degree of complexity in the coupling pathway does not 
yet appear to have been clearly documented for any 5-HT receptor, we should 
remain alert for its presence, especially in restricted anatomical domains or 
cell types. 

A different type of second messenger promiscuity, downstream of Gi
protein activation, has been described for the 5-HT1A receptor and several 
other Gi-coupled receptors (KARSCHIN et a1. 1991). This diversity of pathways 
arises from the ability of activated Gia-subunits to directly activate inwardly 
rectifying potassium channels independently of their ability to reduce adeny
late cyclase activity (CODINA et a1. 1987). Such an activity occurs naturally as a 
component of muscarinic cholinergic activity in cardiac atrial cells. KARSCHIN 
et a1. (1991) used a recombinant vaccinia virus expression vector to express a 
human 5-HT1A receptor in primary cultures of rat atrial myocytes. They dem
onstrated agonist-induced serotoninergic activation of the same inwardly rec
tifying potassium current that is normally activated by the endogenous 
muscarinic cholinergic receptors. These data are in agreement with the dem
onstrated ability of 5-HT1A receptors to activate potassium channels in hippoc
ampal neurons by a pertussis toxin-sensitive mechanism that is independent of 
any soluble cytoplasmic second messenger (ANDRADE et a1. 1986). This direct 
coupling of 5-HTIA receptor activation to potassium channels must be consid
ered as the possihle primary signaling pathway of 5-HT1A receptors in vivo and 
perhaps also for other members of the 5-HT1 receptor subfamily. 

Another indicator of receptor-coupling activity for 7TM receptors is their 
ability to shift agonist high-affinity states to low affinity as they uncouple from 
G proteins in the presence of excess guanyl nucleotides. The presence of the 
G-protein-coupled, high-affinity agonist binding form of transfected cloned 
receptors is often difficult to demonstrate due to the high receptor densities 
typically achieved in transfection systems. This is especially a problem for 
transiently transfected cells where the receptor is probably expressed only by 
a subfraction of all cells, leading to very high local densities of receptor that 
may overwhelm the cell's ability to provide adequate levels of G protein. The 
choice of stably transfected cells containing an array of G proteins and ex
pressing moderate to low levels of receptor often leads to better expression of 
agonist high-affinity states and an ability to demonstrate G coupling via guanyl 
nucleotide-induced shifts. This can be especially useful for demonstrating G 
protein coupling of receptors with no known second messenger response, such 
as the 5-ht5 subtypes (see Sect. C. XI). 

In summary, all these different receptor classification criteria: amino acid 
sequence similarity, lengths of protein segments associated with G protein 
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coupling, gene structure, and preferred second messenger coupling, agree on 
the division of serotonin receptor subtypes into three main subfamilies: the 5-
HTI group, the 5-HT2 group, and an "others" class which includes all adenylate 
cyclase stimulatory (Gs-coupled) receptors. Mapping of these classification 
screens onto the dendogram of serotonin receptor relationships is shown in 
Fig. 1. Although there has been no serious challenge to these groupings, it 
remains unclear why the adenylate cyclase stimulatory serotonin receptors are 
unique in their diversity and failure to cluster into subfamilies, and why sero
tonin appears to be the most extreme case of 7TM receptor diversity among all 
7TM receptor families. Finally, it is worth noting that the previous rapid pace 
of new receptor cloning has slowed considerably, which might indicate that we 
are near the end of serotonin receptor discovery, at least in the well-explored 
7TM superfamily. A number of pharmacological subtypes remain to be fully 
understood, but it is possible that they may consist of mixtures of known 
subtypes (HOYER et al. 1994). Whatever the truth of the matter, we should soon 
have all serotonin and other receptor subtypes available to us due to comple
tion of the human genome project, which has currently produced portions of 
the sequence of an estimated 85% of all human cDNAs and is expected to 
provide nearly complete human genome information sometime near the year 
2002 (CAREY et al. 1995). 

C. Properties of Each Subtype: Clones, Genes, and 
Transduction Pathways 
In the sections that follow, each serotonin receptor subtype is discussed with 
regard to the available clones, orthologous genes in mammalian species, 
known splice variants and pseudogenes, and transductional (second messen
ger) properties. Brief comments on distribution and roles of the subtypes are 
provided, with a more thorough coverage of these topics available in compan
ion chapters of this handbook. 

I. 5-HT lA Receptor 

The first 5-HT1A receptor clone (and the first clone of the serotonin receptor 
family to be isolated) was obtained from a human genomic library screened 
with a i32-adrenergic receptor clone (KOBILKA et al. 1987), although it was not 
identified as a serotonin 5-HT1A receptor until the following year (FARGIN et al. 
1988). A rat genomic clone has also been described, and shown to mediate 
agonist-induced inhibition of both basal and vasoactive intestinal polypeptide 
(VIP)-stimulated adenylate cyclase activity (ALBERT et al. 1990). In the rat, but 
not in humans, three RNA species were observed by Northern blot analysis, 
which led to speculation that different polyadenylation or transcriptional start 
sites might exist in the rat gene (ALBERT et al. 1990). CHANDA et al. (1993) 
described an apparent sequencing error in the original G21 clone, in which 
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they correct one and add one amino acid to the sequence near the start of TM 
IV of the human protein, which brings the sequence and number of amino 
acids (422) into agreement with the rat clone data. 

The transmembrane amino acid sequence of the 5-HT1A subtype is note
worthy for its high degree of homology to adrenergic receptor subtypes (ap
proximately 45%) as well as to other 5-HT1 receptors (approximately 55%, 
which might reflect a distant common ancestry with the adrenergic receptors. 
It is interesting to note that the ~- and fJ-adrenergic receptors are colocalized 
on human chromosome 5 along with the 5-HT1A receptor, although at distinct 
loci (OAKEY et al. 1991). The 5-HT1A receptor gene has been localized to 
human chromosome 5, bands ql1.2 to 13, in the vicinity of the glucocorticoid 
receptor (KOBILKA et al. 1987), whereas the adrenergic receptors are found 
near bands 5q31-34. In the mouse genome, these three receptors are localized 
to different chromosomes. Since similar conserved linkage groups appear 
around each gene in both genomes, the data suggest that the human organiza
tion may be closer to that of a primordial ancestor and that this set of receptor 
genes might have arisen from gene duplication followed by rearrangements 
and translocations of these linkage groups (OAKEY et al 1991). This relation
ship to the adrenergic receptors is also reflected in the pharmacology of the 5-
HT1A receptor, which is noteworthy for its tight binding of certain fJ-adrenergic 
receptor antagonists, such as pindolol. Site-directed mutagenesis has localized 
this adrenergic antagonist selectivity to a single residue in transmembrane 
domain 7, as discussed below. 

The 5-HT1A receptor, and its mRNA, are enriched in the hippocampus, 
septum, amygdala, and raphe nuclei (HOYER et al. 1994; ALBERT et al. 1990; 
MIQUEL et al. 1991), where they may modulate emotional responses via limbic 
pathways. This receptor has been shown to occur both presynaptically as a 
somatodendritic autoreceptor on raphe cells, and postsynaptically on target 
neurons in the hippocampus, although the degree of receptor reserve for the 
somatodendritic autoreceptor appears to be very high (MELLER et al. 1990), 
while there is no reserve for the postsynaptic receptor (YOCCA et al. 1992). This 
differential receptor reserve may underlie the observed therapeutic efficacy of 
the 5-HTll .. -selective partial agonist drug buspirone (Buspar) as an antianxiety 
medication (MELLER et al. 1990; YOCCA et al. 1992). 

The 5-HT1A receptor exhibits a preferred coupling to both inhibition of 
adenylate cyclase activity, and to direct activation of an inwardly rectifying 
potassium conductance as discussed in Sect. B. above. PAUWELS et al. (1993) 
extensively characterized the inhibition of forskolin-stimulated adenyl ate cy
clase activity in HeLa cells stably transfected with the human 5-HT1A receptor 
and found good agreement with previous tissue data. Coupling of this receptor 
to phosphoinositide hydrolysis, phosphate transport, and adenylate cyclase 
stimulatory pathways is much weaker and mayor may not be physiologically 
relevant (see Sect. B.). Rapid desensitization of the cyclase response has 
been observed. VAN HUIZEN et al. (1993) observed a time-dependent 
downregulation and desensitization of adenyl cyclase inhibitory activity to 
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32% of preincubation values for the human 5-HT1A receptor transfected in 
Swiss 3T3 cells. HARRINGTON et al. (1994) examined the desensitization of the 
transfected human receptor in HeLa cells and found that the observed loss of 
high-affinity binding sites and loss of functional coupling was due to activation 
of both protein kinase C and phospholipase A2 pathways. Finally, VARRAULT et 
al. (1994) used synthetic pep tides derived from the second intracellular loop 
(i2) and the carboxy tail of the 5-HT1A receptor to demonstrate that these 
receptor fragments alone can strongly inhibit forskolin-stimulated adenylate 
cyclase activity and trigger guanyl nucleotide exchange of Gi/Go class proteins 
as does the serotonin-stimulated intact receptor protein. 

II. 5-HT1B Receptor 

The 5-HTJB receptor subtype, long known as a pharmacological binding site, 
was first cloned from rat brain (VOIGT et al. 1991) by polymerase chain reaction 
(peR) with degenerate oligonucleotide primers. It was pharmacologically 
identified as a 5-HTJB subtype in binding assays. In parallel, independent 
studies (WEINSHANK et al. 1992; LEVY et al. 1992a; VELDMAN and BIENKOWSKY 
1992), an orthologous gene was isolated from the human genome and shown 
to exhibit a quite different pharmacology, that of a 5-HTlD-binding site as first 
described in bovine caudate. Due to this history, two closely related human 
genes with very similar pharmacological properties came to be named 5-HT lDa 

and 5-HT1Dfi, while the rodent homologue of the 5-HTlDfi gene was most often 
called a 5-HT1B receptor. For a variety of reasons (including simplicity and a 
desire to use the same name for all species homologues), the Serotonin No
menclature Committee has recently recommended that the 5-HT1B nomencla
ture be used for all species homologues of the rat 5-HTlB gene and that the 
human 5-HTlDagene and its homologues be associated with the 5-HT lD recep
tor (HARTIG et al. 1996). 

The rat 5-HT1B receptor was first described as a rat cDNA clone obtained 
by PCR amplification of rat forebrain cDNA with degenerate primers de
signed against monoamine receptors (VOIGT et al. 1991). Although the binding 
properties of this transfected receptor clearly identified it as a 5-HTlB receptor, 
it was not possible to demonstrate coupling to any second messenger system in 
the transfection systems of the original study. Parallel independent reports on 
rat (ADHAM et al. 1992; HAMBLIN et al. 1992) and mouse (MAROTEAUX et al. 
1992) genes also appeared and described adenyl ate cyclase inhibitory actions 
of this receptor in transfected systems. All of these reports described receptors 
with pharmacological properties in close agreement with the previously de
scribed rodent 5-HTlB-binding site. In what may be the most exotic species 
homologue clone of the serotonin receptor family, CERUTIS et al. (1994) re
ported the cloning of a 5-HT1B cDNA from an opossum kidney (OK) cell line. 
The pharmacological and Gi-coupling properties were in agreement with 
those of the rat receptor, and it dispayed overall 82% and 54% amino acid 
identity to the rat and human clones, respectively. 
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Serotonin receptors with the pharmacological properties of this 5-HTlll site 
appear to be restricted to rat, mouse, hamster, and opossum among the animals 
studied so far, and are notably absent from human and most other mammals 
including dog, cow, and guinea pig (HOYER et al. 1994). As suggested earlier by 
HOYER and MIDDLEMISS (1989), cloning of both the human and rat homologues 
of this gene proved that the rat 5-HT11l pharmacology is expressed as a 5-HTlD 
pharmacology in the homologous human receptor (AD HAM et al. 1992). 

The 5-HT11l receptor mRNA was found at its highest levels in Purkinje 
cells of the cerebellum, in the CAl region of the hippocampus, and in the 
caudate-putamen (VOIGT et al. 1991; MAROTEAUX et al. 1992). Comparison of 
this distribution to receptor autoradiography of the 5-HT11l site suggests that 
the receptor may be primarily a presynaptic receptor (heteroreceptor control
ling release of another transmitter) on striatal terminals in the substantia nigra 
and globus palliidus as well as on Purkinje cell terminals on deep nuclei in 
the cerebellum. Involvement of these pathways in motor control suggests a 
possible role for these receptors in the regulation of movement (MAROTEAUX 
et al. 1992). In addition. HAMEL et al. (1993) demonstrated the presence of 
5-HTJll receptor transcripts in both bovine and human cerebral arteries, along 
with a pharmacological response profile suggesting that 5-HTJB receptors, but 
not S-HTIl) receptors. mediate contractile responses in these cerebral blood 
vessels. 

The first 5-HT lll human clones were isolated from human genomic librar
ies using low-stringency homology screening with various probes (WEINSHANK 
ct al. 1992: LEVY et al. 1992a; VELDMAN and BIENKOWSKY 1992) or PCR 
amplification with degenerate primers (DEMCHYSHYN et al. 1992; JIN et al. 
1992). These identical clones, originally named 5-HTlDiJ' human 5-HTlll' or 
S12, encoded a receptor which displayed a S-HTJD pharmacological profile and 
a large GTP-sensitive component of high-affinity agonist binding (LEVY et al. 
1992a; DEMCHYSHYN et al. 1992). A restriction fragment length polymorphism 
has been reported for this human gene (DEMCHYSHYN et al. 1992), which could 
aid in exploring its role in human disease and normal physiology. In addition, 
the human 5-HT lB receptor contains a carboxy-terminal cysteine that has been 
implicated as a site for palmitoylation while the closely related human 5-HT lD 

receptor lacks this residue (DEMCHYSHYN et al. 1992). Northern blot analysis 
has shown two RN A transcripts in human brain, which may indicate the use of 
alternative transcription start sites (JIN et al. 1992). 

The transfected human 5-HTlB receptor was found to potently inhibit 
adenyl ate cyclase activity in various assays and seemed inactive at stimulating 
intracellular calcium signaling in mouse L cells coexpressing the muscarinic 
M5 receptor (LEVY et al. 1992a). In contrast, ZGOMBICK et al. (1993) demon
strated strong coupling of the transfected human 5-HTlB receptor to elevation 
of intracellular calcium in their mouse fibroblast LM(tk-) cell line and a weak 
coupling to phosphoinositide hydrolysis. This group demonstrated that the 
majority of this intracellular calcium is released from intracellular stores and 
that similar dual coupling to adenylate cyclase inhibition and intracellular 
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calcium elevation has been noted for several Gi-linked receptors (ZGOMBICK et 
a1. 1993). 

ADHAM et a1. (1993a) investigated the receptor reserve, ECso values, and 
apparent intrinsic activities of a variety of partial agonists in a transfected rat 
5-HTJB receptor expression system. They demonstrated that a high degree of 
receptor reserve exists in these cells, which causes a strong leftward shift in 
dose-response relationships for agonists (compared to binding data) and 
causes some partial agonists to appear to be full agonists in this system. Since 
these experiments were done at receptor expression levels that are commonly 
found in transfection systems, and since information was presented that strong 
receptor reserve may exist even in some cell lines that express modest levels 
of receptors, this study indicates that extreme caution must accompany the 
interpretation of response data and intrinsic activity dt;terminations in all 
transfected receptor studies. Furthermore, high degrees of receptor reserve, 
which may or may not reflect receptor responses in native tissues, can be 
expected to dominate response data from cloned receptors in expression 
systems. 

In nonrodent mammalian species, the 5-HT1B receptor appears to be 
significantly more abundant than the 5-HTJD receptor (HOYER et a1. 1994), 
which would mean that human 5-HTJDpharmacological responses may well be 
dominated by the 5-HT1B gene product. The lack of highly selective ligands 
which can discriminate between the human 5-HTlD and the human 5-HTJB 
receptors has hampered investigation of these receptors. Since the 5-HTJB 
receptor mRNA appears to be much more abundant, it is important to keep in 
mind the large species-specific pharmacological differences which exist be
tween 5-HTJB and 5-HTJD receptors. This is especially important since both 
receptors may serve as autoreceptors and heteroreceptors in many overlap
ping brain regions (HOYER et a1. 1994). 

The striking pharmacological differences between the rat and human 5-
HTlB receptors have been shown to reside primarily in a single transmembrane 
7 asparagine residue that was shown to confer adrenergic ligand binding to the 
5-HT1A receptor (METCALF et a1. 1992; OKSENBERG et a1. 1992). This provides 
one of several examples in the serotonin receptor family in which a single 
transmembrane amino acid change in the course of species divergence during 
evolution has conferred markedly different ligand binding (pharmacological) 
properties to receptors which are otherwise quite equivalent in structure and 
function (see Sect. D). 

III. 5-HTm Receptor 

The first 5-HTJD clone to be isolated was RDC4, a dog cDNA clone obtained 
by degenerate PCR amplification of human thyroid cDNA followed by isola
tion of the full sequence from a dog thyroid cDNA library (LIBERT et a1. 1989). 
This group noted that this 7TM receptor most closely resembled the 5-HT1A 

sequence and might therefore be a serotonin receptor. ZGOMBICK et a1. (1991) 
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and MAENHAUT et al. (1991) expressed the canine RDC4 clone in mammalian 
cells and identified its pharmacological binding properties as those of a 5-HT1!) 
sUbtype. ZGOMBICK et al. (1991) observed that serotonin decreased the rate of 
forskolin-stimulated cAMP accumulation in murine LM (tk-) fibroblasts trans
fected with RDC4. In contrast, MAENHAUT et al. (1991) observed a slight 
elevation of cAMP in COS-7 cells transfected with this clone, which remains a 
puzzling observation since the native 5-HTJD receptor is coupled to inhibition 
of cyclase and many other studies have demonstrated a strong coupling of 
various 5-HTlD clones to cyclase inhibition. 

HAMBLIN and METCALF (1991) isolated the human homologue of RDC4 by 
homology screening a human genomic library with a PCR-derived RDC4 
probe, and demonstrated that it exhibited a 5-HTm pharmacological profile, 
coupled to a PTX-sensitive G protein, and inhibited forskolin-stimulated ade
nylate cyclase activity. WEINSHANK et al. (1992) obtained this human 5-HTll) 
clone by homology screening with RDC4, and demonstrated its 5-HTll)-bind
ing properties, coupling to adenyl ate cyclase inhibition and lack of coupling 
to phosphoinositide hydrolysis. NGUYEN et al. (1993) isolated a human 
pseudogene that most closely resembles the 5-HTIV receptor but is interrupted 
by several stop codons, frame shifts, and deletions along with an Alu repeat 
inserted in the coding region. BARD et al. (1995) showed that this pseudogene 
is transcribed, and exhibits a tissue distribution similar to the functional 5-
HTm gene. This 5-HTJD receptor pseudogene may represent a duplicated 5-
HTIV gene (transposition including the promoter region) that diverged from its 
parent through subsequent mutations. Its function was disrupted, probably by 
acquiring a stop codon or other mutations in its coding region. thus ending its 
functional utility. Since this pseudogene would not be under evolutionary 
pressure to maintain its gene sequence, it would be expected to acquire muta
tions at an increased rate, leading to gradual change away from a recognizable 
5-HTm sequence. SHUCK et al. (1993) estimated that this critical mutation 
occurred 35-50 million years ago. and BARD et al. (1995) demonstrated the 
presence of the 5-HTJ[) pseudogene in the African green monkey, where it 
contains the same human Alu repeat sequence that may have been responsible 
for inactivating this gene. 

A rat 5-HTIJ) receptor cDNA clone was reported by HAMBLIN et al. (1992) 
and by BACH et al. (1993). Highest levels of the mRNA for this subtype were 
reported in the pyramidal layer of the olfactory tubercle, caudate. and nucleus 
accumbens, and transcripts were located in the raphe nucleus, suggesting an 
autoreceptor role for this subtype in agreement with pharmacological studies 
(HOYER et a1. (1994». The density of mRNA and receptor protein for the 5-
HTJD receptor appears to be much lower than that of the closely related 5-
HTIB receptor, which has made it difficult to separately evaluate the role of the 
5-HTJD receptor. The 5-HTIV receptor codistributes with the 5-HTJB receptor 
in many brain regions and also seems to provide both autoreceptor and 
heteroreceptor functions (HOYER et a1. 1994). The majority of published stud
ies on 5-HTJD receptor actions in nonrodent species appear to have primarily 
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examined the role of the 5-HTlB component, since ketanserin and ritanserin 
(which exhibit high affinity for the 5-HTJD receptor) were generally inactive 
(HOYER et al. 1994). 

Much confusion has existed in the literature regarding the pharmacology 
and nomenclature of these 5-HTlD and 5-HTlB subtypes (reviewed in HARTIG 
et al. 1992). This situation arose because these two closely related receptor 
sUbtypes surprisingly show two separate deviations from the usual conserva
tion of form and function (amino acid sequence and pharmacological-binding 
properties) seen among other 7TM receptors. The human 5-HTlD and human 
5-HTlB subtypes differ at 23% of their transmembrane amino acid positions (a 
fairly typical number for closely related subtypes, such as dopamine D2 and D4 
receptors or the p-adrenergic receptors), and yet they display essentially iden
tical binding properties for 19 different chemical structures (WEINSHANK et al. 
1992). The second deviation from normal properties was for the human 5-
HTlB versus the rat 5-HTlB receptor orthologues, where 93% overall amino 
acid identity exists between these clones and only seven amino acid differences 
exist in the ligand-binding transmembrane domains. In contrast to most rat vs. 
human species homologues for which ligand-binding properties are nearly 
identical, these two clones show markedly different binding profiles, especially 
for adrenergic ligands. It is not clear why these two unusual deviations occur 
in the same group of 5-HTJD/5-HTJB receptors. 

IV. 5-HTlE Receptor 

LEVY et al. (1992b) were first to report the isolation of this serotonin 5-ht]
like receptor clone, which they originally named S31. In a later study, this 
human genomic clone was shown to couple to adenylate cyclase and was 
pharmacologically characterized by this group (GUDERMANN et al. 1993). In 
parallel, independent studies, ZGOMBICK et al. (1992) and McALLISTER et al. 
(1992) isolated this same human clone and demonstrated that it displayed 
the pharmacological properties of a 5-ht1E-binding site previously character
ized by LEONHARDT et al. (1989), which is distinguished from other 5-HT1 
receptors by its unusually low affinity for 5-carboxamidotryptamine (5-CT). 
This receptor is found primarily in the striatum and cortex, but little is 
known about its possible physiological roles. Aside from the human genomic 
5-htlE clone, no other mammalian clones of the 5-htlE receptor have been 
reported. 

The human 5-ht]E gene was transfected into murine fibroblasts and shown 
to encode for a receptor with high-affinity guanine nucleotide-sensitive [3H]5-
HT binding (ZGOMBICK et al. 1992). When transfected into Y-1 adrenal cells, 
the receptor modestly inhibited (30%) forskolin-sensitive adenylate cyclase 
activity but was inactive at stimulating adenylate cyclase or increasing 
phosphoinositide hydrolysis (ZGOMBICK et al. 1992). When the human 5-ht]E 
receptor was stably transfected into human embryonic kidney cells (HEK 
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293), it exhibited modest inhibition (25%) of forskolin-stimulated adenyl ate 
cyclase, and guanine nucleotide sensitivity of [,H]5-HT binding could not be 
demonstrated (McALLISTER et a1. 1992). Since the degree of adenylate cyclase 
inhibition in both of these studies was smaller than observed with most 5-HTJ 
receptors, the 5-htJE receptor may either display a high selectivity for a Oi 
isoform not abundant in either Y-1 or HEK 293 cells, or it may preferentially 
activate a different second messenger path in vivo (perhaps direct potassium 
channel modulation?). GUDERMANN et a1. (1993) discovered that the degree of 
adenylate cyclase inhibition by the human 5-ht1E receptor is strongly depen
dent on the magnesium ion concentration used in the assay, and speculated 
that other ion channel actions, such as inhibition of calcium currents or 
stimulation of potassium channels, may be the primary signaling pathway of 
this channel. ADHAM et a1. (1994a) transfected the human 5-htJE receptor into 
African green monkey kidney cells (BS-Cl ) and observed potent inhibition of 
forskolin-stimulated adenylate cyclase activity at low serotonin concentra
tions, but potentiation at higher concentrations. The pharmacological profiles 
of the two responses were similar but agonists were more potent at the inhibi
tory action, suggesting that inhibitory pathways are the more efficient and 
perhaps most relevant pathway. 

v. 5-HT1F Receptor 

AMLAIKY et a1. (1992) were the first to report the cloning of a mouse brain 
cDNA clone that later was named the 5-htJf receptor. This group reported a 
moderate degree of inhibition of forskolin-stimulated adenyl ate cyclase activ
ity (35%) using NIH-3T3 cells as their transfection host and localized the low
abundance mRN A for this receptor primarily to forebrain including select 
regions of the hippocampus. 

ADHAM et a1. (1993b) and LOVEN BERG et a1. (1993a) reported human 
cDNA and genomic clones of the 5-htJF receptor. and LOVENBERG et a1. (1993a) 
reported a rat genomic clone. ADHAM et a1. (1993b) demonstrated 74% inhibi
tion of forskolin-stimulated adenyl ate cyclase activity in transfected NIH-3T3 
cells and demonstrated inhibition of high-affinity agonist binding by guanyl 
nucleotides. They also demonstrated a high affinity of the antimigraine medi
cation sumatriptan (Kj of 23nM) for this site. implicating the 5-ht1F receptor, 
along with the 5-HTlD and 5-HTJB receptors, as possible contributors to the 
antimigraine action of this drug. ADHAM et a1. (1993b) observed strong RNA 
hybridization signals for the 5-htlF sequence in uterus, mesentery. and select 
regions of cortex and hippocampus. LOVENBERG et a1. (1993a) demonstrated a 
moderate (32 % ) inhibition of J3-adrenergic-stimulated adenylate cyclase activ
ity in cells cotransfected with the f32 receptor and the rat 5-htlF receptor. They 
also described low-level expression of the receptor mRNA in rat cortex, 
striatum, hippocampus, thalamus, and pons and estimated its abundance at 
0.0001 % of total cortical mRNA. LOVENBERG et a1. (1993a) described the 
presence of an apparent alternative splice site. indicating that an intron is 
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present in the rat gene in the 5'-untranslated region, 42 nucleotides upstream 
of the translation initiation site. 

ADHAM et al. (1993c) investigated the coupling of the human 5-htlF recep
tor to multiple response pathways in two transfection hosts, NIH-3T3 cells and 
LM(tk-) fibroblasts. In NIH-3T3 cells, half-maximal inhibition of forskolin
stimulated adenylate cyclase activity required only 10% occupancy of receptor 
sites by 5-HT, indicating a high degree of receptor reserve and a potent 
coupling activity. Furthermore, in LM(tk-) cells, but not NIH-3T3 cells, mod
erate increases in phosphoinositide hydrolysis and intracellular calcium con
centration were observed when slightly higher doses of 5-HT were applied. All 
three responses (cAMP, IP, and calcium) were sensitive to pertussis toxin, 
indicating a probable involvement of Gi or Go proteins. 

VI. 5-HT2A Receptor 

PRITCHETT et al. (1988) isolated the first 5-HTzA receptor clone from a rat brain 
cDNA library by homology screening with the 5-HTzc sequence. They ob
served a large increase (tenfold) in phosphoinositide (PI) hydrolysis and an 
increase in intracellular free calcium in transfected HEK 293 cells, in agree
ment with data on the native receptor (HOYER et al. 1994). Injection of in vitro 
transcribed rat 5-HTzA RNA into Xenopus oocytes was shown by this group 
to induce a fast-desensitizing inward current response, apparently via 
serotoninergic activation of a calcium-sensitive chloride current as previously 
demonstrated for the 5-HTzc receptor (LUBBERT et al. 1987). JULIUS et al. 
(1990) reported on the same clone with one correction to the nucleotide 
sequence that alters the reading frame and lengthens the amino terminus. Two 
distinct rat brain transcripts were described along with the ability of serotonin 
to activate cellular transformation and focus formation in transfected NIH 3T3 
fibroblasts (JULIUS et al. 1990), as had been previously described for the 5-
HTzc receptor (JULIUS et al. 1989). VAN OBBERGHEN-SCHILLING et al. (1991) 
reported on a hamster fibroblast cDNA clone and demonstrated that the 
mitogenic properties of this receptor require more than PI activation alone. 
Synergistic interactions between PI, Gi, and tyrosine kinase pathways were 
shown to be required for the growth-promoting actions of the 5-HTzA recep
tor. Segments of mouse genomic 5-HTzA clones were reported by FOGUET et al. 
(1992a), indicating the presence of two coding regions introns also found in the 
5-HTzB and 5-HTzc receptors, as discussed above (Sect. B). 

SALTZMAN et al. (1991) first reported the cloning of a human 5-HTzA 
receptor from human brainstem cDNA. They noted that the amino acid se
quences of the human and rat i3 loop are unusually well conserved (98% 
homology), suggesting a strong conservation of G protein coupling. Conserva
tion of this region is not observed in other closely related systems (e.g., 5-
HTzd· STAM et al. (1992) constructed a full-length human 5-HT2A receptor 
gene from a combination of genomic and cDNA clones. They mapped the 
position of the two coding region introns to the same positions as the rat gene, 
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and demonstrated that the first intron is 2.9kb in length while the second is at 
least 3.7kb. The receptor was transfected into Swiss 3T3 cells and the pharma
cological binding properties determined along with the properties of the PI 
response. JOHNSON et a1. (1995) isolated both pig and rhesus monkey cDNA 
clones of the 5-HTzA receptor, and demonstrated that the deduced amino acid 
sequence of both clones is identical to that of the human receptor within 
transmembrane regions, and exhibited 97% and over 99% overall identity, 
respectively. VAN OBBERGHEN-SCHILLING (1991) isolated a hamster fibroblast 
cDNA clone. 

The availability of 5-HT2A receptor clones provided the opportunity to 
test a "two receptor" hypothesis, which proposed that the low density of 
agonist high-affinity sites labeled by the hallucinogenic agonist radioligand 
[,H]DOB (4-bromo-2,5-dimethoxyphenylisopropylamine) was due to the 
presence of a new subtype of the 5-HTzA receptor with very low abundance. 
TEITLER et a1. (1990) and BRANCHEK et a1. (1990) demonstrated that the cloned, 
transfected 5-HT2A receptor expressed the binding sites for both the agonist 
hallucinogen and for classical 5-HTzA receptor antagonists, and that guanyl 
nucleotides could partially interconvert these sites. Thus, the "two state" 
hypothesis, which proposed that DOB binds to the agonist high-affinity con
formation of the 5-HT'A receptor, was supported over the "two receptor" 
theory. 

Site-directed mutagenesis studies have provided information on critical 
amino acids in the ligand- and drug-binding sites of the 5-HTzA receptor, as 
discussed in Sect. D below. Recently, work has begun on the promoter region 
of the 5-HTzA receptor gene. ZHU et a1. (1995) have described SpI, PEA3 
and cyclic AMP response elements, and two novel transcription factors for the 
human gene. Multiple transcription initiation sites were detected, and both 
promoter and silencer regions were characterized. Du et a1. (1995) also iden
tified a number of positive and negative control regions, including a novel 17-
nucleotide inverted repeat promoter element found only in the mouse and rat 
5-HTzA genes. Dissection of the transcriptional control elements of this and 
other serotonin receptor genes will clearly be a major focus for future re
search. one that should eventually allow us to selectively control receptor 
levels in animal experiments. and eventually in human disease states. 

VII. 5-HT2B Receptor 

A preliminary report on a mouse genomic clone which encoded a stomach
fundus-like serotonin receptor (FOGUET et a1. 1992a) was soon followed by full 
reports from several laboratories. FOGUET et al. (1992b) described a rat eDNA 
clone from a stomach fundus library that encoded a receptor which matched 
the binding properties of the stomach fundus serotonin receptor and triggered 
a modest chloride current increase when expressed in Xenopus oocytes. This 
chloride response was less efficient than for the 5-HT2A receptor and exhibited 
a delayed onset of action in response to serotonin. The gene for this receptor 
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contains the same two introns found in the 5-HT1A receptor, but lacks the 
additional N-terminal intron of the 5-HT2C gene (FOGUET et al. 1992a). 

KURSAR et al. (1992) described a rat stomach fundus cDNA clone which 
exhibited coupling to PI hydrolysis when transfected into A V-12 cells. Both 
groups reported that the receptor was expressed at high levels only in stomach 
fundus (KURSAR et al. 1992; FOGUET et al. 1992b ). WAINSCOTT et al. (1993) 
extensively characterized the pharmacological binding and PI response prop
erties of the transfected receptor, and showed that agonists exhibit a strong 
temperature-dependent shift in binding constants (20- to 100-fold) while an
tagonist binding is little affected. 

LORIC et al. (1992) isolated a mouse 5-HT2B clone from a mouse brain 
library, demonstrating its presence in brain even though it appears to express 
at very low levels. SCHMUCK et al. (1994) isolated a human cDNA clone and 
characterized its regional distribution and the PI coupling of the transfected 
receptor. Two introns were described, at the same position as other 5-HT2 
family members. Relatively high levels of expression were found in peripheral 
tissues, including kidney, heart, and intestine. Modest expression was found in 
human stomach, which does not contain any tissue that is homologous to the 
rat stomach fundus. 

VIII. 5-HT2C Receptor 

The 5-HT2C receptor was the second serotonin receptor to be cloned, but the 
first clone to be identified with a previously characterized serotonin receptor 
SUbtype. A fragment of the 5-HT2C receptor was first obtained by a hybrid 
depletion and hybrid enrichment expression strategy in Xenopus oocytes 
(LuBBERT et al. 1987), followed by a report on a full-length rat choroid plexus 
cDNA obtained by an RNA expression library-oocyte injection approach 
(JULIUS et al. 1988). The receptor was transfected in NIH 3T3 fibroblasts and 
shown to exhibit a 5-HT1C binding profile along with a serotonin-stimulated 
rise in intracellular calcium. The abundance of the mRNA for the 5-HT2C 
receptor was estimated at 0.02 % of the choroid plexus messenger RNA popu
lation. Lower levels were noted throughout the brain (JULIUS et al. 1988), and 
were extensively mapped by in situ hybridization by HOFFMAN and MEZEY 
(1989). SALTZMAN et al. (1991) first reported a human brainstem cDNA clone 
for this receptor. STAM et al. (1994) isolated both human genomic and human 
hippocampal cDNA clones of the 5-HT2C receptor. They mapped its three 
coding region introns and demonstrated that it is present in the human ge
nome as a single-copy gene which spans over 20 kb. In transfected NIH 3T3 
cells it displayed appropriate 5-HT2C ligand-binding properties and was effi
ciently coupled to PI turnover (STAM et al. 1994). Yu et al. (1991) obtained a 
mouse choroid plexus cDNA for the 5-HT2C receptor, demonstrated its func
tional activity in Xenopus oocytes, and mapped its location to the mouse X 
chromosome. FOGUET et al. (1992a) reported a mouse genomic 5-HT2C clone 
and mapped its coding region introns. 
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JULIUS et al. (1989) demonstrated the ability of serotonin to generate foci 
in NIH 3T3 cells transfected with the 5-HT2c receptor. These foci were 
tumorigenic when injected into nude mice, but activation of PI pathways in 
these cells by other means is also known to induce foci, and the authors noted 
that the 5-HT2C receptor is unlikely to be tumorigenic in nondividing cells such 
as neurons. This study points to a possible involvement of the 5-HT2C receptor 
as a mitogen or growth factor receptor, especially in early brain development. 
TECOTT et al. (1995) generated 5-HT2C "knockout mice" by homologous re
combination in embryonic stem cells, which selectively inactivates the 5-HT2C 
gene. They observed a low frequency of spontaneous epileptic seizures and 
spontaneous death in these animals starting at the 5th week postnatally, ap
parently due to a lowered seizure threshold and a rapid progression of seizure 
activity. In addition, hemizygous mutant males were 13% overweight, with a 
48% increase in perirenal white adipose tissue, with no change in brown fat or 
body length. The authors noted that a loss of 5-HT2c receptors in the 
paraventricular nucleus of the hypothalamus may be responsible for these 
actions. 

IX. 5-HT3 Receptor 

Among the serotonin receptors, only one ligand-gated ion channel receptor 
(ionotropic receptor) has been described, the 5-HT3 receptor. This places the 
serotonin receptor family in an intermediate position between the other 
monoamine families, which contain no ionotropic receptors (dopamine and 
norepinephrine), and certain amino acid receptors, which contain many 
ionotrophic receptor variants (e.g., glutamate and GABA). The 5-HT, recep
tor does, however, show many variations in properties and pharmacology 
among different tissues and different species. A major contributor to these 
variations is now thought to arise from species-specific differences in receptor 
structure and properties (PETERS et al. 1992). 

MARICQ et al. (1991) first described the cloning of a 5-HT3 receptor subunit 
cDNA from a mouse hybridoma NCB-20 cell line, which they named 5-HT,R
A. The deduced receptor sequence contains four putative transmembrane 
segments (MI-M4) and is believed to form an active pentameric structure, by 
analogy to other ionotropic receptors (MARICQ et al. 1991). Formation of 
putative homo-oligomers of this receptor in oocytes injected with RNA tran
scribed from this clone produced a serotonin-gated cationic conductance 
which rapidly desensitized, exhibited a Hill slope of 1.6-1.8, and exhibited 
pharmacological properties in reasonable agreement with native tissue studies 
(MARICQ et al. 1991). Analysis of 5-HT3 receptor pharmacology, current
voltage relationships, and single-channel conductances in transfected mamma
lian cell lines, NIE-1l5 cells, and superior cervical ganglion (SCG) neurons 
suggest that the formation of 5-HT]R-A subunit homo-oligomers adequately 
accounts for the properties of 5-HT3 receptors in NIE115 cells but not in the 
SCG preparation (HussY et al. 1994). These authors suggested that an undis-
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covered receptor subunit(s) may exist which modifies the properties of the 5-
HT3 receptor complex in the native SCG preparation. 

HOPE et al. (1993) isolated an apparent splice variant of the 5-HT3R-A 
receptor which contains a deletion of six amino acids (GSDLLP) from the 
large cytoplasmic loop between M3 and M4 (and noted several apparent 
corrections to the sequence of MARICQ et al. (1991». This short-form variant 
encoded a receptor with identical pharmacological properties and Hill coeffi
cients to the long form, with the single exception that the maximal response to 
2-methyl-5-HT was much greater with the long-form homo-oligomer than with 
the short form (DOWNIE et al. 1994). Similar short and long isoforms have been 
described in PCR-derived partial cDNA clones from rat nodose and superior 
cervical ganglia (MIQUEL et al. 1995). Interestingly, the rat clone apparently 
lacks the central aspartic acid of the putative alternatively spliced mouse exon 
since the rat isoforms differ by only five amino acids (GSLLP) (MIQUEL et al. 
1995). In both mouse and rat native tissues, the short splice variant appears to 
be the dominant isoform, representing nearly 90% of the 5-HT3R-A tran
scripts in the rat (MIQUEL et al. 1995). 

The effects of cocaine (FAN et al. 1995), morphine (FAN 1995), 
alcohol, and volatile anesthetics (MACHU and HARRIS 1994) on the cloned, 
transfected homo-oligomeric 5-HT3 receptor have all been reported. In gen
eral, few differences were observed from previous work on the native recep
tors. Similarly, the allosteric interactions between agonists and antagonists 
(BONHAUS et al. 1995), as well as calcium current responses (HARGREAVES et al. 
1994), have been studied and were found to be in general agreement with 
native receptor studies. Finally, the short isoform of the human receptor has 
been isolated as a human hippocampal cDNA clone, and its tissue distribution, 
response, and pharmacological properties have been described (MIYAKE et al. 
1995). 

x. 5-HT4 Receptor 

The latest serotonin receptor subtype to be cloned, and the last of the 
pharmacologically well defined subtypes to be verified by cloning, was the 
5-HT4 receptor. GERALD et al. (1995) used a degenerate PCR strategy based 
on serotonin receptor-specific primers to isolate this very low abundance rat 
brain cDNA. They demonstrated that it encoded a receptor with the binding 
profile of the pharmacologically defined 5-HT4 receptor. This receptor 
potently stimulated adenylate cyclase activity when transiently transfected 
into COS-7 cells and displayed antagonism by serotoninergic compounds 
that agreed with binding data from the same transfected receptor. The rank 
orders and affinities of agonists were, however, different in binding than in 
response assays (GERALD et al. 1995), as has been observed for many 7TM 
receptors. 

GERALD et al. (1995) isolated two different isoforms of the 5-HT4 receptor 
which differ in their carboxy-terminal domain. The deduced amino acid se-
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quence of the two cDNA clones diverges at position 360 and contains a 
terminal 28 amino acid tail in the short form (5-HT4S) and a 47 amino acid tail 
in the long form (5-HT4L)' These different isoforms appear to represent splice 
variants, with the long isoform widely expressed throughout the brain includ
ing striatum, thalamus, olfactory bulb, hippocampus, and brainstem but the 
short isoform restricted to the striatum. Peripheral tissues generally expressed 
both isoforms. Interestingly, the long isoform contains an additional protein 
kinase C phosphorylation site which might contribute to differences in desen
sitization phenomena or in G protein coupling, as was noted for similar 
carboxy-terminal splice isoforms of the PACAP and EP3 receptors (see 
GERALD et al. 1995 and LUCAS and HEN 1995). The two splice isoforms exhib
ited very similar binding profiles but differed in their adenylate cyclase re
sponses to a series of agonists and partial agonists. Further work to map the 
cyclase response and tissue expression differences of these two isoforms 
should help to clarify their roles. 

XI. 5-HTsA Receptor 

A mouse brain cDNA encoding a receptor with high affinity for 5-CT and 
1-LSD (2-iodo-(+ )lysergic acid diethylamide) but low affinity for sumatriptan 
was first described by PLASSAT et al. (1992). An orthologous rat hypothalamic 
cDNA clone has also been described (ERLANDER et al. 1993). Neither clone 
was able to activate cAMP or PI responses in any system tested, but a GTP
sensitive high-affinity binding site was described when the mouse clone was 
expressed at low density in NIH 3T3 cells (PLASSAT et al. 1992), suggesting that 
the receptor is capable of coupling to G proteins. This receptor is expressed 
widely and apparently exclusively in the brain, including hippocampus, cortex, 
and hypothalamus, and its pharmacological properties in many ways resemble 
those of the 5-HT11l/5-HT 1D receptors. In fact it was suggested that certain 5-
HTm-like responses such as inhibition of glutamate release from granule cells, 
or 5-HTII) responses in rat brain, may be mediated by 5-ht'A receptors 
(PLASSAT et al. 1992). 

A human 5-ht'A receptor clone has been reported, which encodes a 
receptor with very similar pharmacological binding properties to the mouse 
receptor (REES et al. 1994). This clone is widely expressed throughout the 
adult CNS but no expression could be detected in peripheral tissues (REES et 
al. 1994) in agreement with studies on the mouse receptor (PLASSAT et al. 
1992). 

The mouse, rat, and human 5-ht'A genes all contain a single large coding 
region intron, approximately midway between TM V and TM VI on the i3 
loop (MATTHES et al. 1993; REES et al. 1994). The human and mouse chromo
somal locations have been mapped in the vicinity of a mouse reeler and 
human holoprosencephaly mutation, both of which are developmental brain 
mutations and might involve this receptor (MATTHES et al. 1993). 
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XII. 5-HT 5B Receptor 

The 5-htsB receptor exhibits 77% amino acid homology to the 5-htsA receptor 
in the transmembrane regions plus short connecting loops (excluding Nand C 
terminus and i3) (MAITHES et al. 1993), which is typical of other closely related 
monoamine receptor subtypes such as 5-HTlB and 5-HTlD or dopamine Dl and 
D 3• Mouse brain and rat hypothalamic and forebrain cDNA clones have been 
described as well as a mouse genomic clone (MAITHES et al. 1993; ERLANDER 
et al. 1993; WISDEN et al. 1993). Like the 5-htsA receptor, no second messenger 
coupling has yet been described, but again, coupling to G proteins was demon
strated from the ability of Gpp(NH)p to shift agonist binding in transfected 
COS 1 cell membranes (WISDEN et al. 1993). 8-Hydroxy-(2-N-dipropylamine)
tetralin (8-0H-DPAT) displays high affinity (46nM) for agonist (WISDEN et al. 
1993) but not antagonist binding (MATTHES et al. 1993) to this receptor. The 
intron position of the 5-htsB receptor matches that of the 5-htsA receptor and 
their pharmacological properties are also closely matched (MATTHES et al. 
1993). 

Recent preliminary observations (GRAILHE et al. 1995; REEs et al. 1994) 
suggest that the 5-htsB receptor is not expressed as a functional receptor in 
humans. This provides a very rare example of a receptor that was "lost" 
sometime following the evolutionary divergence between rodents and hu
mans. GRAILHE et al. (1995) have published a preliminary report that the 
coding sequence of the human 5-htsB gene is interrupted by several stop 
codons and that no functional receptor protein is formed. These data suggest 
that the 5-htsB gene was inactivated by acquiring a lethal nonsense mutation in 
its coding region sometime after the evolutionary divergence of rodents and 
humans. This is the only case of a serotonin receptor that is expressed in 
rodents but not humans and a very rare example of a receptor gene which is 
inactivated in the human genome but functional in other mammalian species. 
It will be very interesting to determine which other mammalian species con
tain active or inactive 5-htsB genes and why we humans are able to do without 
it or to activate compensatory mechanisms for its replacement. Of course, it is 
possible that our inability to demonstrate functional consequences of 5-hts 
receptor activation may indicate that one or both 5-hts receptors is currently 
inactive or nonfunctional in multiple species, but the demonstrated ability 
of these receptors to couple to G proteins (agonist binding shifts) suggests 
otherwise. 

XIII. 5-HT 6 Receptor 

PCR amplification of 7TM sequences derived from rat striatal RNA led 
MONSMA et al. (1993) to clone a novel serotonin receptor that couples to 
activation of adenylate cyclase. This receptor was found exclusively in the 
CNS, with highest expression levels in the striatum and in limbic and cortical 
regions. MONSMA et al. (1993) detected one coding region intron at the carboxy 
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terminus of TM VI, at a position not seen in any other serotonin receptor gene. 
RUAT et al. (1993a) isolated a rat striatal5-HT6 receptor cDNA in an indepen
dent homology screening effort based on the histamine H2 receptor. This 
group detected a second intron in the middle of the i3 loop between TM V and 
TM VI, at a position shared by several serotonin and dopamine receptors. 
These same two coding sequence introns were found in the human 5-HT6 
receptor when it was recently isolated (KOHEN et al. 1996). A probable frame 
shift error in the original publication, caused by a single nucleotide sequencing 
error in a C-G-rich domain was detected during this study and led to correc
tion of the original rat sequence data. Chromosomal mapping of the human 
gene identified a possible (silent) restriction length polymorphism (RFLP) and 
located the 5-HT6 gene in close proximity to the human 5-HTJD receptor gene 
(KOHEN et al. 1996). 

This receptor subtype has earned a high degree of interest from pharma
ceutical researchers due to its high affinity for clozapine and the possibility 
that it may be a key site for "atypical" antipsychotic action with reduced 
extrapyramidal side effect liability. Since atypical antipsychotics with the low
est extrapyramidal side effects all exhibit high affinity for the human 5-HTo 
receptor (KOHEN et al. 1996). research on this receptor SUbtype and its ligands 
will remain an active field. 

Recent antisense oligonucleotide studies on this subtype (see Sect. D. 
below) suggest an involvement of this subtype in the control of cholinergic 
transmission with no evidence of dopaminergic effects (BouRsoN et al. 
1995). 

XIV. 5-HT7 Receptor 

In short order, six separate groups reported independent successes in isolating 
a serotonin 5-HT7 receptor, the third member of a group of adenylate-cyclase
stimulatory serotonin receptors. 

The first full report was submitted by MEYERHOF et al. (1993), who used a 
degenerate PCR strategy based on conserved 7TM sequences in the third and 
sixth transmembrane domains. The receptor they isolated is distantly related 
to other serotoninergic and monoamine receptors, and exhibits closest homol
ogy to a Drosophila serotonin receptor that also stimulates adenylate cyclase 
(WITZ et al. 1990). 5-HT7 clones from rat (LOVENBERG et al. 1993b; RUAT et al. 
1993b; SHEN et al. 1993), mouse (PLASSAT et al. 1993), human (BARD et al. 
1993), and guinea pig (Tsou et al. 1994) have been reported. Two introns have 
been located in the coding region, one at the carboxy terminus of TM III 
(SHEN et al. 1993; RUAT et al. 1993b) and another close to the end of the 
carboxy tail (RUAT et al. 1993b). Several sequence differences appear in some 
5-HT7 publications, with the coding sequence found in the reports by 
MEYERHOF et al. (1993) and RUAT et al. (1993b) representing examples of the 
apparent consensus view. A pseudogene related to this receptor has also been 
identified (BARD et al. 1993). 
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Possible physiological functions for this receptor have been mentioned, 
including relaxation in several vascular preparations (SHEN et al. 1993; BARD et 
al. 1993) and circadian rhythm control via the suprachiasmatic nucleus of the 
hypothalamus (LOVENBERG et al. 1993b). Since 8-0H-DPAT was shown to 
exhibit relatively high affinity for this receptor, multiple functions formerly 
attributed to a 5-HT1A -like receptor (including adenylate cyclase stimulation 
in gastrointestinal, cardiovascular, and hypothalamic preparations) may reside 
in the 5-HT7 SUbtype. Finally, the high affinity of the atypical antipsychotic 
clozapine for this receptor made this subtype another candidate site for atypi
cal antipsychotic actions, along with the 5-HTzA , 5-HT6' and dopamine D4 
subtypes. 

D. Ligand- and Drug-Binding Sites: Mutagenesis and 
Chimeric Receptor Studies 
In this section I have reviewed a subset of the serotonin mutagenesis studies 
which have given us a tentative picture of key amino acid residues forming the 
serotonin- and drug-binding site. These studies are in good agreement with 
similar studies on catecholamine receptors (reviewed in STRADER et al. 1994) 
which preceded, and often guided, similar studies in the serotonin receptor 
field. 

It is often very difficult to determine whether ligand-binding changes 
which result from mutation of a single receptor residue indicate direct bonding 
of that receptor residue to the ligand or a result from indirect effect (such as 
delocalized conformational changes, or alterations in the processing and inser
tion of the receptor). Nevertheless, certain mutations cause such consistent 
results across many 7TM receptors that tentative conclusions about ligand
binding sites have been drawn. These mutagenesis studies indicate that a 
single serotonin- and drug-binding site exists per receptor monomer, and that 
these sites overlap extensively. The key binding site residues are located 
mostly in the top (extracellular) one-third of the transmembrane regions 
of helices 3-7 (see Fig. 2) over 10 A in from the extracellular membrane 
surface amid a ring of transmembrane domains (STRADER et al. 1994). 
Apparently, most of the key amino acid positions involved in direct ligand 
interactions are the same in serotonin receptors as in the other monoamine 
receptors. 

Key binding site amino acids have been tentatively identified in trans
membrane domains 3, 5, 6, and 7 of serotonin receptors. With the possible 
exception of TM V (see below), they serve similar roles in all monoamine 
receptors and were previously identified in mutagenesis studies on adrenergic 
receptors. In the outer third of TM III, an aspartate residue (position 6 of TM 
III in Fig. 2) appears to serve as a counterion to the aliphatic primary amine of 
serotonin, critical for both agonist binding and activation. For the 5-HT1A 

receptor, the mutation D116N (aspartatic acid at position 116 changed to 
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asparagine) in TM II I decreased agonist affinity and increased the ECso for 
GTPase activation without affecting the affinity for the antagonist pindolol 
(Ho et al. 1992). In TM V, STRADER et al. (1989) proposed that a serine residue 
in the outer third of the transmembrane a-helix (position 9 or 10 of TM V in 
Fig. 2) may bind to the 5-hydroxyl group of serotonin. In the rat 5-HTzA 

receptor, the mutation A242S in TM V increased the affinity of N(1)
unsubstituted ergolines and tryptamines but decreased the affinity of N (1)
alkylated compounds (JOHNSON et al. 1994). From this and complementary 
site-specific mutations, JOHNSON et al. (1994) suggested that a hydrogen bond 
forms between this TM V serine and the indole nitrogen ofN(1)-unsubstituted 
ergolines and tryptamines. If serotonin binds in a similar manner, then it may 
be that the indole nitrogen of serotonin rather than the 5-hydroxyl group 
interacts with serine or threonine residues in the outer third of TM V. This 
deserves further study since such a binding mode for serotonin would deviate 
from the expectation (STRADER et al. 1989) set by known TM V-catechol ring 
hydroxyl interactions in the adrenoceptor family (STRADER et al. 1994). Similar 
results were observed with the 5-HT1A receptor, where the mutations S199A 
and T200A (corrected amino acid numbering, see Sect. C.I) each reduced the 
receptor's affinity for agonist binding and activation but had no effect on 
antagonist binding (Ho et al. 1992). 

TM VI is thought to form a stabilizing interaction with the aromatic ring 
of monoamine ligands (STRADER et al. 1994) via a key phenylalanine residue 
(position 17 of TM VI in Fig. 2). For the 5-HTzA receptor, the mutation F340L 
in TM VI caused a decrease in affinity and functional activation for a wide 
range of ligands whereas the same change at the preceding residue (F339L) 
had no effect (CHOUDHARY et al. 1993). Finally, TM VII contains an asparagine 
residue in the 5-HT1A receptor and the j3-adrenergic receptors (position 4 
of TM VII in Fig. 2) that is critical for antagonist binding. Conversion of 
this asparagine in the 5-HT1A receptor to a valine (N386V) caused a dramatic 
reduction of affinity for pindolol and related J3-adrenoceptor arylo
xyalkylamine antagonists, with little effect on other ligands (GUAN et al. 1992). 
Conversely, mutation of other native residues in this position of the human 5-
HT1B , human 5-HTll), 5-HTIE' and 5-HT1F receptors to an asparagine induced 
a large increase (100- to 10000-fold) in the affinity of the host receptor for 
propranolol and related ligands (ADHAM et al. 1994b). The affinities for sero
tonin were essentially unchanged by these mutations, suggesting that the 
aryloxyalkylamine antagonists extend a contact interaction into this TM VII 
site but the natural ligand does not (partially overlapping binding sites). 

Another important finding of these mutagenesis studies concerns the evo
lutionary differences between species homologues of a receptor subtype. In 
two cases, mutation of a single amino acid that differs between the human and 
rat homologues of the same serotonin receptor subtype caused dramatic 
changes in the pharmacology and essentially converted the pharmacology of 
one species homologue to the other. In the human 5-HT2A receptor, 3 trans
membrane and 38 additional amino acid differences separate the human from 
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the rat sequence. Only one of these, S242 in transmembrane region V, is found 
near a key binding site residue as described above. KAO et al. (1992) and 
JOHNSON et al. (1994) demonstrated that conversion of the TM V human to rat 
(S242A) or rat to human (A242S) residue converted the pharmacology of the 
receptor to that of the other species, even though 40 other natural amino acid 
differences between the species homologues remained unchanged. Similarly, 
four laboratories have shown that conversion of a human 5-HT1B threonine 
residue in TM VII to the asparagine residue found in rat (T355N) dramatically 
increases the receptor's affinity for pindolol and related ligands, and essen
tially converts the receptor from a human to a rat pharmacology (OKSENBERG 
et al.1992; METCALF et al. 1992; PARKER et al. 1993; ADHAM et al. 1994b). These 
studies clearly demonstrate that large pharmacological differences can arise in 
species homologues of the same gene when a single amino acid residue sus
tains a mutation in the vicinity of a key ligand-binding domain. In both of these 
examples, it is interesting to note that the binding affinity for serotonin (pre
sumably under strong evolutionary pressure) is little changed by these evolu
tionary changes while the affinities for certain artificial ligands (presumably no 
evolutionary constraint) are strongly altered. 

A different type of natural mutation experiment occurs as a result of 
allelic polymorphism. Some genes exhibit natural variants in the population. 
In the case of the ApoE gene, different natural allelic variants have been 
shown to playa key role in determining our age of onset and susceptibility to 
Alzheimer's disease (STRITTMATTER and ROSES 1995). Among the serotonin 
receptors, two natural variants have been recently identified. An I128V natu
ral variant of the human 5-HT1A receptor was cloned from a schizophrenic 
patient and shown not to affect the pharmacological properties of the recep
tor, consistent with the location of this substitution on the extracellular amino
terminal segment of the receptor (BRUSS et al. 1995). In contrast, a natural 
variant of the human 5-HT lB receptor contains a cysteine substitution near the 
top of the transmembrane III a-helix (BDHLEN et al. 1996). Both the position 
of this substitution near the ligand-binding pocket and its potential ability to 
form disulfide bonds suggest that it may affect ligand binding and agonist 
activity. This human receptor variant exhibits an increased affinity for several 
serotoninergic agonists, which might be physiologically important (BDHLEN et 
al. 1996). Such studies of natural allelic variations may in the future provide 
important information on disease susceptibilities and disease subtyping. Such 
information could provide new directions for preventive medicine, disease 
prognosis, and individualized, genotype-specific therapies. 

E. Gene Knockout and Antisense Approaches 
to Function 
Two powerful new strategies, gene knockout by homologous recombination 
and in vivo application of antisense oligonucleotides, are showing great prom-
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ise for revealing receptor function in living animals. Both strategies inactivate 
or reduce receptor expression, which should be functionally equivalent to 
blocking the receptor's activity with an antagonist medication. The antisense 
strategy involves injection of oligonucleotides which are complementary to the 
target sequence into the adult brain, causing a reduction of the corresponding 
target mRNA by RNAse H digestion and/or arrest of translation. Technical 
problems with delivery, distribution, and uptake of oligonucleotide into the 
appropriate tissues and cells, the general observation that only limited reduc
tions of the target protein can be obtained (generally 50%-70% in vivo), and 
nonspecific toxic effects of oligonucleotides at doses only slightly above active 
concentrations are the current limitations of the approach (W AHLESTEDT 
1994). In addition, receptors which exhibit high levels of receptor reserve or 
slow turnover rates may be little affected by current antisense treatments 
(BOURSON et al. 1995). 

The gene knockout strategy introduces a mutated, disabled gene (non
sense mutation) in place of a normal gene by homologous recombination in 
cultured embryonic stem cells. The mutated cells are injected into blastocysts, 
leading to formation of chimeric mice which can be bred to homozygosity for 
the introduced mutation. The perfect specificity of the knockout and the 
complete absence of target protein product are clear advantages of the ap
proach, which are balanced by the disadvantages that the gene is absent 
throughout development (which can lead to compensatory changes or lethal 
effects) and the fact that the technique is slow, laborious, and expensive. The 
absence of the gene throughout embryo development is particularly problem
atic since many receptors and neurotransmitters play varied and essential roles 
throughout development, which may he quite different from their roles in 
adult animals. It appears that lethal mutations are often produced hy gene 
knockouts, and adaptive compensatory changes during development can pro
duce changes in the adult animal that would lead to little information about 
the normal role of the protein in normal adult animals. Nevertheless, the 
techniques for hoth approaches continue to evolve, and useful data are avail
able from current experiments as long as the limitations and cautions of each 
technique are understood. 

The gene knockout approach has been applied to two serotonin receptors: 
5-HT1B and 5-HT2c• The 5-HT1B knockout mice were significantly more aggres
sive than wild-type mice of the same strain when assayed in the isolation
induced aggression test (SAUDOU et al. 1994). Serotonin is well known to be 
involved in modulating aggressive hehavior in rodents and perhaps humans 
(BEVAN et al. 1989); thus these experiments suggest that the 5-HTm receptor 
may contribute to the antiaggressive properties of serotoninergic agonists. 
Indeed, several transgenic mouse lines which manifest aggressive behavior 
[overexpressors of transforming growth factor-a (HILAKIVI-CLARKE and 
GOLDBERG 1993), calcium-calmodulin-dependent kinase II knockouts (CHEN 
et al. 1994), monoamine oxidase A deletions (CASES et al. 1995)] also show 
alterations in serotonin levels or serotoninergic functions. The link of 5-HTlB 
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function with aggression needs to be viewed as preliminary, however, both for 
the general concerns about gene knockouts discussed above, and due to the 
fact that alterations in pain, fear, anxiety, or cognition pathways could all 
induce secondary effects on aggression in animals. 

Knockout mice lacking 5-HT2c receptors exhibit two noteworthy pheno
types: they are overweight (13% increase in body mass, 48% increase in white 
adipose tissue) due to increased food intake, and they exhibit spontaneous 
epileptic seizures (TEcOTT et al. 1995). The knockout mice do not show re
duced food intake upon administration of the nonselective serotonin agonist 
meta-chlorophenylpiperazine (mCPP), a drug that reduced food intake in 
wild-type mice by 78%. Thus the 5-HT2c receptor, which is present (as 
mRNA) in the paraventricular nucleus of the hippocampus, may mediate 
serotoninergic control of appetite (TEcoTT et al. 1995). Spontaneous epileptic 
seizures that were observed in the knockout mice occasionally led to death and 
were accompanied by a lowering of seizure threshold and a more rapid pro
gression of seizures, in comparison to wild type (TEcoTT et al. 1995). Once 
again, the conclusion that the 5-HT2c receptor controls these activities must be 
viewed as preliminary due to the developmental cautions stated above. How
ever, the observations that nonselective serotoninergic agents alter food in
take and the induction of seizures in normal adult rats does support this 
conclusion. 

One study on antisense oligonucleotides targeted against a serotonin 
receptor has been published. BOURSON et al. (1995) have shown that 
intracerebroventricular injection of antisense phosphorothioate 18-mer oligo
nucleotides complementary to the 5-HT6 receptor induce a behavioral syn
drome of yawning, stretching, and chewing, whereas scrambled control 
oligonucleotides had no effect. The behavior was antagonized by atropine but 
not haloperidol, suggesting that an increase in cholinergic transmission may be 
involved. The authors noted the tentative nature of this conclusion, due to the 
issues raised above. 

Over the next 5-10 years we can expect to rapidly move from the era of 
receptor cloning and discovery to the genome era where all human gene 
sequences will be available to us, but the roles of only a small percentage of 
these genes will be known. At that time, the focus of many academic and 
pharmaceutical industry researchers will turn towards the characterization of 
these many "orphan" genes. Despite their technical limitations, both the gene 
knockout and antisense injection strategies promise to provide important 
leads on receptor and protein function well before specific agonist or antago
nist drugs are available to probe these sites. This type of information cannot be 
reliably obtained by any other approach. These knockout strategies, along 
with related gene targeting and differential mRNA display methods, are ex
pected to become major contributors to our neuroscience and pharmaceutical 
science advances as we increasingly gain understanding of the 100,000 or so 
proteins of the human genome, most of which are prominently expressed in 
the mammalian brain. 
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CHAPTER 8 

5-Hydroxytryptamine Receptor Histochemistry: 
Comparison of Receptor mRNA Distribution 
and Radioligand Autoradiography in the Brain 

G. MENGOD, J.M. PALACIOS, K.H. WIEDERHOLD, and D. HOYER 

A. Introduction 
Understanding neurotransmission begins with the anatomical and cellular 
localisation of neurotransmitters and their receptors. Ideally the question to 
be answered is: which neurone contains which receptor, and where are the 
receptors localised at the cellular level? It goes without saying that in many 
cases knowledge of this is only partial; the complexity of the 5-
hydroxytryptamine (5-HT; for abbreviations, see "Appendix") receptor fam
ily with its seven subfamilies does not make the task simple (HOYER et al. 
1994). Fortunately, however, a number of radioligands which became avail
able over the past decade have been used to characterise 5-HT binding sites; 
all of these sites were eventually recognised as true receptors since the corre
sponding cDNAs have been cloned. Receptor autoradiography emerged early 
as the method of choice to map brain receptors; it is indeed very gratifying to 
actually "see" the receptors labelled with a radioligand in many brain areas 
and nuclei, something that would simply be impossible to achieve using dissec
tion techniques combined with membrane binding. However. there are a 
number of limitations to this methodology, which relate (a) to the potential 
lack of selectivity of the radioligands used (if at all available) and (b) to the 
technique. which in principle does not allow resolution at or below the cellular 
level. 

In addition. even when electron microscopy resolution is reached with 
irreversible ligands it is difficult to associate the autoradiographic grains 
directly with specific cells and subcellular compartments, particularly in the 
brain. There are nevertheless exceptions. since evidence can be generated 
for the localisation of receptors in axons or even cell bodies; however. this 
is not the rule, because the receptor is often expressed in terminals which 
are at a significant distance from the cell body, which may not even be 
visible in the brain section studied. On the other hand, the recent molecular 
cloning of most members of the 5-HT receptor family has allowed the applica
tion of in situ hybridisation histochemistry to the study of 5-HT receptor 
subtype mRNA distribution, with high resolution and selectivity. In 
situ hybridisation can be extremely selective since the exactly matching 
'"ligand" is used. for example, cRNA. cDNA or oligonucleotide of which 
the sequence is directly derived from the gene (VILARO et al. 1995). In 
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addition, labelling techniques allow the production of probes with very high 
specific radioactivity and thus enable detection of low levels of mRNA. Other 
advantages derive directly from these characteristics: it is even possible to 
study the distribution of the various subunits constitutive of a ligand-gated 
channel receptor, something which cannot be achieved using radioligand bind
ing since subunit selective ligands are not commonplace. Further, given the 
resolution of the technique, different mRNAs can be co-expressed by and 
visualized in the same cell. 

There are nevertheless limitations to in situ hybridisation. For example, 
the technique may not be as quantitative as initially anticipated; the relation
ship between receptor mRNA and protein may therefore not be quantitatively 
and spatially straightforward. Furthermore, there is no established recipe that 
warrants success: thus there is substantial trial and error with this method. 
However, radioligand receptor autoradiography and mRNA in situ hybri
disation have produced such a wealth of complementary information in the 5-
HT receptor field (PALACIOS et al. 1993) that it cannot be covered exhaustively 
in this short review. 

B. Methodology 
Radioligand receptor autoradiography and mRNA in situ hybridisation 
are normally performed with tissue sections of 10 to 20.um cut with the 
microtome cryostat and mounted onto microscope slides and kept at -20C 
until used. Radioligands can be tritiated or iodinated, and the incubation 
techniques, although adapted to autoradiography, are rather similar to 
those used for membrane binding. Table 1 summarises the ligands used to 
visualise 5-HT receptors in brain tissue. Also listed are the sites which may 
be labelled in addition to those targetted. In situ hybridisation can be per
formed using a range of tools: (a) Double-stranded DNA probes labelled 
by nick translation; however, reannealing can occur and the truly available 
antisense probe may be limited. (b) Single-stranded cDNA probes can be 
used in theory, but the labelling procedure is complex unless they are obtained 
by PCR. (c) Riboprobes or single-stranded cRNA probes, which combine 
the advantage of very high specific radioactivity and selectivity (RNA
RNA hybrids are very stable). (d) Oligonucleotide probes which are short 
(30-50 mers), single-stranded synthetic antisense DNA fragments which 
are easily synthesised or available commercially. These can be labelled at 
their 3' end with 32p, 33p or 35S. Non-radioactive in situ hybridisation is 
feasible in most types of tissues but is successful only when the transcript 
density is high, which may not be the case for many receptor mRNAs. 
A number of controls need to be performed either when selecting the 
sequence of these probes and/or during the actual experiments (see VILARO et 
al. 1995). 
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C. Distribution of 5-HT Receptor mRNA and Binding 
Sites in Brain (Mainly Rat) 
I. S-HTt Receptors 

1. 5-HTtA Receptors 
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The 5-HT1A receptor is the most commonly studied receptor of the 5-HT 
family; it was the first to be cloned, and good radioligands have been available 
for about 13 years starting, with ["H]8-0H-DPAT (GOZLAN et al. 1983; for 
chemical names see Table 1). There is a very good correspondence between 
the distribution of 5-HT1A binding sites and receptor mRNA transcripts. High 
densities of 5-HT1A sites have been found in the hippocampus, septum, raphe 
nuclei and interpeduncular nucleus. Corresponding mRNA signals have been 
located in the cell bodies of the hippocampus (pyramidal and granule cells), 
septal neurones, and 5-HT neurones of the raphe. Therefore it can be con
cluded that in a number of instances, 5-HT1A receptors have a somatodendritic 
localisation (see POMPEIANO et al. 1992). This is also suggested from lesion 
studies using 5,7 dihydroxytryptamine, which causes a marked decrease in 
both transcripts and binding signals in the dorsal raphe. The septum shows 
some discrepancies between binding (low in the medial nucleus) and mRN A 
(very high). 

One may suggest receptor transport or differences in turnover to account 
for these differences, although this is largely speculative (CHALMERS and 
WATSON 1991). In the hippocampus, for instance, binding in the dentate gyrus 
is very concentrated in the molecular layer, whereas mRNA transcripts are 
observed in the granule cell layer, suggesting a dendritic localisation for the 
receptor (see Fig. 1). Similar apparent mismatches occur in the olfactory bulb 
and primary olfactory cortex, where receptors are found on dendrites, whereas 
mRNA is on cells bodies. In the case of 5-HT1A receptors one is in a rather 
fortunate situation, since studies carried out with antibodies directed against a 
synthetic fragment of the 5-HT1A receptor have fully confirmed the distribu
tion of 5-HT1A sites reported previously by a number of investigators using 
ligands such as [JH]8-0H-DPAT or CH]WAY 100635 (GOZLAN et al. 1983; 
KHAWAJA 1995). The distribution of sites seen with antagonist ligands is very 
similar to that seen with agonists. although the ratios of agonist/antagonist are 
not the same in every region studied. 

2. 5-HTtB/lD Receptors 

We limit this discussion principally to the rat brain, in which 5-HTJB (lDf3) and 
5-HTID (IDa) binding can be distinguished easily (see HARTIG et al. 1996 for 
the updated nomenclature on 5-HT1B and 5-HTlD receptors). Indeed, when 
C25I]CYP is used as a radio ligand in rat brain under appropriate conditions 
(HOYER et al. 1985b. 1986a), the binding is exclusively to 5-HT1B receptors (as 
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Fig. lA-F. Regional distribution of 5-HT1A receptors and their mRNA in rat brain. 
Dark field photomicrographs from coronal sections of rat brain at the level of the raphe 
nucleus (A), hippocampus (B) and septum (C) show in situ hybridised sections with a 
32P-Iabelled oligonucleotide complementary to the rat 5-HT1A receptor mRNA. White 
spots, autoradiographic grains. Note the high density in the raphe nucleus, pyramidal 
and granular cell layer of the hippocampus, and the medial septum. D-F Adjacent 
sections displaying receptor autoradiography with the 5-HTlA receptor selective CHj8-
OH-DPAT. The figure illustrates both the correspondence between mRNA transcript 
and binding sites colocalised in cell bodies (e.g. in the raphe nucleus), and presence of 
receptors in dendritic fields (see the hippocampus). aca, Anterior commissure anterior; 
DC, dentate gyrus; DR, dorsal raphe nucleus; HDB, nucleus horizontal limb diagonal 
band; Ld, lambdoid septal zone; LSD, lateral septal nucleus dorsal; LSI, lateral septal 
nucleus intermediate; MnR, median raphe nucleus; MS, medial septal nucleus; S, 
subiculum; VDB, nucleus vertical limb diagonal band. Bar, 1 mm 

opposed to 5-HTJD receptors) since it labels only f3-adrenoceptor sites in 
higher species (indole f3 blockers have low affinity for both 5-HT1B and 5-HTJD 
receptors, except for rat and mouse 5-HTlB receptors). When C2SI]GTI is used, 
the vast majority of the binding is also to 5-HTlB (lDf3) sites, although a minor 
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component can be attributed to 5-HTll) binding (1Da; BRUINVELS et al. 1993a; 
Fig. 2). By contrast, in higher species, because of the very strong pharmaco
logical similarity between 5-HT1B and 5-HTJD receptors, their respective con
tributions to [125I]GTI binding is very difficult to establish (see previous 
section), although the majority of the sites in most structures are 5-HTJB. In the 
rat brain 5-HT1B receptor mRNA is found in the hippocampus (pyramidal cells 
of CAl), caudate putamen, Purkinje cell layer of the cerebellum and retinal 
ganglion cells (see BRUINVELS et al. 1994a; Fig. 3). By contrast, 5-HT1B binding 
is found in the globus pallidus, entopeduncular nucleus, substantia nigra, 
subiculum and superficial grey layer of the superior colliculus. Thus binding 
and mRNA at least in these regions appear to be mutually exclusive. One must 
therefore consider that the receptors are located predominantly on axons. 
Thus the 5-HT\B receptor of the substantia nigra originates in striatal cell 
bodies. 

This hypothesis can and has in some cases been tested. The situation with 
5-HTm receptors is more complex: there is no detailed distribution of 5-HTJD 
binding in rat brain, although BRUINVELS and colleagues (1993a) using a rather 
complex method estimated the non-5-HT1B component of C25I]GTI binding in 
rat brain which is quantitatively very limited and attributed essentially to 5-
HTIl) sites (see Fig. 2). Interestingly, 5-HTm mRNA levels are very low and 

D E F 

Fig.2A-F. Regional distribution of 5-HT ,Band 5-HTw receptors in rat brain. 5-HT lB 

and 5-HTlD receptors were visualised with ,25I_GTI in coronal (A,B) and horizontal 
section (C) of rat brain. D-F Consecutive sections to A-C where the incubation is 
performed in the presence of an excess of CP 93129 to displace 5-HTJB binding. Thus 
A-C represent a combination of 5-HT lB and 5-HTw whereas D-F represent essentially 
5-HTlD binding. Acg, Anterior cingulate cortex; CPu, caudate-putamen; EP, 
entopeduncular nucleus; FrPaM, motor area frontoparietal cortex; GP, globus pallidus: 
LS, lateral septal nucleus; OT, nucleus of the optic tract; Pu, putamen; SNR, substantia 
nigra reticulata: S. subiculum: Sp5. spinal nucleus of the trigeminal nerve; Sth. 
subthalamic nucleus: VP. ventral pallidum. Bars. 3mm 
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detected in only a few nuclei/structures in the rat brain (BRUINVELS et a1. 
1994b): olfactory bulb and primary olfactory cortex, basomedial amygdaloid 
nucleus, accumbens, caudate putamen, subthalamic nucleus, lateral 
mammilary nucleus, reuniens thalamic nucleus and red nucleus, deep layers of 
frontal and parietal cortex, and a number of nuclei in the medulla oblongata 
and pons (nucleus of the spinal tract of the trigeminal nerve, locus coeruleus, 
dorsal raphe and raphe magnus) and no transcripts in the cerebellum. The 
non-5-HTIB binding component of [125I]GTI is found in globus pallidus, ventral 
pallidum, caudate putamen, subthalamic nucleus, entopeduncular nucleus, 
substantia nigra pars reticulata, frontoparietal cortex, optic tract, and some 
nuclei of the pons and medulla oblongata. The distributions of 5-HT1B and 5-
HTJD receptors in rat brain are roughly comparable although in many cases 5-
HTJD binding is only slightly above detection limit (see Fig. 2). The same 
comment can be made about their respective mRNAs, although the quantita
tive differences between 5-HT1B and 5-HTJD mRNA are even more pro
nounced (see Fig. 3). One might therefore speculate that 5-HTm receptors are 
almost redundant for 5-HT 11l receptors but at much lower concentrations and 
thus may function primarily as presynaptic auto- and heteroreceptors since 
they are located in projection regions. 

3. 5-HTIF: Receptors 

The existence of the 5-HT I E receptor was first hypothesised by LEON HARD et a1. 
(1989) based on observations that non-5-HT1.\.ID.lC sites are labelled in human 
brain with [,H]5-HT under conditions where the above-mentioned sites should 
in principle be entirely blocked (i.e. in the presence of an excess of 5-CT and 
mesulergine to block 5-HTIA' 5-HTJl), and 5-HT2C ligands). The 5-HT1E recep
tor has subsequently been cloned, but information on both distribution of 
binding sites and mRNA is still somewhat limited. There has been no exten
sive in situ study, nor is there a ligand and/or binding conditions which can be 
confidently described as 5-HTJ[ selective. Nevertheless, BARONE and col
leagues (1993, 1(94) reported the presence of 5-HT1E sites in rat, mouse and 
guinea-pig fronto-parietal and striate cortex, caUdate-putamen, septum, claus
trum and hippocampus (dentate gyrus, CAL CA2, CA4). One should, how
ever, keep in mind that such studies are performed with CH]5-HT in the 

Fig. 3. Regional distribution of 5-HT lBand 5-HTJD receptor mRNA in rat brain. Pho
tographs of autoradiograms from coronal sections at different levels of the rat brain 
showing in situ hybridised sections with 32P-Iabelled oligonucleotides complementary 
to the rat 5-HT1B (left) and 5-HTlD receptor mRNA (right). III, V, Layers III and V of 
parietal motor cortex: Arc, arcuate hypothalamic nucleus; A V, anteroventral thalamic 
nucleus; BL, basolateral amygdaloid nucleus; Dk, nucleus of Darkschewitsch; IP, 
interpeduncular nucleus; IPIP, inner posterior subnucleus of the interpeduncular 
nucleus; Mve, medial vestibular nucleus; Pur, Purkinje cell layer of the cerebellum; R, 
red nucleus: Re. reuniens nucleus; Sth, subthalamic nucleus; SuG, superficial grey layer 
of the superior colliculus. Bar. :1 mm 



222 G. MENGOD et al. 

presence of 5-CT and other blocking drugs, conditions under which a number 
of other 5-HT receptors could be labelled. MILLER and TEITLER (1992) re
ported the presence of significant levels of 5-HT1E binding in human putamen, 
globus pallidus and frontal cortex. BRUINVELS et al. (1993b, 1994a) investigated 
the distribution of 5-HTt sites which do not belong to the 5-HT1A or 5-HT1B.JD 
type in a number of species. Further, BRUINVELS et al. (1994b) reported the 
distribution of 5-HT1E receptor mRNA in monkey and human brain; parietal 
cortex, caudate and putamen showed signals. Also labelled were the visual and 
entorhinal cortex and some hypothalamic nuclei, although a complete map
ping was not performed. 

4. 5-HT1F Receptors 

There is at present no radioligand which allows the certain labelling 5-HTlF 
receptors, nor are there functional data providing definitive evidence for 
these receptors. However, BEER et al. (1993) using [3H]5-HT described the 
distribution of 5-HTJ sites in brain which are insensitive to 5-CT in rat and 
guinea-pig brain. These sites should therefore represent a mixture of 5-HT1E1 

IF sites present in olfactory tubercle, caudate putamen, accumbens and sub
stantia nigra. Of note, the claustrum was more densely labelled in the guinea
pig than in the rat. There have been some reports on CH]sumatriptan binding 
which is in part associated with 5-HT tF binding in addition to 5-HTIB/lD binding 
in rat and guinea-pig brain (WAEBER and MOSKOWITZ 1995a). Interestingly, 
these authors also report that in the guinea-pig (but not rat) the claustrum 
shows dense 5-HT1F labelling; other regions include neocortical layers, 
mammilary and thalamic nuclei. It is suggested that in rat the caudate, lateral 
geniculate and spinal trigeminal nuclei contain both 5-HT1B/lD and 5-HTIF 
receptors. 

RAURICH et al. (manuscript in preparation) have extended these observa
tions and combined [3H]sumatriptan autoradiography with in situ hybri
disation for 5-HT1F receptor mRNA. The data clearly suggest that both in rat 
and guinea pig an important component of CH]sumatriptan binding is to 5-
HTlF sites, which co-localise with the mRNA for 5-HTIF receptors (see 
MENGOD et al. 1996). On the other hand, MILLS and MARTIN (1995) suggest 
that in cat brainstem, [3H]sumatriptan labels 5-HT tB/lD sites in the nucleus 
tractus solitarius and trigeminal nucleus (since binding was sensitive to 5-CT 
and high concentrations of ketanserin but not to 8-0H-DPAT) but not 5-HT1F 
sites. We have determined the localisation of 5-HTIF receptor mRNA in 
guinea-pig brain (BRUINVELS et al. 1994b). Transcripts were very prominently 
expressed in primary olfactory cortex, anterior olfactory nucleus, caudate
putamen, dentate gyrus, layers III-V of frontoparietal and cingulate cortex 
and claustrum. Significant in situ hybridisation was also observed in the cen
tral, medial and basomedial amygdaloid nuclei, pyramidal cell layers of CAl, 
CA2 and CA3, periventricular and supraoptic hypothalamic areas, some tha
lamic nuclei, ventrolateral geniculate nucleus, entorhinal cortex, principal sen-
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sory nucleus of the spinal tract, ventral tegmental nucleus, lateral vestibular 
nucleus and cochlear nucleus. The relatively good agreement between 5-CT 
insensitive [,H]sumatriptan binding and 5-HT1F transcripts could suggest that 
the 5-HT1F receptor is located predominantly in the somatodendritic com
partment of the neurones expressing these receptors in contrast to 5-HTlBllD 

receptors. 

II. 5-HT 2 Receptors 

1. 5-HTzA Receptors 

5-HT2A receptor binding and mRNA distribution has been described in rat and 
human brain (see PAZOS et al. 1985a, 1987b; MEN GOD et aJ. 1990b; POMPElANO 
et a1. 1994): both signals are densely represented across the cerebral cortex, 
especially in laminae I and IV-Va, the piriform and entorhinal cortex. They 
are also concentrated in the claustrum, endopiriform nucleus and olfactory 
bulb/anterior olfactory nucleus. A number of brainstem nuclei show high 
signals: pontine, motor trigeminal, facial and hypoglossal nuclei. Intermediate 
levels were observed in the limbic system and in the basal ganglia, for example, 
caudate nucleus and accumbens. There were no transcripts in the cerebellum 
and thalamic nuclei, whereas hippocampal expression was low (POMPEIANO et 
al. 1994). Of note, in the human brain the distribution ofmRNA was similar to 
that in the rat, although mRNA was apparently absent from the striatum 
(BURNETT et al. 1995). Our data in human and monkey brain also showed a 
similar distribution of 5-HT2A receptor mRNA to that in the rat, and as in 
humans, mRNA is thus absent from the caudate and putamen nuclei (see 
MENGOD et al. 1996; Fig. 4). Note that the binding of eH]ketanserin in the 
caudate and putamen nuclei is not to 5-HT2A sites but to tetrabenazine binding 
sites. There is generally good agreement between in situ hybridisation and 
binding data. Further, this distribution is compatible with immunocytochemi
cal data using specific 5-HT2A receptor antibodies (GARLOW et al. 1993). To
gether the findings suggest that 5-HTc \ receptors are expressed in pyramidal 
cells and interneurones in the neo-cortex. 

2. 5-HTzB Receptors 

The 5-HT2B receptor was initially referred to as the "fundus" receptor (origi
nally called 5-HT2F). It has been cloned from the rat (KURSAR et a1. 1992; 
FOGUET et a1. 1992a) and mouse (FOGUET et a1. 1992b) stomach fundus and 
from various human libraries (KURSAR et a1. 1994). The question of its pres
ence in the brain is still controversial; it has been detected by reverse
transciptase polymerase chain reaction (RT-PCR) in several human brain 
regions but not in rat brain (KURSAR et al. 1994), but its presence is reported in 
the spinal cord of both species (HELTON et a1. 1994). There are no reports on 
the visualisation of 5-HT2B binding sites due to the fact that there are no 
selective ligands for this receptor; very recently. however, CHOI and 



224 G. MENGOD et al. 

B c 

F 

Fig. 4A-F. Visualisation of 5-HT2A and 5-HT2C receptors in primate brain. Photomi
crographs from film autoradiograms of a coronal section of monkey (Macaca 
fascicularis) brain. A Tissue incubated with [3H]ketanserin. B Incubation performed in 
the presence of 1 mM mianserin to establish non-specific binding. C In situ hybridised 
sections with a 32P-labelled oligonucleotide complementary to the human 5-HT2A 
mRNA. D Tissue incubated with [3H]mesulergine. E Non-specific binding in the pres
ence of 1 mM mianserin. F Consecutive section hybridised with a 32P-labelled oligo
nucleotide complementary to the human 5-HT2C receptor mRNA. Am, amygdala; Cd, 
caudate; Hp , hippocampus; Pu, putamen. Bar, 4mm 

MAROTEAUX (1996), using antipeptide antibodies, reported limited binding in 
the mouse brain, especially the cerebellum. 

3. 5-HT2C Receptors 

The initial opinion that the 5-HT2c receptor should be essentially the "choroid 
plexus" receptor derived from radioligand binding studies that created this 
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rather false impression (PAZOS et al. 1984) due to (a) the absence of truly 
5-HT2cselective ligand and (b) the indeed very high concentration of 
binding sites in the plexus. Depending on the species, however, it is clear that 
5-HT2C binding in brain is more widespread; indeed, in rat tissues 
[3H]mesulergine is problematic since it also labels 5-HT2C and 5-HTzA recep
tors, whereas in higher species the ligand is more specific for 5-HT2C receptors 
(see Fig. 4). In situ hybridisation has corrected this unfortunate misrepresen
tation and confirmed that indeed 5-HT2C receptors are not limited to the 
choroid plexus (see HOFFMAN and MEZEY 1989; MENGOD et al. 1990a). 
MEN GOD and colleagues compared 5-HT2C binding and mRNA expression in 
the rodent brain. Transcripts were, as expected, very highly expressed in the 
choroid plexus and concentrated in limbic structures: hippocampus (CA3), 
amygdala, anterior olfactory and endopiriform nuclei, cingulate and piriform 
cortex. In addition, 5-HT2C receptor mRNA is found in some thalamic nuclei, 
lateral habenula basal ganglia and particularly subthalamic nucleus and sub
stantia nigra. Binding is generally comparable with mRNA, with a few excep
tions, for example, subthalamic nucleus. In good agreement are also the low 
levels of binding and in situ signals in medulla and brainstem. Finally, these 
results are further supported by the use of anti-5-HT2c receptor peptide anti
bodies (ABRAMOWSKI et al. 1995) which. for instance, display strong labelling in 
rat and human substantia nigra. What is remarkable is the widespread distri
bution of 5-HTzc receptors in the brain, which is largely comparable to the 5-
HT innervation. 

III. 5-HT3 Receptors 

Initial attempts to localise 5-HT, receptors in the brain have been rather 
disappointing because of the low density of 5-HT3 receptors in the CNS 
(KILPATRICK et al. 1988; W AEBER et al. 1988) and the low specific activity of the 
first radioligands used in 5-HT, receptor binding, although autoradiographic 
studies then revealed that 5-HT3 binding sites can be found in a number of 
nuclei at very high concentrations in various species including mouse. rat and 
human (W AEBER et al. 1988, 1989). Although at present only one subunit of the 
5-HT3 multisubunit receptor has been cloned. there is no doubt that 5-HT, 
receptors are present in the brain, especially in the lower brainstem, i.e. the 
dorsal vagal complex, nucleus of the solitary tract, spinal trigeminal nucleus 
and around the area postrema. Limbic regions (hippocampus, amygdala, 
habenula, cerebral and entorhinal cortex) show lower but still significant den
sities. Binding is also present in the olfactory bulb. The dorsal horn of the 
spinal cord is densely labelled. The localisation of 5-HT3 receptor mRNA has 
been carried out in detail in mouse brain (TECOTT et al. 1993) by in situ 
hybridisation. The cerebral cortex showed high densities of transcripts prima
rily in the piriform, cingulate and entorhinal cortex. Interneurones in the 
hippocampus (lacunosum moleculare of CAl, but also in CA3 and dentate 
gyrus) showed strong signals. 
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mRNA is also found in amygdaloid complex and olfactory bulb, dorsal 
tegmental area and in the hypothalamus (preoptic regions). Transcripts were 
present in the nuclei of the trochlear, facial and spinal tract of the trigeminal 
nerves and in the dorsal horn of the spinal cord. Combining the technique with 
immunocytochemistry, MORALES et al. (1996) have recently reported that 90% 
of the 5-HT3 mRNA is expressed in GABAergic cells in neocortex and hippoc
ampus. In general mRNA and radioligand binding sites show similar distribu
tions except in facial nerves and the hypothalamus, where binding is weak, and 
in the dorsal vagal complex, where no significant mRNA levels are detected, 
presumably because these receptors are presynaptic. Another possibility of 
course is that binding studies detect additional sites which do not correspond 
to the presently cloned 5-HT3 receptor subunit. 

IV. 5-HT4 Receptors 

Two splice variants of the 5-HT4 receptor have been cloned (GERALD et al. 
1995). There is at present no evidence to suggest that the currently used 
radioligands recognise preferentially either one or the other of these forms, or 
for that matter what the functional significance of the two splice variants is. 
The brain distribution of 5-HT4 receptors has been rather extensively docu
mented since 5-HT4 receptor selective ligands (e.g. [3H]GRl13808, 
eH]BIMU-1 and [125I]SB 207710; for abbreviations see "Appendix') made 
autoradiographic studies possible. In a number of species (rat, guinea-pig, 
human) 5-HT4receptors have a pronounced mesolimbic and nigrostriatal dis
tribution (see Fig. 5). 5-HT4 binding has been reported in olfactory tubercle, 
islands of Calleja, substantia nigra, ventral pallidum, striatum, septum, hippoc
ampus and amygdala (GRoSSMAN et al. 1993; JAKEMAN et al. 1994; WAEBER et 
al. 1994). RT-PCR studies suggest that the mRNA for the short isoform of the 
5-HT4 receptor of rat brain is expressed solely in the striatum, whereas the 
long form is found throughout the brain, especially in thalamus, striatum, 
hippocampus, brainstem and olfactory bulb (GERALD et al. 1995). However, in 
situ hybridisation shows that that both isoforms are expressed in the same 
regions. These findings underline that 5-HT4 receptors, although widespread, 
would be part of two systems: (a) the septo-hippocampo-habenulo-peduncular 
pathway and (b) the striato-nigro-tectal pathway, suggesting two types of 
functions: limbic and visuo-motor. There is evidence that 5-HT4 receptors and 
cholinergic terminals co-localise, and a modulation of acetylcholine release by 
5-HT4 receptors can be proposed. This would be in line with some electro
physiological findings reported in hippocampus. 

V. 5-HTs Receptors 

There are at present no autoradiographic data with which to compare the 
results of 5-HTs receptor in situ hybridisation since no radioligand has been 
identified to label sites equivalent to 5-HTs receptors, nor is there any func-
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Fig. SA-D. Regional distribution of 5-HT4 receptors and their mRNA in rat brain. 5-
HT4 receptors were visualised with 125I-SB 207710 in a horizontal (A) and coronal (B) 
section of rat brain. C,D Sections consecutive to A and B hybridised with an oligo
nucleotide probe that recognises both splice variants of the rat 5-HT4 receptor mRNA. 
Note in A,C the high densities of receptor sites in the globus pallidus (G P) and 
substantia nigra (SN) together with the apparent absence of receptor mRNA in these 
regions. Cd, Caudate nucleus: CPu, caudate-putamen: GP, globus pallidus: Hp, hippoc
ampus: lCjM, island of Calleja magna: Pli, putamen: SN, substantia nigra. Bars, 3 mm 

tional evidence for the presence of 5-HT, receptors in the brain. Two subtypes 
of 5-HT, receptors have been cloned from rat, but in man only the 5-HTsA and 
not 5-HTsB cDNA can be identified. In rat brain 5-HT;A mRNA has been 
localised to cerebral cortex, hippocampus, habenula, olfactory bulb and cer
ebellum, whereas 5-HTsB mRNA is limited to CAl (hippocampus) and the 
habenular complex (MAHHES et aL 1993). CARSON and colleagues (1996) 
showed that in the rat brain 5-HT'A receptors are expressed predominantly in 
astrocytes, as demonstrated by the use of receptor specific antisera. Labelled 
structures included hypothalamus, hippocampus, corpus callosum, fimbria, 
cerebral ventricles and glia. A similar distribution pattern was observed in 
mouse brain. The morphology and distribution of the cells labelled with anti
serum are consistent with those of astrocytes (co-distribution with glial 
fibrillary acidic protein is prominent) except in the olfactory bulb and cortex 
where low levels of neurones are labelled. These observations are further 
supported by RT-PCR performed with cortical glial culture which showed 
marked expression of 5-HTsA receptor cDNA. It was also noted that receptor 
levels increased in reactive gliosis. 
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VI. 5-HT6 Receptors 

Although functional correlates for 5-HT6 receptors have not been firmly estab
lished, there are some hints that this receptor is expressed in a number of 
neuronal tissues. The recombinant receptor mediates stimulation of adenylate 
cyclase activity. 5-HT stimulated cyclase activity with a 5-HT6-like profile has 
been reported from neuroblastoma cells (N18-TG2, UNSWORTH and MOLINOFF 
1994; NCB-20, CONNER and MANSOUR 1990), cultured rat striatal neurones 
(SEBBEN et al. 1994) and pig caudate membranes (SCHOEFFTER and WAEBER 
1994). It has been proposed (GLATT et al. 1995) that the pharmacology of 
clozapine binding in rat brain membranes is similar to that of the cloned 5-HT6 
receptor. However, no ligand yet has sufficient selectivity to label 5-HT6 
receptors in the brain, and thus the information on their distribution comes 
from in situ hybridisation in rat brain (RUAT et al. 1993; WARD et al. 1995). 
High levels of transcripts are reported in olfactory tubercle, islands of Calleja, 
striatum, nucleus accumbens, dentate gyrus, and CAl, CA2, CA3 of the hip
pocampus. Lower but significant mRNA levels are found in cerebellum, hypo
thalamic nuclei, amygdala and across cortical layers. As observed by WARD et 
al. (1995), most of the hybridisation signal for 5-HT6 is located over the cell 
nuclei. It is not yet known what this location means. mRNA is not found in 
globus pallid us, septal nuclei and a number of thalamic areas, superior and 
inferior colliculus, and both dorsal and ventral raphe nuclei. The strong label
ling in the striatum provides support for the 5-HT6-like stimulation of adeny
late cyclase observed in both striatal membranes and cell cultures (see above). 
That 5-HT6 mRNA transcripts appear to be absent from serotonin-containing 
cell bodies but present in projection fields suggests that the 5-HT6 receptor is 
expressed primarily in terminals. 

VII. 5-HT7 Receptors 

It may not have been immediately clear when the 5-HT7 receptor was cloned 
that this is a member of the 5-HT receptor family. On the one hand, the 
structure of the gene showed very low sequence similarity with the other 5-HT 
receptors cloned at that time, and this is still true now that the 5-HT4 receptor 
has been cloned. On the other hand, the pharmacological profile of the 5-HT7 
receptor, although labelled by eH]5-HT and eH]5-CT, is still largely reminis
cent of dopamine receptors. However, the 5-HT7 receptor has been known for 
sometime as a relaxing receptor that inhibits, for instance, histamine-induced 
contraction in the guinea-pig ileum (KALKMAN et al. 1986), although at that 
time the authors did not assign the receptor to one class or another. To et al. 
(1995) have cloned the guinea-pig 5-HT7 receptor, established conditions for 
CH]5-CT binding to 5-HT7 sites in brain, and performed side-by-side receptor 
autoradiography and in situ hybridisation in guinea-pig brain. Autoradio
graphic data reveal a high density of sites in the medial thalamic nuclei and 
related limbic and cortical regions with lower levels in sensory relay nuclei, 
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substantia nigra, hypothalamus, central grey and dorsal raphe nuclei. In gen
eral there is a good correspondence between the areas and nuclei identified 
with the two methods, although there is an occasional mismatch; for instance, 
there are no mRNA transcripts in caudate-putamen, globus pallidus, ventral 
pallidum or substantia nigra, whereas 5-HT7 binding is apparently present. 
GUSTAFSON et al. (1996) performed a similar comparative study in rat brain. 
[3H]-5-CT binding under their conditions was present in layers 1-3 of cortex, 
septum, globus pallid us , thalamus, hypothalamus, centromedial amygdala, 
substantia nigra, periaqueductal grey, and superior colliculus. The authors 
proposed that the binding in the basal ganglia and substantia nigra is not to 5-
HT 7 receptors since (a) methiothepin did not affect this binding and (b) no 
mRNA were found in these regions, in agreement with To et al. (1995). 
Otherwise, there was a rather similar distribution of binding sites and tran
scripts in rat brain, with a few exceptions - in the hippocampus mRNA was 
comparatively higher to binding whereas in the amygdala, the sub-regional 
distribution was inversely related. Overall, since the limbic system is particu
larly well represented, a potential role in sensory and affective processes may 
be suggested for the 5-HTJ receptor. 

D. Conclusion 
This short overview demonstrates that in situ hybridisation and receptor auto
radiography are powerful and complementary techniques which in combina
tion provide substantial information about which 5-HT receptor subtype is 
located in which cells, assuming that sufficiently selective radioligands are 
available for any given receptor sUbtype. In principle, the final proof for many 
of these findings should come from "classical" immunochemistry applied to 
receptors, that is, from antibodies raised against carefully selected synthetic 
peptide fragments of the various 5-HT receptor sUbtypes. Initial work has 
been carried successfully out for 5-HT1A receptors, and some reports deal with 
5-HTIB' 5-HT2A , 5-HT2c, 5-HT2R • 5-HT, receptor localisation. 

However, it should be realised that to obtain adequate antibodies (selec
tive, specific, good titre, good signal/noise ratio) is not a trivial task. In most 
cases transmitter receptors represent only a very minor fraction of membrane 
proteins, and obtaining high-quality signals is not trivial. This is also a limita
tion to in situ hybridisation since mRNA levels can be extremely low. How
ever, once at hand, the combination of these tools (selective radioligands, 
oligo- or riboprobes and antibodies) enable precise localisation of the receptor 
where expressed and where produced, at both the cellular and subcellular 
level. In the case of 5-HT receptors these techniques, when tools became 
available, made it possible to localise the receptors and provide support, for 
example, for the hypothesis that 5-HT2C or 5-HT} receptors are indeed present 
in the brain at significant levels, although this subject was initially debated, 
that putative 5-HT1f binding sites agree reasonably well with 5-HT1F receptor 
mRNA transcripts, that 5-HTlll receptors out-number 5-HTID receptors al-
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though their distribution is rather similar, and that 5-HT1A receptors are both 
dendritic and soma to-dendritic. In the absence of selective radioligands, data 
from 5-HT6 and 5-HT7 in situ hybridisation studies have been very useful for 
establishing with reasonably confident conditions under which receptor auto
radiography could be performed. 

In addition, there is good agreement between 5-HT3 receptor binding and 
in situ hybridisation data. Since the latter was obtained with probes selective 
for a single subunit, does this mean that 5-HT3 receptors in the brain are 
heterohomomers (since it is known that native 5-HT3 receptors adopt a 
pentameric structure)? Or that all radioligands label only one subunit? It also 
remains to be seen whether studies with 5-HTIE and 5-HT1F receptors can be 
confirmed functionally, and this will be depend largely on selective tools. 
General questions such as the precise chemical phenotype of the neurones 
expressing 5-HT receptors or the cellular coexpression of more than one 5-HT 
receptor subtype per neurone remain to be answered for the large majority of 
these receptors. However, it is clear that studies such as those presented here 
pave the way for further developments in a field which due to its complexity 
was long considered exotic until it was realised that complexity is very com
mon for most transmitter receptors. 

Appendix: Glossary of Drug Names 
1-NP: 
5-CT: 
5-HT: 
5-HTP-DP: 
5-MeOT: 
5-0HIP: 
6-0HIP: 
8-0H-DPAT: 
AH 25086: 
BIMU 1: 

BIMU 8: 

BMY 7378: 

BRL 20627: 

BW 501C67: 
CGS 12066B: 

CP 93129: 
CP 96501: 

l-(l-naphthyl)piperazine 
5-carboxamidotryptamine 
5-hydroxytryptamine (serotonin) 
5-hydroxytryptophyl-5-hydroxytryptophan amide 
5-methoxytryptamine HCI 
5-hydroxyindalpine 
6-hydroxyindalpine 
8-hydroxy-2-( di-n-propylamino )tetraline 
3-(2-aminoethyl)-N-methyl-1H-indole-5-acetamide 
endo-N-(8-methyl-8-azabicyclo[3.2.1 ]oct -3-yl )-2,3-dihydro-
3-ethyl-2-oxo-1H-benzimidazole-1-carboxamide 
endo-N-(8-methyl-8-azabicyclo [3.2.1 ]oct-3-yl )-2,3-
dihydro-(1-methyl)ethyl-2-oxo-1H-benzimidazole-1-
carboxamide 
8-[2-[ 4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-8-
azaspiro[ 4.5]-decane-7 ,9-dione dihydrochloride 
(2a, 6b, 9aa)-(±)-4-amino-5-chloro-2-methoxy-N-
( octahydro-6-methyl-2H-quinolizin-2-yl)benzamide 
2-anilino-N-(2-(3-chlorophenoxy)propyl acetamidine HCI 
7-trifiuoromethyl-4-( 4-methyl-1-piperazinyl)-pyrrolo[1, 2-
a]quinoxaline maleate 
3-( 1 ,2,5 ,6-tetrahydropyrid-4-yl )pyrrolo[3, 2-b ]pyrid-5-one 
3-(1,2,5,6-tetrahydropyrid-4-yl)5-n-propoxyindole 
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DAU 6285: 

DHE: 
DOB: 
DOl: 
DOM: 
DP-5-CT: 
GR 65630: 

GR 67330: 

OR 113808: 

OR 127935: 

ICI 169369: 
[ 125I]GTI: 

C"I]SCH 23982: 

LSD: 
L Y 165163: 

LY 278584: 

L Y 53857: 

mCPP: 
MDL 72222: 
MDL 72832: 

MDL 73005: 

MDL 100907: 

MK 212: 
NAN 190: 

PAPP: 

RP 62203: 

RS 23597-190: 

endo-6-methoxy-8-methyl-8-azabicyclo[3.2.1 ]oct -3-yl-2,3-
dihydro-2-oxo-l H -benzimidazole-I-carboxylate H Cl 
dihydroergotamine 
1-(2,5-dimethoxy-4-bromophenyl)-2-aminopropane 
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane 
1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane 
dipropyl-5-carboxamidotryptamine 
3-(5-methyl-lH-imidazol-4-yl)-I-(1-methyl-lH-indol-3-yl)
I-propanone 
(± )-1 ,2,3,9-tetrahydro-9-methyl-3-[ (5-methyl-lH-imidazol-
4-yl)methyl]-4H-carbazol-4-one 
[1-[2-( methylsulphonyl )amino ]ethyl ]-4-piperidinyl]methyl 
I-methyl-lH-indole-3-carboxylate 
(N-[ 4-methoxy-3-( 4-methyl-l-piperazinyl)phenyl]-2'
methyl-4' -(5-methyl-1,2,4-oxadiazol-3-yl) [1, I-biphenyl]-
4-carboxamide) 
2-(2-dimethylaminoethylthio )-3-phenylquinoline HCl 
5-0-carboxamidomethylglycyl[125 I]tyrosinamide
tryptamine 
R-( + )-7 -hydroxy-8-[125J]-3-methyl-l-phenyl-2,3,4,5-
tetrahydro(1 H)-3-benzazepine H Cl 
(+ )-lysergic acid diethylamide 
1-(2-( 4-aminophenyl )ethyl)-4-(3-trifluoromethyl
phenyl)piperazine (PAPP) 
I-methyl-N-(8-methyl-8-azabicyclo-[3.2.l]oct-3-yl)-1 H
indazole-3-carboxamide 
4-isopropyl-7 -methyl-9-(2-hydroxy-l
methylpropoxycarbonyl)-4,6,6A,7 ,8,9,10, 1 OA
octahydroindolo[4, 3-FO]quinolone maleate 
1-(3-chlorophenyl )piperazine 
1 aH, 3a, 5aH-tropan-3-yl-3,5-dichlorobenzoate 
8-( 4-[ 1, 4-benzodioxan-2-ylmethylamino ]butyl )-8-azaspiro 
[4, 5]decane-7,9-dione 
8-(2-[2, 3-dihydro-l, 4,benzodioxin-2-
ylmethylamino ]ethyl)-8-azaspiro[ 4, 5]decane-7.9-dione 
[R-( + )-a-(2, 3-dimethoxyphenyl)-1-[2-( 4-fluorophenyl) 
ethyl]-4-piperidinemethanol] 
6-chloro-2-(I-piperazinyl)pyrazine HCl 
1-(2-methoxyphenyl)-4-[ 4-(2-phthalimmido) 
butyl]piperzine HBr 
1-(2-[4-aminophenyl ]ethyl )-4-(3-trifluoromethylphenyl) 
piperazine (LY 165163) 
(2-[3-(4-( 4-fluorophenyl)-piperazinyl)propyl]naphto[1 ,8-
ca ]isothiazole-l, I-dioxide) 
3-(piperidin-I-yl)propyl 2-methoxy-4-amino-5-
chlorobenzoate HCl 
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RU 24969: 
SB 200646: 
SB 207710: 

SC 53116: 

SCH 23390: 

SDZ 205557: 

SDZ 206830: 

SDZ 21009: 

SDZ 216525: 

TFMPP: 
WAY 100135: 

WAY 100635: 

WB 4101: 
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5-methoxy-3(1,2,3,6-tetrahydro-4-pyridinyl)-IH-indole 
N-(I-methyl-5-indolyl)-N-(3-pyridyl urea hydrochloride) 
(l-butyl-4-piperidinylmethyl)-8-amino-7 -iodo-l ,4-
benzodioxan-5-carboxylate 
exo-(IS,8S)-2-methoxy-4-amino-5-chloro-N-[(hexhydro-
1H-pyrrolizin-1-yl)methyl]benzamide HCl 
R-( + )-7-chloro-8-hydroxy-3-methyl-l-phenyl-2,3,4,5-
tetrahydro(IH)-3-benzazepine HCI 
2-methoxy-4-amino-5-chlorobenzoic acid 2-
(diethylamino )ethyl ester 
(3a-homotropanyl )-1-methyl-5-fluoro-indole-3-caroxylic 
acid ester 
4(3-terbutylamino-2-hydroxypropoxy)indol-2-carbonic
acid-isopropylester 
methyl-4(4-[4-(1, 1, 3-trioxo, 2H-l, 2-benziosothiazol-2-
yl)butyl]-l-piperazinyl) 1 H-indole-2-carboxylate 
N -(3-trifl uorome th yip hen y I )piperazin e 
N-tert-butyl-3-( 4-[2-methoxyphenyl]piperazin-1-yl)-2-
phenylpropionamide dihydrochloride 
(N-[2-[ 4(2-methoxyphenyl)-1-piperazinyl-l-piperazinyl]
N-2- pyridinyl) cyclohexanecarbonate 
2-(2,6-dimethoxyphenoxyethyl)aminomethyl-1,4-
benzodioxane 

Some other drugs were generally known by their code names until recently. 
The names of these drugs, as used in this review, and their previous code 
names are: ipsapirone (TVXQ 7821), granisetron (BRL 43694); ondansetron 
(GR 38032F); renzapride (BRL 24924); sumatriptan (GR 43175); tropisetron 
(ICS 205930). 
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CHAPTER 9 

The Main Features of Central 
5-HT lA Receptors 

M. HAMON 

A. Introduction 
Soon after the development of binding assays using [3H]5-hydroxytryptamine 
(['H]5-HT) to label the specific recognition sites for serotonin on membrane
bound receptors in the central nervous system (CNS), differences from one 
brain area to another were noted which suggested the existence of several 
distinct classes of binding sites. In particular, comparison of the fate of [3H]5_ 
HT high-affinity binding sites in the rat brain after the selective degeneration 
of serotoninergic neurones due to the intra-raphe infusion of the neurotoxin 
5,7-dihydroxytryptamine (5,7-DHT) showed that both the hippocampal and 
striatal sites are located on postsynaptic targets of serotoninergic projections 
(NELSON et al. 1978), where they are subjected, however, to differential adap
tive changes after the lesion. Thus a significant increase in the density of CH]5-
HT high-affinity binding sites was noted in the hippocampus but not in the 
striatum (NELSON et al. 1978). Studies of the pharmacological properties of 
[lH]5-HT high-affinity binding also revealed that the radioactive indoleamine 
probably recognises several distinct high-affinity sites in brain membranes. 
Indeed, inhibition of CH]5-HT high-affinity binding by drugs such as 
methiothepin and quipazine yielded (apparent) Hill coefficients of less than 
1.0, as expected of the heterogeneity of corresponding binding sites (N ELSON 
et al. 1978). These observations were in fact the first to suggest the existence of 
several- at least two - different classes of high-affinity 5-HT1 receptor binding 
sites, with distinct pharmacological properties and regional distributions in the 
rat brain. 

Further investigations with other drugs, in particular some neuroleptics of 
the butyrophenone series, clearly confirmed the existence of two different 
classes of [3H]5-HT high-affinity binding sites which were initially named 5-
HTIA for those having a high (nM) affinity for spiperone and derivatives, and 
5-HT1B for those having, in contrast, a low affinity for these drugs (PEDIGO et 
al. 1981). Although this so-called 5-HT1B class has subsequently been shown to 
correspond to a heterogeneous population of high-affinity (nM) sites for the 
indoleamine, the 5-HT1A class, initially identified by PEDIGO et al. (1981), 
turned out to be the 5-HT1A receptor, which was then cloned and sequenced a 
few years later (KOBILKA et al. 1987~ FAR GIN et al. 1988; ALBERT et al. 1990). In 
the early 1980s. a similar biphasic inhibition of eH]5-HT binding as obtained 
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Fig. I. Chemical structures of some agonists and antagonists at 5-HT1A receptors 

with spiperone was reported with a novel tetralin derivative, 8-hydroxy-2-(di
n-propylamino)tetralin (8-0H-DPAT; Fig. 1; HJORTH et al. 1982), suggesting 
that the latter compound is also a selective high-affinity ligand of the 5-HTlA 

receptor (MIDDLEMISS and FOZARD 1983; HAMON et al. 1984). Interestingly, 8-
OH-DPAT proved to be an agonist, whereas spiperone acted as an antagonist 
at 5-HTlA receptors. Furthermore, binding studies with [3H]8-0H-DPAT 
(GOZLAN et al. 1983; HALL et al. 1985) subsequently showed that correspond-
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ing binding sites accounted only for a fraction of those specifically labelled by 
[' H]5-HT, as expected of the recognition of the 5-HT1A sUbtype of the hetero
geneous family of specific 5-HT1 binding sites. Therefore an agonist, an an
tagonist and a selective radio ligand were available for extensive studies of the 
5-HT1A receptor as early as 1983. This explains why 13 years later this receptor 
is the best known among the 15 different 5-HT receptors which have been 
cloned, sequenced and pharmacologically characterised to date (HOYER et al. 
1994). 

B. Molecular Organisation of the 5-HT lA Receptor 
In rodents as in man, the 5-HT1A receptor consists of a protein of 422 amino 
acids. The receptor has seven hydrophobic domains that probably correspond 
to membrane-spanning regions (KOBILKA et al. 1987; ALBERT et al. 1990; 
CHANDA et al. 1993; BOESS and MARTIN 1994). The intronless gene encoding 
the 5-HT1A receptor is located in the distal part of mouse chromosome 13 and 
on human chromosome 5 at the locus 5ql1.2-q13. Three potentially 
glycosylated asparagine residues are located within the putative extracellular 

CEUUtAR 

INTR.ACEUUI.AR 

Fig. 2. Model of the transmembrane topology of the rat 5-HT1A receptor (ALBERT et al. 
1990). Consensus sites for phosphorylation by protein kinase C (PKC) and N
glycosylation (Y) are marked 
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N terminal domain of the protein, whereas three threonine residues within 
consensus sequences for their phosphorylation by protein kinase C are present 
in the second and third intracellular loops (Fig. 2). This overall structure is 
typical of a G protein coupled receptor (EMERIT et al. 1990). Furthermore, the 
combined presence of a relatively long third intracellular loop (132 amino 
acids) and a short C terminal domain (18 amino acids) is a rather common 
feature of G protein coupled receptors negatively coupled with adenylyl cy
clase, which is in fact the case of the 5-HT1A receptor in brain tissues as well as 
in cell lines transfected with the corresponding cDNA coding sequence (BOESS 
and MARTIN 1994). Site-directed mutagenesis indicated that at least the aspar
tate residue at position 82, the serine residue at position 393 and the aspar
agine residue at position 396 are required for the binding of 8-0H-DPAT to 
the 5-HT1A receptor (CHANDA et al. 1993). 

Measurements of adenylyl cyclase activity of membranes from NIH-3T3 
cells transfected with the 5-HT1A receptor coding sequence showed that pep
tides corresponding to the second intracellular loop and the carboxyl end of 
the third intracellular loop mimicked the 5-HT1A receptor-dependent activa
tion of G protein(s) and the associated inhibition of the enzyme (VARRAULT et 
al. 1994). From these data, it can be inferred that these parts of the 5-HT1A 

receptor are very likely those which interact with the functionally associated G 
protein(s). As expected from this inference, the binding of specific antibodies 
onto a portion of the receptor at a distance from these parts was shown to 
exert no effect on the 5-HTIA receptor-G protein interaction (RIAD et al. 
1991). 

The blockade of 5-HT1A receptor-dependent inhibition of adenylyl cyclase 
by pertussis toxin indicated that the G protein(s) functionally associated with 
the 5-HT1A receptor belong(s) to the Gi/Go type (HAMON et al. 1990). Further 
experiments aimed at the identification of the latter protein( s) consisted of co
transfecting various cell lines with cDNAs encoding the 5-HT1A receptor, on 
the one hand, and a given G protein, on the other. Measurements of 5-HTIA 

receptor-dependent adenylyl cyclase activity in these cells showed that the 
larger responses were obtained with Gia2 and Gia3, suggesting that these G 
proteins are in fact those which couple to the 5-HTIA receptor under physi
ological (optimal?) conditions (RAYMOND et al. 1993). However, other studies 
in which the measured response to 5-HT1A receptor activation was cell mem
brane hyperpolarisaton due to the opening of a specific K+ channel (HAJ
DAHMANE et al. 1991) favoured the idea that a Go (aol ) rather than a Gi 
protein mediates this effect (OLESKEVICH 1995). Therefore the possible cou
pling of the same 5-HT1A receptor binding subunit to different G proteins 
might account for the differential effects of 5-HT1A receptor agonists on neu
ronal cells from one brain area to another. For instance, these compounds are 
known to inhibit forskolin-stimulated adenylyl cyclase activity in the rat hip
pocampus but not in the anterior raphe nuclei, although 5-HTIA receptor 
binding sites are particularly concentrated in these two regions (VERGE et al. 
1986). In contrast, the hyperpolarising response due to K+ channel opening has 
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been reported to occur upon 5-HTIA receptor activation in both the raphe area 
and the hippocampus (HAJ-DAHMANE et a1. 1991; BECK et al. 1992). To date. 
however, the possible coupling of the 5-HT1A receptors to different G proteins 
from one brain area to another (i.e. from one cell type to another) has yet to 
be firmly demonstrated by direct biochemical studies. 

C. Cellular Responses to 5-HT lA Receptor Activation 
In addition to their negative coupling with adenylyl cyclase, which has been 
extensively used for the characterisaton of the pharmacological and functional 
properties of 5-HT1A receptors, the latter have also been shown to modulate 
the activity of phospholipase C in various cell lines transfected with the corre
sponding cDNA sequence. An increased hydrolysis of phosphatidyl inositol 
biphosphate, and a resulting intracellular accumulation of free Ca2+ have been 
reported to occur in transfected cells exposed to 5-HT1A receptor agonists 
(FARGIN et a1. 1989; BODDEKE et a1. 1992; RAYMOND et al. 1992). However, this 
mode of coupling apparently does not exist in brain tissues, even if 5-HT lA 
receptor agonists were found to exert a negative influence on the activation of 
phospholipase C due to muscarinic receptor stimulation in the hippocampus of 
young rats (MINISCLOU et a1. 1995). Indeed, the effects of 5-HT1A receptor 
agonists are probably indirect, via some 5-HT1A receptor-mediated alteration 
(possibly due to phosphorylation) of muscarinic receptors themselves or their 
effector mechanisms (MINISCLOU et a1. 1995). 

The functional coupling of 5-HT1A receptors with K+ channels has been 
demonstrated both in the dorsal raphe nucleus where these receptors act as 
autoreceptors located on the somata and dendrites of serotoninergic neurones 
(VERGE et a1. 1986; SOTELO et a1. 1990), and in the hippocampus, septum and 
hypothalamus were they correspond to postsynaptic receptors with respect to 
serotoninergic afferent fibres (VERGE et a1. 1986). In all these regions 5-HT1A 
receptor activation results in the opening of K+ channels that produces both a 
hyperpolarisaton and a decrease in membrane resistance (AGHAJANJAN and 
LAKOSKI 1984; CORRADETTl et a1. 1996). However, some differences exist from 
one area to another with regard to the efficiency of agonists and antagonists to 
affect these channels, which suggests that the molecular organisaton of the "5-
HT1A-G protein-K+ channel" complex might exhibit some regional variations 
(CORRADETTI et a1. 1996). In particular, possible differences in the nature ofthe 
coupled G protein(s) and the ratios of the respective concentrations of the 5-
HT1A receptor binding subunit and the associated G protein(s) might explain 
why the same drugs can act as full agonists in some areas (i.e. the dorsal raphe 
nucleus) and only as partial agonists in other areas (i.e. the septum and the 
hippocampus; see HAMON et a1. 1990). 

At least in the dorsal raphe nucleus 5-HT1A autoreceptors have also been 
shown to be negatively coupled to Ca2+ channels (PENINGTON et a1. 1991). The 
reduced Cae" conductance, in addition to the increased K+ conductance, clearly 
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contributes to the negative influence of 5-HT1A receptor agonists on the firing 
rate of serotoninergic neurones. 

Pharmacological characterisation of the K + channel functionally coupled 
with the 5-HT1A autoreceptor on serotoninergic neurones in the dorsal raphe 
nucleus showed that it could be inhibited by 4-aminopyridine but not by 
apamin or charybdotoxin. These characteristics are in fact typical of K + chan
nels directly controlled by G proteins (HAJ-DAHMANE et al. 1991). 

D. Localisation of 5-HT lA Receptors 
I. Regional and Cellular Distributions of 5-HT1A Receptors 

Quantitative autoradiographic studies, performed as soon as [3H]8-0H
DPAT became available, allowed the mapping of 5-HT1A receptors in the rat 
eNS (MARCINKIEWICZ et al. 1984; PAZOS and PALACIOS 1985; VERGE et al. 1985, 
1986). Subsequently, other selective 5-HT1A radioligands were synthesised, 
such as: [125I]Bolton -Hunter -8-methoxy-2-[ N-propyl-N-propylamino ]tetral
in ([125I]BH-8-MeO-N-PAT), [3H]5-methoxy-3-( di-n-propylamino )chroman 
(eH]5-MeO-DPAC), eH]5-methyl-urapidil, eH]ipsapirone, [3H]alnespirone, 
[3H]1-[2-( 4-fluorobenzoyl-amino )ethyl]-4-(7 -methoxynaphtyl) piperazine 
([3H]S 14506), [3H]N-[2-[ 4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-
pyridinyl) cyclohexane carboxamide ([3H]WA Y 100635), [125I]4-(2'-methoxy
phenyl)-1-[2'-(N-2"-pyridinyl)-p-iodo-benzamido] ethylpiperazine (e25I]p_ 

... _--- Fr. Cx 

Septum 

[3H]8-0H-DPAT [3H]WA Y-100635 
Fig. 3. Autoradiograms of the specific labelling of 5-HT1A receptors by [3H]8-0H
DP A T and [3H]W A Y 100,635 in the rat brain. Adjacent horizontal sections show that 
both radioligands bind precisely at the same areas. Fr. ex, Frontal cortex; caud. put., 
caudate putamen; hippo ., hippocampus; ent. e x, entorhinal cortex; DRN, dorsal r aphe 
nucleus 
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MPPI), and the autoradiographic pictures obtained with these molecules 
fully confirmed the data obtained with [3H]8-0H-DPAT (COSSERY et al. 
1987; GOZLAN et al. 1988, 1995; LAPORTE et al. 1991; RADJA et al. 1991; 
LANFUMEY et al. 1993a, 1994; KUNG et al. 1995; see Fig. 3). All these studies 
showed that 5-HT1A receptor binding sites are especially abundant in the 
hippocampus, notably in the dentate gyrus and the CAl area of Ammon's 
horn, the lateral septum, the frontal and entorhinal cortex and the anterior 
raphe nuclei. In addition, the dorsal horn of the spinal cord, the amygdala, 
some thalamic and hypothalamic nuclei, and the lateral part of the caude
putamen also express 5-HT1A receptors but at a lower level. Finally, 5-HT1A 

receptors are hardly or not detectable in the globus pallidus, the substantia 
nigra and the cerebellum (MARCINKIEWICZ et al.1984; VERGE et al. 1986; RADJA 
et al. 1991). 

In general, the distribution of 5-HT1A receptor binding sites coincides with 
that of the 5-HT1A receptor mRNA visualised by in situ hybridisation of 
specific oligonucleotide or cRN A probes (MIQUEL et al. 1991; POMPEIANO et al. 
1992). Accordingly, it has been inferred that the 5-HT1A receptor protein is not 
transported over long distances from its site of synthesis, i.e. that distribution 
of the receptor may be restricted to the somato-dendritic compartment of the 
neurones. The first direct demonstration of such a phenomenon was obtained 
in the dorsal and median raphe nuclei where the selective destruction of the 
somata and dendrites of serotoninergic neurones consecutive to the local 
microinjection of the neurotoxin 5,7-DHT was shown to be associated with the 
disappearance of specific CH]8-0H-DPAT binding sites (Fig. 4; VERGE et al. 
1985,1986; WEISSMANN-NANOPOULOS et al. 1985). Subsequently, double immu
nocytochemical staining procedures allowed the visualisaton of the 5-HT1A 

receptor protein on the somata and dendrites of neurones identified with anti-
5-HT antibodies in both anterior raphe nuclei (SOTELO et al. 1990). 

Another brain region in which the subcellular localisation of 5-HT1A re
ceptors could be inferred from auto radiographic labelling with specific 
radioligands is the hippocampus. In this region [3H]8-0H -DPA T specific bind
ing is especially high in the stratum oriens, stratum radiatum and stratum 
lacunosum moleculare where the dendrites of pyramidal and granule cells are 
located (VERGE et al. 1986). However, at this level the addressing of 5-HT1A 

receptors seems to exclude the perikarya because CH]8-0H-DPAT specific 
binding is hardly detected in corresponding layers within the Ammon's horn 
and the dentate gyrus, where the 5-HT1A receptor mRNA is abundant 
(MIQUEL et al. 1991). 

Observations in other regions of the rat CNS suggest that 5-HT1A recep
tors are not always confined to the soma to-dendritic compartment of neurones 
but can also occur in axon terminals, for example, in the dorsal horn of the 
spinal cord. Similar to the opioid receptor binding sites, whose presynaptic 
location on the terminals of primary sensory fibres has been clearly demon
strated (DAVAL et al. 1987a; BESSE et al. 1990), the selective degeneration of 
primary afferent terminals subsequent to dorsal rhizotomy results in a signifi-
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Fig. 4. Demonstration of the expression of somato-dendritic 5-HT1A autoreceptors by 
serotoninergic neurones in the rat brain. The selective lesion of serotoninergic 
neurones in the nucleus raphe dorsalis and the nucleus raphe medianus by the local 
microinjection of 5,7-DHT (VERGE et al. 1986) results in the disappearance of [3HJ8-
OH-DPAT binding in these areas. In contrast, eHJ8-0H-DPAT binding persists in the 
entorhinal cortex as expected of the location of 5-HT1A receptors on postsynaptic 
targets of serotoninergic neurones in this region 

cant approx. 25% reduction in the density of [3H]8-0H-DPAT specific binding 
sites within the superficial layers of the dorsal horn; such a finding could be 
expected provided a significant proportion of 5-HT1A receptors were located 
on terminals of primary afferent fibres originating from neurones in dorsal 
root ganglia (DRG; DAVAL et al. 1987; LAPORTE et al. 1995). Indeed, in situ 
hybridisaton studies have shown that the 5-HT1A receptor mRNA is expressed 
in some cells in DRG (POMPEIANO et al. 1992). Nevertheless, before a definitive 
conclusion can be reached, it must be excluded that the loss of 5-HT1A receptor 
binding sites following dorsal rhizotomy is due to plasticity phenomena which 
may in fact involve receptors located postsynaptically with respect to primary 
afferent fibres. 
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One important issue which derived from the cloning and sequencing of the 
5-HTIA receptor has been the production of specific antibodies raised against 
either a synthetic peptide with the same sequence as that of a highly selective 
portion of the 5-HT1A receptor protein (EL MESTIKAWY et a1. 1990; RIAD et a1. 
1991) or a recombinant fusion protein (GERARD et a1. 1994). In the latter case 
the strategy consisted of forcing transformed bacteria to synthesise a "mixed" 
protein encoded by a plasmid where the sequence of a large selective portion 
of the 5-HT1A receptor cDNA (i.e. the coding region corresponding to the 
third intracellular loop of the receptor) had been fused to the gene of another 
protein whose purification could be rapidly achieved, such as the glutathione
S-transferase from Schistosoma japonicum (GERARD et a1. 1994). Synthetic 
peptides coupled to protein carriers (such as bovine serum albumin or keyhole 
limpet hemocyanin) or the purified fusion protein have been injected to rab
bits for the production of polyclonal antibodies. Western blotting experiments 
show that these antibodies recognise one major band of 63 kDa, correspond
ing to the MW of the native 5-HT1A receptor in brain tissues (EL MESTIKAWY 
et al. 1989). Furthermore, both antipeptide antibodies and anti-fusion protein 
antibodies are capable of immunoprecipitating 5-HTIA receptors in soluble 
extracts from rat hippocampal membranes (EL MESTIKAWY et a1. 1990; RIAD et 
al. 1991; GERARD et al. 1994). 

The incubation of rat brain sections with anti-peptide- or anti
fusion protein-antibodies, then C"S]IgG-anti rabbit IgG, yielded immuno
autoradiograms which correspond exactly to autoradiograms obtained from 
sections labelled by [JH]8-0H -DP AT or CH]W A Y 100635 (EL MESTIKA WY et 
a1. 1990; RIAD et al. 1991; GERARD et a1. 1994; GOZLAN et al. 1995). 

II. Addressing of 5-HTlA Receptors 

In all brain areas where the ultrastructural localisation of 5-HT1A receptors has 
been examined by immunocytochemistry at the electron microscope level the 
protein appears to be located in the plasma membrane around the somata and 
dendrites of various neuronal types (KIA et al. 1996a,b). In contrast, no 
immunolabelling of glial cells is observed, in line with the lack of positive in 
situ hybridisation signal with a specific probe of 5-HT1A receptor mRNA in C6 
glioma cells and astrocytes in primary culture (HILLION et a1. 1994). Direct 
visualisation of such a somatodendritic addressing of the 5-HT1A receptor has 
been confirmed at the level of the dorsal and median raphe nuclei, the hippoc
ampus, the septum and the cerebral cortex (KIA et a1. 1996b). Detailed exami
nation of the immunolabelling by anti-5-HT1A receptor antibodies using the 
immunogold technique shows that 5-HT1A receptors are distributed as patches 
in the plasma membrane, mainly outside synaptic differentiations (RIAD et a1. 
1995). Such an ultrastructural distribution is in line with the implication of 5-
HTIA receptors in the mediation of neuromodulatory actions of 5-HT. 

Direct investigations on the mechanisms responsible for the membrane 
addressing of 5-HT1A receptors to the somato-dendritic compartment of cen-
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tral neurones have recently been performed using an epithelial cell line as a 
model. Because several convergent sets of data had demonstrated that the 
apical pole of epithelial cells is homologous to the terminal compartment of 
neurones, whereas the baso-Iateral pole of the former cells is homologous to 
the somato-dendritic compartment, LANGLOIS et al. (1996) recently used the 
pig kidney epithelial cell line LLC-PK1 to investigate the membrane address
ing of 5-HT1A receptors. As expected from these homologies, the 5-HT1A 
receptor expressed in LLC-PK1 cells transfected with a plasmid encoding this 
receptor was found to be located in the baso-Iateral domain of the plasma 
membrane (LANGLOIS et al. 1996). Interestingly, a chimera corresponding to 
the 5-HT1A receptor in which the third intracytoplasmic loop is changed to that 
of the 5-HTJB receptor (which is addressed to the terminal compartment of 
neurones; RIAD et al. 1996) was no longer addressed to the baso-Iateral pole of 
cells transfected with the recombinant plasmid. Conversely, another chimera 
made of the 5-HTJB receptor in which the third intracytoplasmic loop is 
changed to that of the 5-HT1A receptor was addressed to the baso-Iateral pole 
(DARMON et aI., unpublished observations), although the complete 5-HTJB 
receptor is normally not addressed to this domain of the cell membrane 
(LANGLOIS et aI. 1996). These data indicate that a signal very probably exists 
within the third intracytoplasmic loop of the 5-HTIA receptor that is respon
sible for the receptor addressing to the baso-Iateral pole of the plasma mem
brane in LLC-PK1 cells. Whether this signal sequence (which has still to be 
clearly identified) is also implicated in the addressing of 5-HT1A receptors to 
the soma to-dendritic compartment of neurones has yet to be established. 

E. Pharmacological Properties of 5-HT1A Receptors 
To date 8-0H-DPAT is still considered as the prototypical 5-HT1A receptor 
agonist although this compound has also some affinity for 5-HT7 receptors 
(HOYER et al. 1994). Indeed, the potency of 8-0H-DPAT is about 50 times 
higher at 5-HT1A receptors than at 5-HT7 receptors. Studies of the enantiomers 
of 8-0H-DPAT showed that (-)R-8-0H-DPAT is about 10 times more potent 
than (+)S-8-0H-DPAT. Numerous derivatives of 8-0H-DPAT have been 
synthesised thanks to the substitution and addition of various chemical groups. 
This approach led notably to the synthesis of (R)-5-fiuoro-8-0H-DPAT [(R)
UH-301] which is also a 5-HT1A receptor agonist (BJORK et al. 1991). In 
contrast, the other enantiomer (S)-UH-301 is an antagonist at 5-HT1A recep
tors. However, its selectivity is much less than that of the parent compound 
because (S)-UH-301 also exerts an agonist activity at dopamine D2 receptors 
(BJORK et al. 1991). 

Numerous compounds of various chemical series (tetralins, chromans, 
azapirones, etc.) have been synthesised among which potent and selective 5-
HTIA receptor agonists were found. In the chroman series 5-methoxy-3-(di-n
propylamino)chroman (5-MeO-DPAC) exhibits a nanomolar affinity for 
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Table 1. Respective affinities (Ki values in nM) of selected 
agonists and antagonists at 5-HT1A receptors (see text) 

Compound 

Agonists 
Alnespirone (S 20499) 
N,N-di-propyl-5-carboxamido-tryptamine 
5-Carboxamido-tryptamine 
5-Methyl-urapidil 
8-0H-DPAT 
5-Methoxy-3-( di-n-propylamino )chroman 
SR 57746 A 
Flesinoxan 
Ipsapirone 
Buspirone 
Lesopitron 

Antagonists 
WAY 100,635 
p-MPPI 
SDZ 216,525 
(-)Penbutolol 
(-)Tertatolol 
(-)Pindolol 
WAY 100,135 
(S)-UH-301 
(-)Propranolol 
Spiperone 

Ki (nM) 

0.20 
0.20 
0.20 
0.35 
1.0 
1.0 
2.0 
3.0 

10 
30 
50 

0.10 
0.32 
0.70 
8 

10 
15 
20 
52 
55 
60 

S 20499, (+ )-4-[N-(5-methoxy-chroman-3-yl)-N-propylam
ino]butyl-8-azaspiro-(4,5)-decane-7,9-dione; SR 57746 A. 
1-[2-(naphth-2-yl)ethyl]-4-(3-trifiuoromethylphenyl)-I.2, 
5,6-tetrahydropyridine; WAY 100,635, N-[2-[4-(2-
methoxyphenyl )-1-piperazinyl]ethyl]-N-(2-pyridinyl) 
cyclohexane carboxamide; p-MPPI, 4-(2'
methoxyphenyl)-1-[2' -(N-2" -pyridinyl)-p-iodobenzamido] 
ethylpiperazine; SDZ 216,525, methyl 4-(4-(4-(1,1,3-
trioxo-2H -1 ,2-benziosothiazol-2-yl) butyl)-l
piperazinyl)1H-indole-2-carboxylate; WAY 100,135. N
tert-butyl-3,4-(2-methoxyphenyl)piperazin-l-yl-2-
phenylpropanamide; (S)-UH-301, (S)-5-fiuoro-8-hydroxy-
2-( di-n-propylamino )tertralin. 
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5-HTJA receptors. Its high selectivity allows the use of a tritiated derivative of 
this compound for the visualisation and quantification of 5-HTJA receptors in 
brain (COSSERY et al. 1987). Another chroman derivative is alnespirone 
(S 20499) which acts selectively, in the nanomolar range also, on 5-HT1A 
receptors (LANFUMEY et al. 1993; KmD et al. 1993). 

The first azapirone identified as a potent (partial) agonist at 5-HT1A recep
tors was bus pirone (GOZLAN et al. 1983) (Table 1). However, this compound is 
also an antagonist at presynaptic dopamine receptors, and its metabolism in 
vivo leads to the synthesis of 1-pyrimidinyl-piperazine (l-PP) which acts as an 
a:z-adrenergic antagonist. Therefore the effects produced by the in vivo admin-
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istration of this drug are unavoidably complex and cannot be ascribed solely to 
the (partial) stimulation of 5-HT1A receptors. Subsequently, other azapirones 
were developed with less activity at dopamine receptors. For example, 
ipsapirone, gepirone and tandospirone are more selective 5-HT1A receptor 
agonists than buspirone (HOYER et al. 1994). However, in vivo, these com
pounds also lead to the formation of 1-PP and therefore to the blockade of~
adrenergic receptors. 

Other agonists have been characterised such as 1-[2-( 4-
fiuorobenzoylamino)ethyl]-4-(7-methoxynaphtyl) piperazine (S 14506), 5-me
thyl-urapidil, ftesinoxan (AHLENIUS et al. 1991), but their use in vivo for the 
selective stimulation of 5-HT1A receptors is questionable because these drugs 
also act generally, in rather low dose ranges, at other receptor types (5-HT2C' 

aI-adrenergic receptors, etc.). In contrast, lesopitron (HAJ-DAHMANE et al. 
1994) is a highly selective 5-HT1A receptor agonist but of rather low potency 
both in vitro and in vivo. 

Binding studies as well as electrophysiological and biochemical investiga
tions with antagonists first characterised for their actions at other receptor 
types led to the discovery that the dopamine antagonist spiperone and the /3-
adrenergic antagonists (-)-propranolol, (-)-penbutolol, (-)-alprenolol, (-)
pindolol and (-)-tertatotol also act as antagonists at 5-HT lA receptors (LUM 
and PIERCEY 1988; OKSKENBERG and PEROUTKA 1988; HAMON et al. 1990; 
HJORTH 1992; MIDDLEMISS and TRICKLEBANK 1992; JOLAS et al. 1993; LANGLOIS 
et al. 1993, PRISCO et al. 1993). This led to the development of derivatives with 
enhanced efficacy and selectivity at 5-HTIA receptors such as (±)-l-(lH-indol-
4-yloxy)-3-(cyclohexylamino)-2-propanol (LY 206130; ENGLEMAN et al. 1996) 
and pindobind [N1-(bromoacetyl)-N -[3-( 4-indolyloxy)-2-hydroxypropyl]-(Z)-
1,8-diamino-p-methane] (LIAU et al. 1991). However, these drugs are generally 
of limited interest for the blockade of the latter receptors, especially in vivo. 
Other arylpiperazine drugs were then developed which were initially claimed 
to act at 5-HTIA receptor antagonists, such as 1-(2-methoxyphenyl)-4-
[(phthalimido)butyl]piperazine (NAN-190; GLENNON et al. 1989), 8-[2-[4-
(2-methoxyphenyl)-1-piperazinyl]ethyl]8-azaspiro( 4,5)-decane-7 ,9-dione 
(BMY 7378; YOCCA et al. 1987), 1-(2-methoxyphenyI)-4-( 4-succinimido) 
butyl]piperazine (MM-77; MOKROSZ et al. 1994), methyI4-(4-(4-(1,l,3-trioxo-
2H -1 ,2-benziosothiazol-2-yl) butyl)-l-piperazinyl) 1H-indole-2-carboxylate 
(SDZ 216,525; HOYER et al. 1992; SCHOEFFTER et al. 1993) and N-tert-butyl-
3,4-(2-methoxyphenyl)piperazin-1-yl-2-phenylpropanamide (WAY 100135; 
FLETCHER et al. 1993; LANFUMEY et al. 1993b). In addition, benzodioxans such 
as spiroxatrine and binospirone (MDL-73005EF: 8-[2-(2,3-dihydro-1,4-
benzodioxin-2-yl)methylamino ]-8-azaspiro-( 4,5)-decane-7,9-dione) have also 
been proposed as 5-HT1A receptor antagonists (VAN DEN HOOFF and GALVAN 
1991; CUFFE et al. 1993). In fact, all these compounds, which are not really 
selective for 5-HT1A receptors, act as partial agonists, leading to variable 
effects from one cell type to another. For example, on serotoninergic neurones 
in the dorsal raphe nucleus where a large reserve of 5-HT1A receptors exists 
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(MELLER et al. 1990) these drugs act as 5-HTIA agonists, whereas in the hippoc
ampus where no 5-HTIA receptor reserve exists (YOCCA et al. 1992) they act 
essentially as antagonists. For instance, MOL 73005EF, BMY 73-78, 
SDZ 216,525 mimic, at least in part, the inhibitory effects of 8-0H-DPAT on 
the firing of serotoninergic neurones in the dorsal raphe nucleus and the 
associated release of 5-HT in their projection areas, whereas these drugs 
prevent the effects of the same agonist on adenylyl cyclase activity in the 
hippocampus and other postsynaptic targets (GARTSIDE et al. 1990; SPROUSE 
1991; SHARP et al. 1990, 1993). In addition, at least in vivo, the effects of these 
drugs are often difficult to interpret because several of them (BMY 73-78, 
SDZ 216,525, NAN-190, etc.) are also potent (Xl adrenergic receptor blockers 
(CLAUSTRE et al. 1991: LANFUMEY et al. 1993b; ROUTLEDGE et al. 1994). 

Actual antagonists now available include WAY 100635 [N-(2-( 4-(2-
methoxypheny I )-l-piperazinyl )ethyl)-N-(2-pyridyl)cyclohexanecarboxamide] 
(FORSTER et al. 1995; FLETCHER et al. 1996; MUNDEY et al.1996), p-MPPI [4-(2'
methoxyphenyl)-1-[2' -[ N-(2" -pyridinyl-)-iodo-benzamido ]ethyl]piperazine] 
and p-MPPF [4-(2' -methoxyphenyl)-1-[2' -[ N-(2"-pyridinyl)-p-fluorobenz
amido] ethyl] piperazine] (THIELEN et al. 1996). In all cases these drugs behave 
as silent antagonists on any cell type regardless of whether a receptor reserve 
is present. Thus they prevent the inhibitory effects of 5-HT1A receptor agonists 
on both the nerve impulse flow within serotoninergic neurones in the dorsal 
raphe nucleus and the forskolin-stimulated adenylyl cyclase activity in the 
hippocampus. In vivo they efficiently prevent the various behavioural 
effects of 5-HT1A receptor agonists. such as the flat-body posture and forepaw 
treading. 

Because both WAY 100635 and MPPI are selective of 5-HT'A receptors 
within a relatively wide range of concentrations, radioactive derivatives of 
these molecules have been developed for the selective labelling of the recep
tors both in vitro and in vivo (LAPORTE et aJ. 1994; GOZLAN et al. 1995; KUNG 
et aJ. 1994, 1995). It appears that both [3H]W A Y 100635 and ['25I]p_MPPI bind 
to a greater number of specific sites than [,H]8-0H-DPAT and other 5-HT1A 
agonist radioligands in all brain areas examined (GOZLAN et aJ. 1995: KHAWAJA 
1995; KUNG et al. 1995). This discrepancy results simply from the fact that the 
antagonist radioligands bind equally, with the same high affinity, to 5-HT1A 
receptors that are physically associated with G proteins and to 5-HT IA recep
tor binding subunits which are free in membranes, whereas [3H]8-0 H -D PAT 
and other agonist radioligands have a high affinity solely for the 5-HT1A 
receptors coupled with G proteins (GOZLAN et al. 1995). Therefore measure
ments of the specific binding of both [,H]8-0H-DPAT and [3H]WA Y 100635 
in the same membrane preparation allow estimation of the total number of 5-
HT 1/\ receptors and of the proportion of those which are coupled to G proteins 
(i.e. the functional receptors; GOZLAN et al. 1995; NEVO et aJ. 1995). 

Another important development from the availability of selective antago
nist radioligands has been the labelling of 5-HT1A receptors in brain in vivo. 
Radioactive agonists cannot be used for this purpose because their binding to 
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the receptors unavoidably produces the dissociation of the receptor-G protein 
complexes and therefore a drop in the receptor affinity for these molecules. 
Accordingly, at best only a very transient high-affinity labelling of 5-HT1A 

receptors can be expected with agonist radioligands. In contrast, high-affinity 
radioactive antagonists can theoretically bind for a long time to the receptors 
because the same high affinity is preserved regardless of whether the receptor 
is coupled to G protein. As expected from this reasoning, experiments in rats 
and mice showed that [3H]WA Y 100635 selectively binds to 5-HT1A receptors 
for at least 2h after its intravenous administration. Measurements at 1 h after 
the injection indicated that the brain distribution of the accumulated radioac
tivity is perfectly correlated with the regional distribution of 5-HT1A receptors, 
with up to 10-16 times more radioactivity in the hippocampus where these 
receptors are especially abundant than in the cerebellum where they are 
expressed at hardly detectable levels (HUME et al. 1994; LAPORTE et al. 1994). 
Similarly, the other selective 5-HT1A receptor antagonist radioligand e23I]p_ 
MPPI has also been found to label5-HT1A sites in the rat brain in vivo (KUNG 
et al. 1994). However, under optimal conditions the ratio of radioactivity 
accumulated in the hippocampus over the cerebellum reached a value of 3.3 
(KUNG et al. 1994), indicating a higher level of non-specific binding than with 
[3H]WA Y 100635. Pretreatment with various 5-HT1A receptor ligands was 
shown to result in a marked decrease in the brain accumulation of 
[3H]WA Y 100635, giving access to the determination of 5-HT1A receptor occu
pancy in brain following the administration of a given dose of such ligands 
(HUME et al. 1994; LAPORTE et al. 1994). 

Recently llC-radiolabelled derivatives of WAY 100635 have been 
synthesised for the in vivo labelling of 5-HT1A receptors in the human brain 
using positron emission tomography (PET). This approach led to the first 
visualisaton of central 5-HT1A receptors in vivo in man, including in discrete 
areas such as the dorsal raphe nucleus (PIKE et al. 1995; RITTER and JONES 
1995). Obviously, important data can now be expected from PET investiga
tions in man with this new radioligand, especially in the fields of anxiety, 
depression and schizophrenia where 5-HT1A receptors very probably play key 
roles. 

F. Functional Roles of 5-HT1A Receptors 
Because of the dual location of 5-HT1A receptors, both on serotoninergic 
neurones where they act as somato-dendritic autoreceptors, and on the targets 
of serotoninergic projections where they correspond to postsynaptic receptors 
(VERGE et al. 1986), very different effects can be expected from their stimula
tion in the raphe versus other regions, especially those of the limbic system 
(hippocampus, septum, frontal and entorhinal cortex, amygdala, etc.). Indeed, 
by acting at somato-dendritic autoreceptors, 5-HT1A agonists inhibit the elec
trical activity of serotoninergic neurones and thereby reduce serotoninergic 
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Fig. 5. Inhibitory effect of 5-HT1A autoreceptor stimulation on the firing of a 
serotoninergic neurone in the rat dorsal raphe nucleus. Prevention by WAY 100,635. 
Administration of 8-0H-DPAT (10nM) for 3 min onto a brainstem slice superfused 
with an artificial cerebro-spinal fluid (HAl-DAHMANE et al. 1991) results in a complete 
transient inhibition of the firing (in spikes per lOs) of the recorded serotoninergic 
neurone. Treatment with the 5-HT1A receptor antagonist WAY 100,635 (lOnM) com
pletely suppresses this effect 

neurotransmlsslon (Fig. 5). In contrast, at the level of postsynaptic targets, 
5-HT1A agonists reproduce the effect of 5-HT which is released from 
serotoninergic terminals and therefore enhance 5-HT1A receptor-dependent 
serotoninergic neurotransmission (HAMON et al. 1990). Conversely, 5-HT1A 

receptor antagonists block serotoninergic neurotransmission mediated 
through postsynaptic 5-HT1A receptors but can increase the electrical activity 
of serotoninergic neurones through the blockade of somato-dendritic 5-HT1A 

auto receptors. However, not all 5-HT1A receptor antagonists produce the 
latter effect, probably because of their variable intrinsic efficacy to block the 
receptors. Indeed, only spiperone (FORNAL et al. 1994a), (-)-tertatolol (JOLAS 
et al. 1994) and WAY 100635 (FORNAL et al. 1994b) appeared to significantly 
increase the firing rate of serotoninergic neurones in the dorsal raphe nucleus, 
as expected of the prevention by these drugs of some inhibitory influence of 
endogenous 5-HT acting tonically at somato-dendritic 5-HT1A autoreceptors. 

These data suggest that 5-HT agonists have dual effects on 5-HT
dependent mechanisms: inhibitory effects on serotonin neurone firing activity 
and serotonin neurotransmission via somato-dendritic autoreceptors and 
stimulatory effects on serotonin neurotransmission due to the activation of 
postsynaptic receptors on target neurones. The two effects may occur simulta
neously. For instance, it is well established that acute treatment with 8-0H
DPAT and other 5-HT1A receptor agonists increase food consumption in rats. 
HUTSON et al. (1987) have shown that the stimulation of food consumption 
results from an inhibitory effect of the latter drugs on central serotoninergic 
neurotransmission through the stimulation of somato-dendritic 5-HT1A 

autoreceptors in anterior raphe nuclei. A similar effect on food consumption 
can be achieved by the blockade of postsynaptic 5-HT2C receptors located on 
satiety-mediating hypothalamic neurones, for example by administration of 
cyproheptadine or pizotifen. In contrast, parts of the behavioural "5-HT syn
drome" which have been attributed to the stimulation of 5-HT1A receptors 
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(flat-body posture, forepaw treading) as well as the "spontaneous" tail-flick 
triggered by acute administration of 5-HT1A receptor agonists are entirely due 
to postsynaptic 5-HT1A receptors (MILLAN et al. 1991; WILKINSON and 
DOURISH 1991). 

In some cases, however, the situation is still confused because inter
species variations apparently exist. Evidence has been reported, for example, 
that the hypothermic effect of 8-OH-DPAT and other 5-HT1A receptor ago
nists results from the stimulation of somato-dendritic 5-HT1A autoreceptors 
only in mice. In rats both the latter receptors and postsynaptic 5-HT1A recep
tors seem to be responsible for the hypothermic effect of these drugs 
(WILKINSON and DOURISH 1991; KLEVEN et al. 1995). 

In appropriate tests 5-HT1A receptor agonists exhibit both anxiolytic-like 
and antidepressant-like effects (MARTIN et al. 1990; DETKE et al. 1995), which 
may seem to be paradoxical because anxiety-driven behaviour and depression
like behaviour are known to be associated with opposite (an increase and a 
decrease, respectively) changes in serotoninergic neurotransmission. Exten
sive studies with various approaches such as the selective lesion of 
serotoninergic neurones in anterior raphe nuclei in order to physically elimi
nate somato-dendritic 5-HT1A autoreceptors without altering postsynaptic 5-
HTIA receptors (VERGE et al. 1985, 1986; WEISSMANN-NANOPOULOS et al. 1985) 
as well as microinjections of 5-HT1A receptor ligands in various brain regions 
provided relatively convincing explanations to these puzzling observations. 
Thus it is now clearly established that the anxiolytic action of 8-OH-DPAT 
and other 5-HT1A receptor agonists results exclusively from the stimulation of 
somato-dendritic 5-HT1A autoreceptors by these drugs (HoGG et al. 1994; 
JOLAS et al. 1995). Although some studies showed that the microinjection of 5-
HTIA receptor agonists into the hippocampus exerts anxiolytic-like effects in 
rats, it has subsequently been demonstrated that these effects in fact result 
from the diffusion of the drugs from their injection sites to the dorsal raphe 
nucleus where they efficiently inhibit the firing of serotoninergic neurones 
(JOLAS et al. 1995). Indeed, when diffusion is absent, an anxiogenic-like action 
can be triggered by the local administration of 5-HT1A receptor agonists into 
the hippocampus (FILE et al. 1996). 

Interestingly, the "classical" anxiolytic drugs, i.e. benzodiazepines such 
as diazepam and its derivatives, also inhibit the firing of serotoninergic 
neurones in the dorsal raphe nucleus (TRULSON et al. 1982). Accordingly, the 
reduction in serotoninergic neurotransmission (which can be increased by 
stressful and anxiogenic stimuli) probably plays a key role in the behavioural 
effects of both 5-HT1A receptor agonists and benzodiazepines as anxiolytics 
(HAMON 1994). 

In contrast, the direct stimulation of somato-dendritic 5-HT1A 
autoreceptors in the dorsal raphe nucleus does not mimic the antidepressant
like effects of 5-HT1A receptor agonists in relevant behavioural paradigms 
(MARTIN et al. 1990). Furthermore, the selective lesion of serotoninergic 
neurones to eliminate these autoreceptors does not affect the antidepressant
like action of 5-HT1A receptor agonists. These data led to the proposal that 
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postsynaptic 5-HT1A receptors, but not somato-dendritic 5-HT1A 
autoreceptors, are responsible for the antidepressant-like action of systemi
cally administered 5-HT lA receptor agonists (MARTIN et ai. 1990; WIELAND and 
LUCKI 1990; MATSUDA et ai. 1995). Some of these postsynaptic 5-HT1A recep
tors appear to be located in the septum because the local administration of 8-
OH-DPAT directly into this area exerts a clearcut antidepressant-like effect in 
the learned helplessness paradigm (MARTIN et ai. 1990). However, 5-HT1A 
receptors in other limbic areas (frontal cortex, etc.) are probably also involved 
in this effect. 

G. Regulation of 5-HT1A Receptors 
In transfected cells the 5-HT1A receptor can be phosphorylated by protein 
kinase C, which results in a decreased potency of agonists to inhibit adenylyl 
cyclase activity functionally coupled to the receptor (RAYMOND 1991). 
Whether such a mechanism occurs in brain must still be established. 

In vivo the chronic stimulation of 5-HTIA receptors by direct agonists or 
selective 5-HT reuptake inhibitors (SSRIs) has been shown to affect differ
ently somato-dendritic 5-HT1A autoreceptors in the dorsal raphe nucleus and 
postsynaptic 5-HT1A receptors, notably in the hippocampus. Both in vivo and 
in vitro electrophysiological investigations (BUER and DE MONTIGNY 1994; 
SCHECHTER et al. 1990; ] OLAS et al. 1994; LE POUL et al. 1995) as well as 
biochemical studies have shown that a 2-to 3- week treatment with these drugs 
results in a functional desensitisation of somato-dendritic 5-HT1A auto
receptors without affecting postsynaptic 5-HT1A receptors. Thus the potency 
of 8-0H-DPAT and other 5-HT1A receptor agonists to inhibit the nerve im
pulse flow within serotoninergic neurones is markedly reduced after such 
treatments. Interestingly, binding studies generally revealed no change in the 
specific binding of CH]8-0H-DPAT and ['H]WA Y 100635 in any brain region 
examined, including the dorsal raphe nucleus, after a 2- to 3-week treatment 
with either a 5-HT1A receptor agonist or an SSRI (SCHECHTER et al. 1990; JOLAS 
et al. 1994; LE POUL et al. 1995). Accordingly. it can be concluded that the 
functional desensitisation of somato-dendritic 5-HT1A autoreceptors is associ
ated neither with a down-regulation phenomenon nor with a possible dissocia
tion of the 5-HT1A receptor-G protein complexes in the dorsal raphe nucleus. 
However, recent investigations at the mRNA level show that 3-week treat
ment with fluoxetine significantly reduces the concentration of 5-HT1A recep
tor mRNA measured by competitive RT-PCR in the anterior raphe area of 
adult rats (BON I et aI., unpublished observations). Such a parallel between the 
functional desensitisation of somato-dendritic 5-HT1A autoreceptors and a 
decrease in the transcription of the corresponding gene suggests that binding 
data are not always relevant to assessing the actual physiological situation. 
Indeed, it can be speculated that only part of 5-HT1A receptor binding sites, i.e. 
a functional pool depending on the de novo synthesis from mRNA, are really 
functional, and that binding measurements concern not only this functional 
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pool but also a large pool of non-functional receptor binding subunits. Possible 
changes in the number of receptors specifically in the functional pool may be 
masked by the bulk of receptor binding sites in the non-functional pool, 
therefore explaining the absence of measurable changes in [3H]8-0H-DPAT 
and eH]WA Y 100635 specific binding sites after chronic systemic administra
tion of 5-HT1A receptor agonists or SSRIs. Although further investigations are 
needed to assess the relevance of this hypothesis, it must be stressed already at 
this stage that this scheme may apply especially to the dorsal raphe nucleus 
where a large reserve of 5-HT1A receptors exists (MELLER et al. 1990). 

That 5-HT1A receptor mRNA is a more reliable marker of the dynamics of 
5-HT receptor turnover is also supported by data obtained after the irrevers
ible blockade of 5-HT1A receptors by the alkylating agent N-ethoxycarbonyl-
2-ethoxy-1,2-dihydroquinoline (EEDQ). Administration of EEDQ produces 
an irreversible blockade of at least 80% of eH]8-0H-DPAT and 
[3H]W A Y 100635 specific binding sites within 12-24 h after the treatment, 
which is then followed by a progressive recovery due to the de novo synthesis 
of 5-HT1A receptors (BOLANOS et al. 1991; GOZLAN et al. 1994). Interestingly, 
this treatment also induces a transient increase (i.e. at 12 h after EEDQ ad
ministration) in the concentrations of 5-HT1A receptor mRNA in the anterior 
raphe area, the cerebral cortex and the hippocampus, which reaches up to 
300% of the basal values in control rats (BONI et al. 1996; RAGHUPATHI et al. 
1996). Therefore cells expressing 5-HT1A receptors appear to adapt to receptor 
blockade by increasing the rate of transcription of the corresponding gene so 
as to compensate rapidly for the loss of 5-HT signalling through the receptors. 

Another example of changes at the transcription level concerns the rela
tionships between central serotoninergic neurotransmission and the 
hypothalamo-pituitary-adrenal axis. In the hippocampus, but not in the raphe 
area, the synthesis of 5-HT1A receptors appears to be negatively controlled by 
corticosterone. Thus adrenalectomy has been repeatedly shown to increase 
both the density of [3H]8-0H-DPAT specific binding sites and the concentra
tion of 5-HT1A receptor mRNA in selected subareas in the rat hippocampus 
(BURNET et al. 1992). Conversely, administration of corticosterone reduces 
these changes. Whether these observations are relevant to the physiological 
situation must still be established. In particular, whether chronic stress which 
elevates the plasma concentration of corticosterone is able to down-regulate 
hippocampal 5-HT1A receptors through a negative action of the steroid hor
mone at the transcription level is not yet known. 

In addition to influencing the synthesis of 5-HT1A receptors at the tran
scription level, adrenal steroids also affect the functional properties of these 
receptors. Thus in slices of the hippocampus (JOELS et al. 1991) and the dorsal 
raphe nucleus (LAARIS et al. 1995) that have been exposed to these hormones 
the electrophysiological responses to 5-HT1A receptor stimulation are of lower 
amplitude than under control conditions. However, different steroids are in
volved in these two regions since mineralocorticoids appear to be responsible 
for the functional desensitisation of 5-HT1A receptors in the hippocampus (i.e. 
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on pyramidal cells, JOELS et at. 1991) whereas glucocorticoids induce this 
mechanism at somato-dendritic 5-HT1A autoreceptors in the dorsal raphe 
nucleus (LAARIS et at. 1995). At least in the latter area the in vitro effect of 
corticosterone is physiologically relevant since it can be reproduced by some 
stressful conditions known to markedly enhance the secretion of the endog
enous hormone (LAARIS et at. 1996). 

H. Clinical Perspectives 
In addition to the well-known potential of 5-HTIA receptor agonists in the 
treatment of anxiety-related disorders (especially generalised anxiety; see 
CHARRIER et at. 1994; HAMON 1994) and depression (STAHL et at. 1992), some 
additional effects of these drugs may also be therapeutically relevant. 

Developmental studies have shown that 5-HT1A receptors are expressed 
very early in brain during the embryonic life (HILLION et at. 1993). Within the 
cerebellum the highest density of 5-HT1A receptors is observed during the first 
week after birth, precisely at a period of very active development of this 
structure (DAVAL et al. 1987b; MATTHIESSEN et al. 1993; MIQUEL et at. 1994). 
These observations led to the proposal that 5-HT1A receptors playa role in the 
trophic action of 5-HT during brain maturation (LAUDER and KREBS 1978; 
HAMON et al. 1989; WHITAKER-AzMITIA 1991). Indeed, a stimulatory effect of 5-
HTIA receptor stimulation on the differentiation of monoaminergic neurones 
in culture has been clearly established by DE VITRY et al. (1986). In addition. 
in culture of septal cells from rat embryos, ipsapirone and other 5-HT1A 
receptor agonists were found to enhance the growing and branching of 
neurites of cholinergic neurones (RIAD et al. 1994). Similar trophic effects also 
occur in vivo since subchronic treatment with the potent 5-HT1A receptor 
agonist 1-[2-(naphth-2-yl )ethyl]-4-(3-trifluoromethylphenyl)-1.2,5,6-tetra-hy
dro-pyridine (SR 57746A) reversed, at least partly, the loss of hippocampal 
choline acetyltransferase following the intra-septal injection of vincristine (to 
destroy septo-hippocampal cholinergic neurones) in both rats and marmosets 
(FOURNIER et at. 1993). In the same line, systemic administration of 5-HT'A 
receptor agonists has been shown to prevent neuronal degeneration in the 
cerebral cortex and hippocampus following global cerebral ischemia (BODE
GREUEL et at. 1990; PREHN et at. 1991). Whether such experimental data will 
have some clinical applications in various neurodegenerative diseases is a 
question which cannot yet be answered. 

Another domain in which 5-HT1A receptors apparently playa modulatory 
role is nociception. In the spinal cord these receptors are especially concen
trated within the superficial layers of the dorsal horn where primary afferent 
fibres that convey nociceptive signals terminate (DAVAL et at. 1987a; LAPORTE 
et at. 1996). Furthermore, part of these receptors are located on the terminals 
of primary afferent fibres (LAPORTE et at. 1995) and may therefore mediate 
some presynaptic modulatory action of 5-HT on the release of their neu-
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rotransmitters such as glutamate, substance P and/or calcitonin gene-related 
peptide. 

A marked decrease in morphine-induced nociception has been reported 
in rats treated with 8-0H-DPAT and other 5-HT1A receptor agonists (MILLAN 
and COLPAERT 1991). In light of the stimulatory effect of 5-HTIA receptor 
activation on the synthesis of dynorphin at the spinal level (LUCAS et a1. 1993), 
and the hyperalgesic effect of opioid 1(' receptor stimulation by endogenous 
dynorphin, one can speculate that, in contrast, 5-HT1A receptor antagonists are 
of interest for enhancing the analgesic effect of morphine especially when 
spinal dynorphinergic neurones are activated, such as, in chronic inflammatory 
pain (POHL et a1. 1996). Whether other pain syndromes that are largely reluc
tant to morphine and opioid-related drug actions, such as neuropathic pain, 
would benefit of the chronic blockade of 5-HT1A receptors because of a result
ing enhancement in morphine efficacy is also another possibility to be ex
plored in future investigations. 

That 8-0H-DPAT facilitates sexual behaviour of male rats was first re
ported by AHLENIUS et a1. (1981) soon after the discovery of the selective 5-
HTIA agonist properties of this drug. Other groups then showed that this 
compound and other 5-HT1A receptor agonists are able to reverse the sexual 
inhibition resulting from sexual exhaustion (RODRIGUEZ-MANZO and 
FERNANDEZ-GUASTI 1994). Recently a nove15-HT1A receptor agonist, 1-[2-(2-
naphtyl)ethyl]-4-(3-trifluoromethylphenyl)-piperidine (SR 59026A), has been 
reported to facilitate the sexual behaviour of naive male rats characterised by 
a low level of sexual performance and to delay the time of sexual satiation 
(ARNONE et a1. 1995). Whether 5-HT1A receptor agonists are of interest for 
the treatment of certain sexual dysfunctions in man (notably in depressed 
patients, BALDWIN 1996) is also another question to be addressed in future 
investigations. 

In the field of schizophrenia 5-HT1A receptor ligands may also be of 
interest, especially for reducing the extrapyramidal motor dysfunction that can 
occur on long term treatment with anti-dopamine antipsychotic drugs. Using 
neuroleptic-induced catalepsy as a model, W ADENBERG (1996) showed that this 
behaviour can be completely prevented by the administration of 5-HTIA re
ceptor agonists acting at somato-dendritic 5-HT1A autoreceptors in the median 
raphe nucleus. In addition, some observations in rats also suggest that the 
combined treatment of a Dz receptor antagonist (raclopride) with a 5-HT1A 
receptor agonist (8-0H-DPAT) would exert better antipsychotic-like effects 
than the former drug alone (WADENBERG and AHLENIUS 1991). Indeed, 
buspirone was initially proposed as an antipsychotic drug, and its partial 
agonist effect at 5-HT1A receptors (GOZLAN et a1. 1983) might well contribute 
to this action. However, more potent and selective agonists must be tested to 
assess the potential antipsychotic effects of somato-dendritic 5-HTIA 
autoreceptor stimulation. 

Chronic alcoholisation in rats is known to deeply affect central 5-HT 
neurotransmission, notably through functional alterations in pre- and postsyn-
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aptic 5-HT1A receptors (KLEVEN et al. 1995; NEVO et al. 1995). Convergent data 
have shown that 8-0H-DPAT, ipsapirone and other agonists reduce ethanol 
intake under conditions where neither food intake nor water drinking is 
affected (SVENSSON et al. 1993). Extensive studies by SCHREIBER et al. 
(1993) have demonstrated that the ethanol preference reducing effect of 
the systemic administration of 8-0H-DPAT can be reproduced by the local 
application of the same drug in the dorsal raphe nucleus, as expected of its 
mediation through the stimulation of somato-dendritic 5-HT1A autoreceptors. 
Accordingly, 5-HT1A receptor agonists acting preferentially at these sites 
might be of therapeutic value for reducing alcohol addiction in alcoholic 
patients. 

To conclude, we emphasise the recent observation that the association of 
pindolol, to block somato-dendritic 5-HT1A receptors, with SSRIs, markedly 
enhances the antidepressant efficacy of the latter drugs (ARTIGAS et al. 1994; 
BLIER and BERGERON 1995). Extensive electrophysiological and microdialysis 
studies have clearly demonstrated that in the early phase of treatment with 
SSRls these drugs do not enhance 5-HT neurotransmission. They provoke the 
activation of somato-dendritic 5-HT1A autoreceptors (through an increase in 
the extracellular concentration of 5-HT in the raphe area) which triggers 
inhibition of the firing of serotoninergic neurones, thereby reducing the re
lease of 5-HT from their terminals in projection areas. During chronic treat
ment the resulting continuous stimulation of autoreceptors produces their 
desensitisation (see Sect. G), rendering these inhibitory influences ineffective. 
At this stage 5-HT neurotransmission is actually enhanced thanks to the 
persisting blockade of 5-HT reuptake by SSRIs. Because the desensitisation 
process requires 2-3 weeks to develop completely, which corresponds to the 
delay in the antidepressant action of SSRls to occur (see BLlER and DE 
MONTIGNY 1994; GARDIER et al. 1996), it has been proposed that the blockade 
of somato-dendritic 5-HT1A autoreceptors should suppress this delay and im
prove the therapeutic efficicacy of SSRls. through the prevention of the inhibi
tory phenomena occurring in the early phase of the treatment. Using pin dolo I 
as a 5-HT1A autoreceptor antagonist, ARTIGAS et al. (1994) and BLlER and 
BERGERON (1995) successfully promoted the antidepressant efficacy of SSRIs 
and reduced their delay of action. 

The latter example illustrates the interest of basic research on neurotrans
mission to design novel therapeutic strategies of psychiatric diseases. In the 
particular case of 5-HT1A receptors these data also emphasise the need of 
potent and specific ligands to interact with these targets. With regard to a 
better drug combination than that achieved with SSRI plus pindolol, the 
challenge will obviously be the development of an antagonist acting only at 
somato-dendritic 5-HT1A autoreceptors (because functional postsynaptic 5-
HTIA receptors are needed for the antidepressant action of SSRIs). This will 
require further basic studies on the differential properties of 5-HT1A receptors 
expressed by serotoninergic neurones versus those expressed by their postsyn
aptic targets (see RADJA et al. 1992). 
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CHAPTER 10 

Functional Neuropharmacology of Compounds 
Acting at 5-HT IBID Receptors 

M. BRILEY, P. CHOPIN, M. MARIEN, and C. MORET 

A. Introduction 
The neuropharmacology of serotonin (5-HT) has been fundamentally revised 
in recent years with the discovery of multiple serotonin receptor subtypes. 
Detailed descriptions of the pharmacology of the various receptor subtypes 
are to be found elsewhere in this book. We review here the available data on 
the in vitro and in vivo neuropharmacology of the 5-HT1B/D group of receptor 
subtypes and attempt to identify their possible functions and potential impli
cations in psychiatric disorders. 

The genes encoding the 5-HT1B receptor in rodents and the 5-HTlDfl recep
tor in non-rodents, including humans, are species homologues (HOYER and 
MIDDLEMISS 1989; HARTIG et a1. 1992) with an overall homology of amino acid 
sequence of 92% (96% in the membrane-spanning domain). Although the 
pharmacological differences between these receptor subtypes are greater than 
usually seen between species homologues, the 5-HT1B and 5-HT1Dfl receptor 
SUbtypes have similar regional distributions (W AEBER et a1. 1989) and func
tions. Both SUbtypes are found in high densities in substantia nigra, globus 
pallidus, striatum and basal ganglia, where they function as 5-HT inhibitory 
autoreceptors on serotoninergic nerve terminals (MORET 1985; ENGEL et a1. 
1986; MIDDLEMISS 1986, 1988; SCHUCKER et a1. 1989; STARKE et a1. 1989; HOYER 
et a1. 1990) regulating the release of 5-HT. Other 5-HT1B or 5-HTmfl receptors 
are located, as heteroreceptors, on non-serotoninergic terminals while yet 
others are situated postsynaptically on the target neurons of 5-HT projections 
(OFFORD et al. 1988: VERGE et al. 1986). 

Recently, HARTIG et al. (1996) proposed a new classification of 5-HT1B and 
5-HTJD receptor subtypes based on data from molecular biology. They suggest 
that the term 5-HTIB be used for the rodent 5-HT1B and human 5-HTlDfl' and 
that 5-HTlD should be used for the rodent 5-HTlDa and human 5-HTlDfl. Spe
cies differences should be indicated by a prefix. e.g. "h" for human. Since our 
understanding of the function of the 5-HTlD and 5-HTJD receptors is still 
rudimentary, it is difficult to use the proposed nomenclature for functional 
studies. The terms 5-HT1B will thus be used to refer to the receptors in rodents 
and 5-HTlD for non-rodent receptors. 

There are very few compounds that are selective for 5-HT1BID receptors. 
Of the compounds having high affinity for the 5-HT1B/D receptors, 5-
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carboxamidotryptamine (5-CT) has a tenfold greater affinity for the 5-HT1A 
receptor, eltoprazine is equipotent on the 5-HTJB and 5-HTIA receptors, while 
trifluoromethylphenylpiperazine (TFMPP) is equipotent on the 5-HT1B and 5-
HT2C receptors. RU 24969 (5-methoxy-3 (1,2,3,6-tetrahydropyridin-4-yl)-lH
indole) has some selectivity for 5-HTJB receptors with a threefold higher 
affinity compared to 5-HT1A receptors. m-Chlorophenylpiperazine (mCPP) is 
a non-selective 5-HT-receptor agonist with similar affinities for 5-HT1, 5-HT2 

and 5-HT3 receptors. Methiothepin (metitepine), which has come to be consid
ered as a 5-HTJB/D antagonist, has, in common with metergoline, similar affini
ties (in the 100nM range) for most of the 5-HT1- and 5-HTz-receptor sUbtypes. 
In addition, methiothepin has low nanomolar affinity for the 5-HT6 (MONSMA 
et a1. 1993) and 5-HT7 (Tsou et a1. 1994; SLEIGHT et a1. 1995) receptors. The f3-
adrenoceptor antagonists such as pindolol and cyanopindolol are equipotent 
at both 5-HTJB and 5-HT1A receptors. 

Using such tools it is difficult to determine which receptor is responsible 
for their neurochemical or behavioural effects. It is only by combining data 
from various compounds that a tentative assignment can be made. 

B. Biochemical Neuropharmacology 
I. Regulation of Serotonin Release 

1. In Vitro 

Receptors of the 5-HT lB subtype in rodents and the 5-HTID subtype in other 
species, including humans, have been shown to have an autoreceptor function 
regulating the release of 5-HT from brain slices in vitro. This subject is exten
sively reviewed elsewhere in this book. 

Several studies have suggested that more than one type of 5-HT 
autoreceptor may exist. We (MORET and BRILEY 1986) have shown that 
whereas O.lf.1M methiothepin was sufficient to shift the concentration-effect 
curve for the effect of lysergic acid diethylamide (LSD) on electrically evoked 
release of CH]5-HT from rat hypothalamic slices, 1f.1M methiothepin was 
required to antagonize the inhibitory effect of dihydroergocristine (DHEC). 
We suggested that LSD and DHEC might act on different subtypes of 5-HT 
autoreceptors, for which methiothepin had different affinities. In 1992, 
WILKINSON and MIDDLEMISS, using a similar approach in guinea pig hippocam
pal slices, found that the ability of methiothepin to antagonize the inhibitory 
effect of sumatriptan or 5-carboxamidotryptamine was less marked than for 5-
HT. These authors also concluded a possible heterogeneity in the receptor 
mediating the inhibition of [3H]5-HT release in guinea pig hippocampus. More 
recently, in 5-HTlB "knock-out" mice, in which the gene for the 5-HTJB recep
tor has been deleted, the relatively selective 5-HTJB receptor agonist CP 93129 
(3-(1,2,5,6-tetrahydropyrid-4-yl)pyrolol[3, 2, 6]pyrid-5-one) was no longer 
able to reduce the release of 5-HT from brain slices in vitro. 5-CT, however, 
still inhibited the electrically evoked release of [3H]5-HT in frontal cortex and 
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hippocampal slices. Since 5-CT binds with high affinity to multiple 5-HT 
receptors, the authors suggested that the inhibition by 5-CT may involve 
receptors other than the 5-HTm (PINEYRO et al. 1995). 5-HTs and 5-HT7 recep
tors are among the most likely candidates. 

In vitro, fast cyclic voltammetry has been used to measure the modulation 
by 5-HTlD receptors of the release of 5-HT in slices of the guinea pig dorsal 
raphe nucleus. These studies demonstrated that agonists decreased, while 
antagonists by themselves had no effect, suggesting that although these recep
tors are functional they are not tonically activated (STARKEY and SKINGLE 1994; 
HUTSON et al. 1995) at least in these in vitro preparations. 

2. In Vivo 

The direct, in vivo, study of 5-HT autoreceptor function has become more 
accessible since the advent of intracerebral microdialysis, a technique which 
allows direct in vivo sampling and measurement of neurotransmitters and 
their metabolites in the extracellular fluid of the brain (UNGERSTEDT 1984; DI 
CHIARA 1990) of anaesthetized or freely moving animals (IMPERATO and 01 
CHIARA 1985; SHARP et al. 1986; IMPERATO et al. 1988). 

a) Rat 

RU 24969 has been reported to decrease extracellular 5-HT levels in the 
hippocampus of anaesthetized rat when administered systemically (SHARP et 
al. 1989a,b; MARTlN et al. 1992). A similar reduction of dialysate 5-HT has also 
been obtained with this compound in the frontal cortex of anaesthetized rats 
(BRAZELL et al. 1985; SLEIGHT et al. 1989) and in the diencephalon of awake 
rats (AUERBACH et al. 1991) following systemic administration of this com
pound. Since RU 24969 has significant affinity for 5-HT1A receptors, and 5-
HTIA receptor agonists, such as 8-hydroxy-2-( di-n-propylamino )-tetralin 
(8-0H-DPAT), gepirone, ipsapirone and buspirone (SHARP et al. 1989a,b), 
produce similar effects, it is difficult to determine whether the effects of 
RU 24969 are due to stimulation of somatodendritic 5-HT 1A receptors control
ling the firing of raphe neurons (see elsewhere in this book for a detailed 
discussion of this point) or terminal release-controlling 5-HTJB receptors. 
However, unlike 5-HT1A agonists, local administration of RU 24969 onto 5-
HT1A receptor-rich cell bodies in the raphe nucleus did not decrease the 
extracellular levels of the serotonin metabolite 5-hydroxyindole acetic acid (5-
HIAA) (measured by voltammetry) (MARTIN and MARSDEN 1987; MARSDEN et 
al. 1987), suggesting that its effects on somatodendritic 5-HT1A receptors are 
weak. In addition, local administration of RU 24969 through the micro dialysis 
probe via the perfusion medium directly into the terminal regions induced a 
decrease in extracellular 5-HT in the hippocampus of anaesthetized rat 
(HJORTH and TAO 1991; BOSKER et al. 1995) and in the diencephalon of awake 
rats, where locally applied TFMPP also decreased dialysate 5-HT levels 
(AUERBACH et al. 1991). It is worth noting that the effects of local administra-
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tion of RU 24969 and TFMPP are only obtained in the presence of a 5-HT 
uptake inhibitor in the perfusion medium (AUERBACH et al. 1991; HJORTH and 
TAO 1991). These compounds possess a non-negligible affinity for the 5-HT 
membrane carrier and are taken up into the nerve terminals where, by dis
placement, they induce the release of 5-HT, thus masking their autoreceptor
mediated inhibitory effects (AUERBACH et al. 1991; HJORTH and TAO 1991). The 
effect of the local infusion of RU 24969 was attenuated by simultaneous infu
sion of the non-selective 5-HT autoreceptor antagonist methiothepin into the 
hippocampus (MARTIN et al. 1992). 

HJORTH and TAO (1991) have shown that CP 93129, a 5-HTJB receptor 
agonist with about a 100-fold higher affinity for 5-HTJB- than for 5-HT1A-

binding sites (KOE et al. 1990; MACOR et al. 1990), when administered via the 
dialysis perfusion medium, caused a reduction of 5-HT output in the hippoc
ampus of anaesthetized rats. This effect was significantly antagonized by co
infusion of methiothepin. In contrast to RU 24969 and TFMPP, CP 93129 
decreased dialysate 5-HT both in the presence and in the absence of a 5-HT 
uptake inhibitor, indicating that this compound is devoid of any action at the 
level of the 5-HT uptake site (HJORTH and TAO 1991). Thus CP 93129 is 
possibly the agonist of choice for studying 5-HTJB receptors controlling 5-HT 
release from serotoninergic terminals in vivo. From the above results it would 
appear that 5-HT release in terminal areas in vivo is modulated by 5-HT1B 

autoreceptors in the rat. 
In the rat hypothalamus, methiothepin, when applied locally via the 

microdialysis probe, increased the extracellular levels of 5-HT both in the 
absence and in the presence of the 5-HT uptake inhibitor citalopram, suggest
ing that in awake animals 5-HT autoreceptors in the terminal projection areas 
are tonically activated and exert a potent inhibitory tone on the release of 5-
HT (MORET and BRILEY 1996). 

b) Guinea Pig 

In guinea pigs, rabbits, pigs and humans, terminal serotoninergic 
autoreceptors are of the 5-HTm receptor subtype (HOYER and MIDDLEMISS 
1989; SCHLICKER et al. 1989; LIMBERGER et al. 1991; GALZIN et al. 1992; MAURA 
et al. 1993). Local (via micro dialysis probe) administration of the 5-HT1A/B 

agonist 5-CT into the frontal cortex of the freely moving guinea pig decreased 
extracellular 5-HT levels (LAWRENCE and MARSDEN 1992). Sumatriptan, when 
added to the perfusion medium, similarly reduced extracellular levels of 5-HT 
in the frontal cortex of anaesthetized guinea pigs (SLEIGHT et al. 1990) presum
ably via an activation of 5-HTlD autoreceptors. In guinea pig hypothalamus, 
local, through the probe, administration of naratriptan, which is somewhat 
more selective for 5-HTlD compared to 5-HT1A receptors, also decreased the 
extracellular levels of 5-HT (Fig. 1), an effect which was attenuated by the 
non-selective 5-HT antagonist methiothepin (Fig. 1) at l/lM, a concentration 
which did not modify by itself the outflow of 5-HT (Moret, unpublished 
results). 
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Fig. 1. Time course of microdialysis experiments studying the effect of naratriptan 
(l,uM) and its attenuation by methiothepin (l,uM) on extracellular levels of 5-HT, 
expressed as percentage of basal values, in the hypothalamus of freely moving guinea 
pigs. 0 Naratriptan, dissolved in Ringer's solution, was perfused from 30min (second 
arrow) until the end of the experiment .• Methiothepin, dissolved in Ringer's solution, 
was perfused (first arrow) from zero time, 30min before the addition of naratriptan: 
both drugs were then present until the end of the experiment. Each point represents 
mean values ± SEM of four to five animals. * P < 0.05 in comparison to corresponding 
basal values (ANOVA followed by Dunnett's test). + P < 0.05 when compared to the 
respective value of naratriptan alone (two-way ANOV A for repeated measures fol
lowed by Tukey's test) 

In vitro methiothepin has been shown to increase, by itself, the electrically 
evoked release of CH]5-HT from slices of rat hypothalamus (LANGER and 
MORET 1982) and guinea pig hypothalamus and substantia nigra (Moret, un
published data). In freely moving guinea pig, methiothepin increases, in a 
concentration-dependent (lO-IOO.uM) manner, the extracellular levels of 5-
HT when applied through the probe into the hypothalamus (Moret, unpub
lished data). This suggests that, as in the rat (see above), 5-HT autoreceptors 
in the hypothalamus are tonically activated in the freely moving guinea pig and 
exert a potent inhibitory tone on the release of 5-HT. When this inhibition is 
removed by an antagonist, such as methiothepin, there is a major increase in 5-
HT release. A similar effect has been found with methiothepin in guinea pig 
substantia nigra (BRILEY and MORET 1993). 

3. Effects of Repeated Antidepressant Administration on 
Autoreceptor Sensitivity 

Administration of citalopram (50mg/kg p.o.) to rats for 21 days followed by a 
washout of 24 h resulted in an increased in vitro stimulation-induced release of 
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5-HT from hypothalamic slices preloaded with eH]5-HT (MORET and BRILEY 
1990). In addition, the concentration-effect curve of the agonist, LSD, was 
significantly shifted to the right compared with control animals, indicating a 
desensitization of the autoreceptor for the agonist. We suggested that re
peated administration of the selective 5-HT reuptake inhibitor resulted in a 
decreased efficacy of the terminal autoreceptor, allowing an increased release 
of 5-HT (MORET and BRILEY 1990). A similar result has been obtained in rat 
hypothalamic slices following a long-term administration of amitriptyline 
(SCHOUPS and DE POTTER 1988) once daily for 21 days at 10mg/kg i.p. with 17h 
withdrawal. Electrically evoked release of CH]5-HT was increased and the 
modulatory effect of 5-HT itself and methiothepin was completely abolished, 
suggesting a downregulation of the terminal autoreceptor. 

By using fast cyclic voltammetry, O'CONNOR and KRUK (1994) have 
shown that a repeated administration of the selective 5-HT reuptake in
hibitor fluoxetine (5mg/kg i.p.) for 21 days with 24h washout resulted in an 
enhancement of electrically stimulated 5-HT overflow from brain slices 
containing suprachiasmatic nucleus and a significant shift to the right in the 
concentration-response curve for the 5-HTlB receptor agonist RU 24969 in 
comparison to brain slices from control (vehicle-treated) animals, again 
demonstrating a downregulation of the terminal 5-HTlB auto receptors in this 
brain region. 

In guinea pigs, BUER and BOUCHARD (1994) have found that the electri
cally induced release of [3H]5-HT was increased by a chronic treatment with 
paroxetine, a 5-HT reuptake inhibitor (14 days with 48h withdrawal), in slices 
of hypothalamus, hippocampus and frontal cortex, and that the inhibitory 
effect of the non-selective 5-HT agonist 5-methoxytryptamine was attenuated 
in the hypothalamus and the hippocampus. Thus the terminal 5-HTm 
auto receptor also appears to be desensitized in the guinea pig after a long
term blockade of 5-HT uptake. 

These findings are particularly interesting in the context of depressive 
illness. In spite of the rapid onset of uptake blockade in humans (within a few 
hours in platelets), the earliest signs of therapeutic improvement in depressive 
symptoms appear only after 2 weeks of treatment with selective 5-HT uptake 
inhibitors (for a general review of selective 5-HT uptake inhibitors, see 
FEIGHNER and BOYER 1991). The latency of the therapeutic effects has been 
attributed to the need for adaptive changes to be brought about by long-term 
treatment (for review, see BRILEY and MORET 1993). One of these adaptive 
changes may be the desensitization of the terminal 5-HTlB/D autoreceptor as 
described above, with the subsequent rise of synaptic levels of 5-HT and the 
stimulation of one or more postsynaptic receptors, which is thought to be an 
essential long-term action of these antidepressants. 

Recently, we (MORET and BRILEY 1996) attempted to demonstrate the 
increase in synaptic 5-HT using in vivo microdialysis on freely moving rats 
after a chronic administration of citalopram under exactly the same conditions 
as in the previous in vitro study (MORET and BRILEY 1990). Somewhat unex-
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pectedly, no change was seen in the basal extracellular levels of endogenous 5-
HT in chronic drug-treated animals. In addition, the enhancing effect of 
methiothepin, administered through the microdialysis probe, was similar in 
both control and chronically treated animals. These results suggest that under 
the conditions of this study, repeated administration of citalopram followed by 
a washout of 24h does not lead to a desensitization of the terminal 5-HT 
autoreceptor of sufficient magnitude for it to be measured in vivo, in contrast 
to the effects shown in vitro. At present no clear explanation exists for the 
discrepancy between in vitro and in vivo findings. Methodological differences 
(slices preloaded with [3H]5-HT in vitro compared to endogenous 5-HT in 
vivo; electrically stimulated release in vitro compared to basal release in vivo, 
etc.) may be important. It is possible, however, that in vivo other regulatory 
mechanisms come into play such as those controlling the firing rate of the 
raphe nucleus and the synthesis of 5-HT, both of which are under the control 
of the somatodendritic 5-HT1A autoreceptors. In the in vitro slice preparation 
where axon terminals have been physically separated from the cell bodies, 
these latter influences are absent. Thus it may not be possible to distinguish a 
change in the sensitivity of the terminal autoreceptor by studying the levels of 
extracellular 5-HT if there are concomitant changes in other parts of the 
system. 

In contrast, when studied without washout, extracellular levels of 5-HT 
were increased by both acute and repeated citalopram administration (MORET 
and BRILEY 1996). In rats treated chronically without washout, methiothepin 
(administered locally via the probe) had a greater maximal effect on 5-HT 
outflow than in rats receiving acute citalopram treatment. This study shows 
that a 5-HT uptake inhibitor and an autoreceptor antagonist are both capable 
of increasing extracellular levels of 5-HT. Furthermore these two effects are 
additive or possibly synergistic, suggesting that a terminal 5-HT autoreceptor 
antagonist or a combination of such a drug with a 5-HT uptake inhibitor would 
produce a greater increase in extracellular levels of 5-HT in hypo
serotoninergic states and thus be potentially useful in the treatment of depres
sive disorders resistant to therapy by a single drug. 

II. Regulation of 5-HT Synthesis 

It is well established that activation of the somatodendritic 5-HT 1A auto
receptors decrease 5-HT neuronal firing and, in turn, the synthesis, metabo
lism and release of the transmitter. Recently, however, HJORTH et al. (1995) 
showed, in the rat, that the 5-HTlll!2C receptor agonist TFMPP suppresses 5-
HT synthesis in vivo as estimated by the accumulation of 5-hydroxytryptophan 
(5-HTP) after the inhibition of the amino acid decarboxylase, i.e. an index of 
tryptophan hydroxylation (CARLSSON et al. 1972). This suppression, which was 
evident in terminal projection areas such as the limbic forebrain and striatum, 
was also observed in axotomized animals, indicating that it was independent of 
neuronal firing. Furthermore, a similar inhibitory effect of TFMPP on 5-HT 
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synthesis was found in vitro in slice preparations in the presence of depolariz
ing concentrations of potassium. In vitro the effect of TFMPP was attenuated 
by the non-selective 5-HT receptor antagonist methiothepin as well as the 5-
HTlB receptor antagonists propranolol or cyanopindolol. By comparison, the 
decrease in 5-HT synthesis in forebrain regions induced in vivo by 8-0H
DPAT was prevented by transection of the brain. In addition, 8-0H-DPAT 
did not decrease 5-HT synthesis in vitro. These data thus suggest that the 
reduction of rat brain 5-HT synthesis by TFMPP is mediated by 5-HT 
autoreceptors located on the serotoninergic axon terminals, and that this is a 
direct effect and independent of 5-HT neuronal firing. 

This finding confirms a number of earlier suggestions. Using a similar 
ex vivo protocol, MORET and BRILEY (1993) found that methiothepin ad
ministered systemically increased the synthesis of 5-HT in rat brain, whereas 
the 5-HT1A/5-HTz receptor antagonist spiperone had no effect, suggesting 
that 5-HTlB autoreceptors may be involved in the modulation of 5-HT 
synthesis. 

In guinea pig brain, systemic administration of GR 127935 (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), a reportedly selective 5-HTm receptor 
antagonist (ROBERTS et al. 1994), increases 5-HT synthesis in the frontal cortex 
(maximum effect 233% of control). Smaller, non-significant increases (30%-
50%) in 5-HT synthesis have also been found in other regions such as the 
hypothalamus, hippocampus and substantia nigra following systemic adminis
tration of similar doses of GR 127935 (Moret, unpublished data). 

Taken together, these findings observed in both rat and guinea pig 
strongly suggest that the terminal5-HTlBlD autoreceptors can playa role in the 
regulation of 5-HT synthesis. The future availability of specific agonists and 
antagonists for these receptors will help clarify and characterize their involve
ment in the control of this key step of 5-HT neurotransmission. 

c. Behavioural Neuropharmacology 
I. Locomotor Activity 

The mixed 5-HT1B/A agonist RU 24969 dose dependently increases the sponta
neous locomotor activity of rats and mice (GREEN et al. 1984). This effect is 
antagonized by the non-selective 5-HT1B/A antagonists (-)-pindolol and (-)
propranolol, but not by other 5-HT receptor antagonists, such as metergoline 
or methysergide (TRICKLEBANK et al. 1986; GREEN et al. 1984). CP 94253 
(-(1,2,5,6-tetrahydro-4-pyridyl)-5-propoxypyrrolo[3, 2-b ]pyridine), a 5-HTJ 

receptor agonist exhibiting a greater affinity at 5-HTlB receptors than at 5-
HTIA and 5-HTzc receptors, also produces hyperlocomotion in rats (KOE et al. 
1992). In contrast, 5-HT1A receptor agonists (MITTMAN and GEYER 1989) and 5-
HTzA/ZC receptor agonists (WING et al. 1990) significantly reduce locomotor 
activity in rodents. The 5-HTIB/ZC receptor agonists TFMPP and m-CPP also 
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reduce the locomotor activity in rats (LUCK! and FRAZER 1982). This effect is 
blocked by antagonists with high affinity for 5-HT2C sites while antagonists at 
5-HT1A,5-HT1B' 5-HT2A and 5-HT3 sites are without effect (KENNETT and 
CURZON 1988a), suggesting that the hypolocomotion induced by TFMPP and 
mCPP is mediated by 5-HT2C receptors and not by 5-HT1B receptors. However, 
TFMPP and m-CPP, like RU 24969, increase the spontaneous locomotor ac
tivity of mice previously isolated for one week (Chopin, unpublished results), 
a condition which is known to sensitize 5-HT1B receptors (FRANcEs 
and MONIER 1991a) and would thus allow more complete expression of 
5-HT1B-receptor-mediated effects. Destruction of serotoninergic neurons 
with the specific neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) potentiates 
the hyperactivity-inducing effects of RU 24969 (TRICKLEBANK et al. 1986), 
suggesting the involvement of receptors that are postsynaptic to 
serotoninergic terminals. 

MDMA (3,4-methylenedioxymethamphetamine, "ecstasy"), a potent 5-
HT-releasing agent, produces an increase in locomotor activity of rats that is 
antagonized by (-)-pindolol, (-)-propranolol (CALLAWAY et al. 1992) and the 
non-selective 5-HT receptor antagonist methiothepin, whereas the 5-HT2Alc 

receptor antagonists methysergide, cyproheptadine and ritanserin are ineffec
tive (CALLAWAY et al. 1992). Chronic administration of RU 24969 attenuates 
the locomotor response to MDMA, suggesting 5-HT lB receptor subsensitivity 
(DE SOUZA et al. 1986; OBERLANDER et al. 1987). Chronic administration of 
MDMA also produces a tolerance to the hyperlocomotion induced by both 
acute MDMA and RU 24969 (CALLAWAY and GEYER 1992). The specificity of 
this cross-tolerance has been confirmed by the fact that chronic treatment with 
the 5-HT1A receptor agonist 8-0H-DPAT or with the 5-HT2AiCreceptor ago
nist DOl does not reduce the hyperactivity induced by MDMA (CALLAWAY 
and GEYER 1992). These results are consistent with the MDMA-induced hy
peractivity being mediated by stimulation of 5-HTlfl receptors via the release 
of endogenous 5-HT (REMPEL et al. 1993). 

II. Feeding Behaviour 

Non-selective 5-HT receptor agonists and drugs that indirectly increase the 
synaptic availability of 5-HT, such as the 5-HT precursor 5-hydroxytryptophan 
(5-HTP), the 5-HT-releasing agent fenfturamine or the 5-HT uptake inhibitors 
ftuoxetine and sertraline reduce feeding behaviour (for review, see CHOPIN et 
al. 1994). The 5-HT1AIIB antagonist cyanopindolol blocks the fenfturamine
induced decrease in eating rate, meal size and total food intake in freely 
feeding rats (GRIGNASCHl and SAMANIN 1992), suggesting that 5-HT1 receptors 
are involved in the ability of fenfturamine to cause satiety. In contrast, 5-HTIA 
receptor agonists enhance food consumption in rats, whereas 5-HT2A1C recep
tor agonists inhibit it (for review, see CHOPIN et al. 1994). 

The involvement of 5-HT1B receptors in the regulation of food intake is 
suggested by the ability of CP 94253 to inhibit food intake and decrease weight 
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gain in rats (KOE et al. 1992). RU 24969, m-CPP and TFMPP also reduce 
food intake in both food-deprived and non-deprived rats (GARATTINI et al. 
1989). 

Pretreatment with the 5-HTzA receptor antagonists ritanserin and 
ketanserin, or with the 5-HT1A12A receptor antagonist spiperone does not block 
anorexia induced by TFMPP, m-CPP or RU 24969, suggesting that 5-HTzA 
receptors are not involved (KENNETT et al. 1987; KENNETT and CURZON 
1988a,b). The inhibitory effects on feeding behaviour of RU 24969 are blocked 
by pretreatment with the 5-HTIAIIB receptor antagonists, (-)pindolol, 
(-)propranolol and cyanopindolol, but not with the 5-HTzA/C receptor antago
nists mesulergine or mianserin, suggesting an implication of 5-HTJB but not 5-
HTzc receptors (KENNETT and CURZON 1988b). RU 24969-induced hypophagia 
appears to be independent of endogenous levels of 5-HT since p
chlorophenylalanine (pCPA), a depletor of brain 5-HT, did not prevent the 
RU 24969-induced hypophagia (KENNETT et al. 1987). 

III. Sexual Behaviour 

In general, 5-HT itself (FINBERG and VARDI 1990) and drugs that increase the 
synaptic availability of 5-HT, such as its precursor 5-hydroxytryptophan (5-
HTP) (FERNANDEZ-GUASTI and RODRIGUEZ-MANZO 1992), have an inhibitory 
action on rat male sexual behaviour. The inhibitory effect of 5-HT on penile 
erectile function in the rat is antagonized by non-selective 5-HT receptor 
antagonists such as methysergide and methiothepin, but not by the 5-HTzA 
receptor antagonist ketanserin, or the 5-HT3 receptor antagonist MDL 72222 
(3-tropanyl-3,5-dichlorobenzoate) (FINBERG and VARDI 1990), suggesting that 
5-HTzA and 5-HT3 receptors are not involved in penile erectile function. m
CPP produces dose-dependent penile erection (BAGDY et al. 1992), which is 
antagonized by the 5-HT2Alzc receptor antagonist mianserin but not by the 
selective 5-HTzA receptor antagonist ketanserin (BAGDY et al. 1992). The 
5-HT2Alc receptor agonist DOl (1-(2,5-dimethoxy-4-indophenyl)-2-
aminopropane) has no effect on penile erection, although, after ketanserin 
pretreatment, DOl is capable of inducing penile erection (BAGDY et al. 1992). 
Taken together these data suggest that penile erection may be induced by 
stimulation of 5-HT2C receptors. 

RU 24969 and TFMPP inhibit sexual behaviour in male rats (GORZALKA et 
al. 1990) and potentiate the inhibitory effects of 5-HTP (FERNANDEZ-GUASTI 
and RODRIGUEZ-MANZO 1992), suggesting an inhibitory role of 5-HTJB recep
tors on sexual behaviour in male rats. Moreover, the 5-HT synthesis inhibitor 
(already defined above) pCPA or the 5-HT neurotoxin 5,7-DHT facilitate 
sexual behaviour (copulation) of male rats without interfering with the inhibi
tory effects of TFMPP (FERNANDEZ-GUASTI and ESCALANTE 1991). These re
sults suggest that 5-HT postsynaptic receptors mediate the inhibitory action of 
TFMPP on copUlation and further support the idea that endogenous 5-HT acts 
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via the stimulation of 5-HT1B receptors to induce its inhibitory effects on male 
sexual behaviour. 

IV. Aggressive Behaviour 

Most, but not all, studies suggest that 5-HT inhibits aggression, more particu
larly predatory aggression, such as muricide in rats (OLIVIER and Mos 1992). 
Tryptophan-deficient diets facilitate muricidal behaviour in rats, whereas a 
supplement of tryptophan decreases this predatory aggression (GIBBONS et al. 
1979). Similarly, fluvoxamine (OLIVIER et al. 1989) and zimelidine (OGREN et 
al. 1980), 5-HT uptake inhibitors that increase the synaptic availability of 5-
HT, have been found to decrease aggressive behaviour. However, the destruc
tion of 5-HT neurons with 5,7-DHT results in a reduction of offensive 
behaviour in a resident-intruder paradigm (SUBESMA et al. 1991) and the 
inhibition of 5-HT synthesis by pCPA decreases isolation-induced aggression 
(MALICK and BARNETT 1976), suggesting that 5-HT might also have a stimula
tory rather than an inhibitory influence on aggressive behaviour in certain 
situations. 

5-HT1 receptor agonists tend to inhibit aggressive behaviour (McMILLEN 
et al. 1988; OLIVIER et al. 1989), whereas 5-HT2A and 5-HT, receptors do not 
seem to be involved in mediating aggressive behaviour (SANCHEZ et al. 1993). 
Isolation-induced offensive behaviour in male mice, resident-intruder offen
sive aggression and maternal aggression in rats are blocked by RU 24969, 
TFMPP and eltoprazine and also by 5-HT1A receptor agonists (OLIVIER and 
Mos 1992; SANCHEZ et al. 1993) although the effects of 5-HT1A receptor ligands 
on aggressive behaviour do not seem to be specific (for review. see CHOPIN et 
al. 1994). Furthermore, TFMPP and eltoprazine administered directly into the 
lateral ventricle of male rats block resident-intruder aggression without induc
ing sedation, whereas 8-0H-DPA T administered in the same way modifies 
neither aggression nor other behaviours (Mos et al. 1992). In addition, 
eltoprazine reduces resident-intruder aggression in both sham and 5,7-DHT
lesioned rats without inducing a decrease in exploration and social interest 
(SIJBESMA et al. 1991), suggesting that postsynaptic 5-HT IB receptors may 
specifically modulate aggressive behaviour. 

It has also been shown that RU 24969, TFMPP and eltoprazine reduce 
aggression in muricidal rats as well as in isolation-induced aggression in mice 
(SANCHEZ et al. 1993). Both TFMPP and eltoprazine are 5-HT1B receptor 
agonists; however, the fact that TFMPP is also a 5-HT2r receptor agonist and 
eltoprazine a 5-HT2C receptor antagonist (OLIVIER and Mos 1992; RODGERS et 
al. 1992) suggests that 5-HT2C receptors are not involved in the regulation of 
aggression. 

Interestingly the main behavioural characteristic of 5-HT1B "knock-out" 
mice. in which the gene for the 5-HT11l receptor has been specifically deleted, 
is aggression (see Chap. 15, this volume). 
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v. Isolation-Induced Social Behavioural Deficit in Mice 

It has been shown that mice isolated for 1 week display a social behavioural 
deficit in relation to their motivation to escape from a Perspex cylinder when 
tested in the presence of either another isolated mouse or a grouped mouse 
(FRANcEs 1988). The isolation-induced social behavioural deficit is reversed by 
RU 24969, TFMPP, m-CPP (FRANcEs 1988), CGS 12066B (FRANcEs and 
MONIER 1991a), CP 93129 and eltoprazine (Chopin, unpublished results). In 
contrast, 5-HT1A receptor agonists accentuate the behavioural deficit as well as 
decreasing exploration in the open field test (FRANCES 1988; FRANcEs et al. 
1990a). The putative 5-HT1BID (but also 5-HT1A) receptor agonist 5-CT also 
accentuates the deficit, whereas the 5-HT2A1C receptor agonist DOl does not 
(Chopin, unpublished results). Thus the pattern of agonist effects is consistent 
with the inhibition of this behavioural response by stimulation of 5-HTJB 
receptors. 

Penbutolol, a 5-HT1 receptor antagonist, dose-dependently antagonizes 
the effects of RU 24969, TFMPP, m-CPP (FRANcEs et al. 1990b), CGS 12066B 
or eltoprazine (Chopin, unpublished results). The effect of anpirtoline, an
other 5-HTJB receptor agonist which reverses the social behavioural deficit 
induced by isolation, is also prevented by pretreatment with propranolol 
(SCHLICKER et al. 1992). In contrast, neither the 5-HT2A receptor antagonist 
ritanserin, the 5-HT3 receptor antagonist ICS 205-930 nor the 5-HT2A/2C recep
tor antagonists mianserin and cyproheptadine modify the effects of TFMPP 
(FRANcEs et al. 1990b). Thus the isolation-induced social behavioural deficit 
appears to be reversed by the stimulation of 5-HT1 and more precisely 5-HTJB 
receptors, suggesting that this animal model may be useful for screening of 5-
HTIB receptor ligands in vivo. 

5-HTJB receptor agonists are inactive in grouped mice (FRANcEs and 
MONIER 1991a), suggesting that isolated mice are more responsive than 
grouped mice and that isolation may lead to an increase in 5-HTlB receptor 
sensitivity. Repeated administration for 3 days with RU 24969 or CGS 12066B 
reduces the acute effects of RU 24969, TFMPP, m-CPP or CGS 12066B 
(FRANcEs and MONIER 1991b) possibly through a decrease in the sensitivity of 
the 5-HTJB receptors. This could be therapeutically relevant, since chronic but 
not acute administration of antidepressant drugs also reverses the effects of 
TFMPP on isolation-induced social behavioural deficit (FRANCES and MONIER 
1991b). The 5-HT uptake inhibitor fiuoxetine or the monoamine oxidase 
inhibitor phenelzine, for example, are inactive on the isolation-induced deficit 
and do not modify the effects of TFMPP when given acutely, whereas they 
attenuate these effects after chronic administration (FRANCES and KHIDICHIAN 
1990), suggesting a downregulation of 5-HTJB receptors resulting from the 
increased synaptic availability of 5-HT. 

Finally, lesions of 5-HT nerve terminals by intracerebroventricular infu
sion of the specific serotoninergic neurotoxin 5,7-DHT does not modify the 
effects of TFMPP on isolation-induced deficit (FRANcEs and MONIER 1991b), 
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suggesting that the 5-HTm receptors involved in social behavioural deficit are 
located postsynaptically. 

VI. Animal Models of Anxiety 

In general, compounds that decrease 5-HT neurotransmission tend to de
crease the level of anxiety, whereas those that increase 5-HT stimulation tend 
to increase the level of anxiety (CHOPIN and BRILEY 1987; BRILEY and CHOPIN 
1991,1994). 5-HT1A receptor agonists, which reduce serotoninergic activity, 
have been found to be anxiolytic in a variety of animal models and in man, 
whereas 5-HT2A and 5-HT2C receptor agonists showed anxiogenic-like effects 
(CHOPIN and BRILEY 1987; BRILEY and CHOPIN 1991). Various agonists that 
exhibit a certain selectivity for 5-HT1ll receptors, such as RU 24969, TFMPP 
and eltoprazine, show anxiogenic-like activity in animal models such as the 
shock probe conflict procedure (MEER! and COLPAERT 1986), the social inter
action test and the elevated plus-maze test both in rats (PELLOW et al. 1987) 
and in mice (BENJAMIN et al. 1990; RODGERS et aL 1992), although results in 
conflict tests in rodents are more variable (DEACON and GARDNER 1986). 

VII. Animal Models of Depression 

5-HT is involved in the physiological processes of feeding, sleep, sexual 
behaviour, mood, vigilance and learning, all of which are modified to varying 
extents in human depression. However, the involvement of precise 5-HT 
receptor subtypes in depression, and in the action of antidepressant drugs, is 
still far from clear. The 5-HT1A receptor agonists 8-0H-DPAT, buspirone, 
ipsapirone and gepirone have been found active in certain behavioural tests in 
animals that are predictive of antidepressant effects such as the forced swim
nling test (WIELAND and LUCKI 1990) and the learned helplessness paradigm 
(GIRAL et al. 1988; MARTIN et al. 1990). 

There is, however, little information available on the possible effects of 
direct 5-HT lB receptor stimulation. In the learned helplessness (LH) para
digm, rats that are exposed to uncontrollable footshocks fail to learn an escape 
response, such as a lever press in an operant cage or to move into another 
compartment in a shuttle box apparatus, whereas rats exposed to controllable 
shocks are able to acquire these escape responses. In this model, exposure to 
uncontrollable stress produces a number of signs seen in depressed patients 
such as weight loss, changes in sleep pattern. decreased locomotion as well as 
performance deficits in learning tasks (SHERMAN et al. 1979). These symptoms 
and specifically the performance deficits are reduced by a variety of clinically 
effective antidepressant drugs (MARTIN et al. 1990). In addition, the density of 
serotonin uptake sites as measured by 3H-imipramine binding (in the cortex) 
(SHERMAN and PETTY 1984) or 3H-paroxetine binding (in the hypothalamus) 
(EDWARDS et al. 1991) are reduced in LH rats as compared to controls. This 
closely resembles the clinical situation. where there have been numerous 
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reports (for review see, for example, BRILEY 1985) of decreases in serotonin 
uptake sites labelled by 3H-imipramine (and other more selective ligands) in 
platelets of depressed patients (BRILEY et al. 1980) and in the postmortem 
brain of suicide victims (STANLEY et al. 1982). 

In LH rats, 5-HTlB receptors are upregulated (increased receptor binding) 
in the cortex, hippocampus and septum and downregulated in the hy
pothalamus (EDWARDS et al. 1991). These results suggest that a change in 5-
HTlB receptor responsiveness might be related to the escape deficit. 5-HT 
release measured in vivo by microdialysis in the cortex of LH rats is decreased 
(PETTY et al. 1992), which is compatible with 5-HTlB auto receptors being 
upregulated. 

The 5-HTlB receptor agonist CGS 12066B does not modify the escape 
deficit in the learned helplessness paradigm, but it does reduce the ability of 
the 5-HT reuptake blockers citalopram and fluvoxamine to reverse the 
behavioural deficit resulting from uncontrollable shocks (MARTIN and PUECH 
1991), suggesting that 5-HT'B receptor agonists, by their inhibition of 5-HT 
release, might reduce the stimulation of 5-HT transmission induced by 5-HT 
reuptake blockers. Finally, a recent study has shown that methiothepin, a non
selective antagonist at the 5-HTlB/lD autoreceptor (MORET 1985), exhibited 
antidepressant-like activity in the olfactory bulbectomized rat model of de
pression (McNAMARA et al. 1995). 

D. Clinical Neuropharmacology 
The problem of drug selectivity is compounded in man by the limited number 
of investigational compounds available. Both neuroendocrine and behavioural 
challenge studies of 5-HTlBlD receptors have been essentially based on the use 
of sumatriptan. While sumatriptan is relatively selective for the 5-HT'BID re
ceptor, it is reputed to penetrate the blood-brain barrier only to a limited 
extent. The most specific neuroendocrine response induced in humans by the 
administration of sumatriptan is a major (greater than fivefold) increase in 
plasma levels of growth hormone (FRANCESCHINI et al. 1994; HERDMAN et al. 
1994). This effect, which is prevented by prior administration of the non
selective 5-HT, receptor antagonist cyproheptadine (FRANCESCHINI et al. 
1994), has been suggested to result from an inhibition of the release of soma
tostatin via 5-HTlB heteroreceptors (MOTA et al. 1995). 

The administration of the non-selective 5-HT agonist (already defined 
above) (mCPP) to untreated patients suffering from obsessive compulsive 
disorder (OCD) causes a marked and transient exacerbation of their 
symptoms (ZOHAR et al. 1987; HOLLANDER et al. 1992), whereas the administra
tion to healthy volunteers does not, in general, induce OCD symptomatology. 
This effect, which can be prevented by pretreatment with the non-selective 
5-HT receptor antagonist metergoline (PIGOTT et al. 1991), has been suggested 
to result from stimulation of 5-HT receptors that are supersensitive in OCD 
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patients. This idea has found support in the observation that the effects of 
mCPP are blunted in patients whose OCD has been successfully treated with 
clomipramine (ZOHAR et a1. 1988), which presumably normalizes these super
sensitive receptors. mCPP has high affinity for 5-HTIA' 5-HTJD and 5-HT2C 

receptors. Since more selective serotoninergic agonists, such as ipsapirone (5-
HT1A) and MK-212 (2-chloro-6-(1-piperazinyl) pyrazine) (5-HT2d (BASTANI 
et a1. 1990), do not produce the exacerbation of OCD symptoms, it would 
appear that the receptors involved are probably of the 5-HTJD sUbtype. In 
addition, since OCD symptoms are unaltered by modification of synaptic 5-
HT levels, through tryptophan loading (CHARNEY et al. 1988) or depletion 
(PIGOTT et al. 1993), the receptors involved are not 5-HT release-controlling 
autoreceptors but more probably postsynaptically located 5-HTJD receptors. 
The putative implication of 5-HTm receptors has been recently tested by 
administering sumatriptan to OCD patients who reacted with a marked and 
transient aggravation of their OCD symptomatology but not their anxiety 
(DOLBERG et a1. 1995). These studies suggest that supersensitive 5-HTJD recep
tors may indeed be involved in the pathophysiology of OCD and may repre
sent a potential target for its treatment. 

E. Conclusion 
In spite of the lack of selective ligands, a careful analysis of the available data 
suggests the probable involvement of 5-HT1B/D receptors in the control of a 
certain number of behavioural activities. Feeding and male sexual activity are 
regulated by a large number of 5-HT receptor sUbtypes. Aggressive behaviour 
appears, however. to be more specifically mediated via 5-HTJB receptors in 
contrast to the antiaggressive effects produced by 5-HT1A receptor stimulation 
which result from general hypoactivity. Interestingly, all of the behavioural 
effects elicited by administration of 5-HTIB receptor agonists appear to 
be mediated through postsynaptic 5-HTIB receptors rather than release
controlling 5-HT1B autoreceptors. 

5-HT1B receptor agonists have no effect on the escape behaviour of non
isolated mice, whereas they inhibit the social deficit in isolated animals. This 
suggests that isolation, which is often thought to produce a depressive-like 
state, increases 5-HT1B receptor sensitivity. The induction of the depressive
like state of learned helplessness also induces 5-HT1B receptor supersensitivity. 
which has been measured directly by binding studies (EDWARDS et al. 1991) in 
various regions. An increase in 5-HTJB autoreceptor sensitivity is consistent 
with the decreased release of 5-HT from learned helpless rats observed by 
microdialysis in the cortex (PETTY et al. 1992). Increased serotoninergic activ
ity appears to be associated with an increased level of anxiety (CHOPIN and 
BRILEY 1987; BRILEY and CHOPIN 1994). The frequent co-existence of high 
levels of anxiety with depression, a supposedly hyposerotoninergic state, is 
nevertheless difficult to explain. In the case. however. of supersensitivity of 
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both pre- and postsynaptic 5-HTlB receptors, a decreased release of 5-HT 
resulting from an increased autoinhibition and an increased level of anxiety 
resulting from activation of supersensitive postsynaptic 5-HTlB receptors 
would be expected. This corresponds to the situation found in the learned 
helplessness model of depression where pre- and postsynaptic 5-HTlB recep
tors appear to be supersensitive. Interestingly, rats exposed to repeated ines
capable shocks, such as the "learned helpless rats", not only show a number of 
"depressive" signs (SHERMAN et al. 1979), but also exhibit behaviour associated 
with high levels of anxiety (V ANDIJKEN et al. 1992a,b). To date there is no 
indication as to whether 5-HTm receptors are supersensitive in anxious or 
depressed patients, but the above animal data make this an attractive working 
hypothesis. Repeated administration of 5-HT uptake blocking antidepressants 
would be expected to desensitize both pre- and postsynaptic 5-HTm receptors. 
Desensitization of presynaptic 5-HTlB autoreceptors has already been demon
strated in vitro in rats following chronic treatment with citalopram (MORET and 
BRILEY 1990). If pre- and postsynaptic 5-HTm receptors are supersensitive in 
depression and anxiety, direct antagonism of 5-HTm receptors may well pro
duce both antidepressant and anxiolytic effects more rapidly than with selec
tive 5-HT uptake blocking agents. 

A totally independent line of reasoning has led Zohar and co-workers 
(DOLBERG et al. 1995) to a similar conclusion in OCD, where 5-HTm receptors 
(probably postsynaptic) appear to be supersensitive and their desensitization 
through long-term administration of 5-HT reuptake inhibitors is essential for 
a therapeutic effect. As in depression a significant gain in the delay of onset of 
action can be envisaged by the use of specific 5-HTm receptor antagonists to 
treat OCD. 

In conclusion, 5-HTlBlDreceptors clearly play an important role in a num
ber of basic behavioural activities in animals. Several lines of evidence suggest 
that changes in the sensitivity of pre- and/or postsynaptic 5-HTm receptors 
may be fundamental to several psychiatric disorders. Further investigation 
into 5-HTlBlD receptor function in psychopathology would appear to be poten
tially rewarding. In addition the development of new selective agonists and 
antagonists could be important in both therapy and research. 
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CHAPTER 11 

5-HT-Moduline, an Endogenous Peptide 
Modulating Serotoninergic Activity via a Direct 
Interaction at 5-HT IB/ID Receptors 

G. FILLION, O. MAS SOT, J.e. ROUSSELLE, M.P. FILLION, and N. PRUDHOMME 

A. Introduction 
The modulatory role of the serotoninergic system on central nervous system 
(CNS) activity is now well accepted (JACOBS and FORNAL 1991; JACOBS and 
AZMITIA 1992; Chap. 1, this volume) and the fact that it is implicated in 
numerous physiological events is in good agreement with this functional role. 
It is interesting to recall a few points which underline the importance of 
particular characteristics of the 5-HT system which are adapted to its modula
tory function. First of alL this system is very centralized since all cellular bodies 
are located in the raphe area and, secondly, its projections are present in 
almost all areas of the brain (BAUMGARTEN and GROZDANOVIC 1994). Interest
ingly also, it should be noted that the serotoninergic system uses two main 
types of neurons: one corresponds to a classical neuron having a cellular body, 
a single axon and a few terminals (varicosities) mainly originating from the 
median raphe and a second one centralized in the dorsal raphe corresponds to 
arborescent neurons presenting a very large number of varicosities (up to 
500000 varicosities for a single neuron between raphe and cortex as described 
by AUDET et al. 1989). These varicosities likely play an important role in the 
regulatory function of the serotoninergic system. Indeed, it can be considered 
that the serotoninergic system is an "oscillator" which delivers with a certain 
frequency (the frequency of discharge of the neuron) a signal of a certain 
amplitude (the amine released from the terminals). The principle of the oscil
lator corresponds to one of the best-adapted devices in the control of various 
functions and is largely applied in the domain of physics. The frequency of the 
serotoninergic oscillator varies from zero during paradoxical sleep to a few 
pulses per second during quiet waking and has a maximal rate of 5-7/s during 
active waking as reported by JACOBS and FORNAL (1991) in the cat. The signal 
delivered by the oscillator is also characterized by its amplitude, which 
corresponds to the amount of the released 5-HT. Although various non
serotoninergic neurotransmissions may participate in the regulation of the 
functional parameters of the 5-HT oscillator, 5-HT autoreceptors have been 
shown to be crucially involved in the activity of the serotoninergic system: 5-
HTIA autoreceptors located on soma and dendrites of the raphe serotoninergic 
neurons modulate the frequency of discharge of these neurons (AGHAJANIAN 
1978: SPROUSE and AGHAJANIAN 1987) whereas 5-HTm!1D autoreceptors 10-
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Table 1. Isolation procedure of 5-HT-moduline. Brain crude extract was prepared and 
purified by several chromatographic steps as described previously (ROUSSELLE et a1. 
1996). At each step of purification the collected fractions were tested for their ability to 
displace the binding of [3H]5-HT (30nM) to its 5-HTlnonA receptors on rat brain cortical 
membranes. The elution or retention time of the active fraction was indicated at each 
step of the isolation procedure 

I. Crude extraction preparation 

I Rat brain lyophylization I 
t 

I Homogenization/centrifugation I 
t 

I Acid acetic/acetone extractions I 
t 

Ultracentrifugation supernatant lyophilization I 
II. Crude extract purification 

I Gel permeation 1 (TSK HW 40S) active fraction: 1.15h I 
t 

I Reverse-phase 1 (CIR Ultrabase) active fraction: 21 min I 
t 

I Gel permeation 2 (Sephadex G 2S) active fraction: 3.30h I 
t 

I Reverse-phase 2 (CIS Ultrabase) active fraction: 5.30 min I 
t 

I Reverse-phase 3 (Hypercarb) active fraction: 12.30min I 
t 

I Reverse-phase 4 (C18 Ultrabase) purified peptide: 5.50min I 

cated on neuron terminals regulate the amount of 5-HT released from the 
neuron (MIDDLEMISS 1984; ENGEL et al. 1986; GOTHERT et al. 1987; MIDDLEMISS 

et al. 1988; CHAPUT and DE MONTIGNY 1988). 
Based on experimental observations, we previously proposed the 

hypothesis of the existence of an endogenous compound which could interact 
directly at 5-HT1 receptors to affect their activity (FILLION and FILLION 1981). 
Therefore, if this hypothesis is confirmed, such compounds may exert 
an important role in the mechanisms regulating the activity of the "5-HT 
oscillator." 
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B. Isolation, Purification and Characterization of 
5-HT -Moduline 
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The hypothesis of the existence of an endogenous ligand affecting the function 
of 5-HTj receptors prompted us to examine whether or not various extracts of 
mammalian brain tissue may contain such a compound. Therefore, various 
extraction procedures (aqueous, acidic or organic) were carried out on bovine, 
horse and rat brain. These extracts were tested for their capacity to interact 
with the binding of [,H]5-HT to 5-HTj receptors (ROUSSELLE et al. 1996). The 
extracts were then fractionated via several sequential procedures using gel 
permeation, reverse-phase chromatography with diverse mobile phases and 
matrices. Numerous trials were also carried out using ionic and normal-phase 
separation chromatography (Table 1). 

Pharmacological specificity of the active fractions purified at each step of 
the chromatographic analysis was assessed, making it possible to show that the 
fractions were already reasonably specific for 5-HTj receptor at early stages of 
purification (unpublished experiments). Numerous false-positive fractions had 
to be studied and then eliminated. reminding us of the numerous pitfalls 
described by LEE et al. (1987) in similar studies. Ultimately, a homogeneous 
fraction was isolated on C 18 Hypercarb reverse-phase chromatography and 
shown to interact with the binding of ["H]5-HT to 5-HT1 sites. 

The displacement was not total on rat brain membrane preparations con
taining various 5-HT1 receptor types; this result suggested that the fraction 
may specifically act at a single population of the 5-HT1 receptor SUbtype. This 
hypothesis was confirmed later (see below). 

A major question which had to be answered was the nature of the active 
compound. The fact that this compound was metabolized in two main metabo
lites increased the complexity of the analysis. In any case, the NMR analysis of 
the active fraction was completed by amino acid analysis and protein sequenc
ing. The identified compound was characterized as the tetrapeptide Leu-Ser
Ala-Leu and was later named 5-HT-moduline from its general properties 
(ROUSSELLE et al. 1996). 

C. Molecular Interactions of 5-HT-Moduline with 
5-HT1B/lD Receptors 
A first series of experiments was carried out to determine the properties of 
interaction of 5-HT-moduline with 5-HT1 receptors. It was soon clear that the 
peptide did not interact with all 5-HT1 receptor subtypes but solely with 5-
HTlBlID receptors. The interaction consisted of a noncompetitive inhibitory 
effect affecting the binding of an agonist ([3H]5-HT) or an antagonist 
([125I]cyanopindolol) to 5-HT1B receptors in rat (Fig. 1). It is known that 5-HT1B 

receptors in rat and mouse are the equivalent of 5-HTlDfJ in other species 
(HARTIG et al. 1992; METCALF et al. 1992; OKSENBERG et al. 1992). Interestingly 
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Fig. 1. Binding interactions of 5-HT-moduline on 5-HTlB receptors. Rat brain mem
branes were prepared as previously described (ROUSSELLE et al. 1996). Upper, [3H]5_ 
HT binding: aliquots of membrane preparation (500.ug protein per incubate) were 
incubated for 30min at 25°C in a final volume of 500.u1 with increasing concentrations 
(1-30nM) of [3H]5-HT (3.66 Tbq/mmol, Amersham), O.l.uM 8-0H-DPAT (8-hydroxy-
2 [di-n-propylamino]tetralin) and in the absence (black circles) or in the presence 
(white circles) of 5-HT-moduline (1 nM). The incubation medium consisted of a 50mM 
Tris-HCl buffer, pH 7.4, containing 0.1 % ascorbic acid, 4mM CaCl2 and lO.uM 
pargyline. Nonspecific binding was determined in the presence of 20nM 5-CT (5-
carboxy tryptamine ). At the end of the incubation, the tubes were cooled and filtered 
under vacuum on Whatman OF/B. Each value represents the mean ± SEM of triplicate 
determination. The presented data illustrate a typical experiment with the correspond
ing Scatchard plot. Lower, [12SI]Cyanopindolol binding: aliquots of rat brain mem
branes (25.ug protein per incubate) were incubated for 60 min (200.u1 final volume) with 
increasing concentrations (0.06-0.5 nM) of [12SI]cyanopindolol (74 Tbq/mmol, 
Amersham) in the absence (black circles) or in the presence (white circles) of 5-HT
moduline (1 nM). The incubation medium consisted of a lOmM Tris-HCl buffer, 
pH7.7, containing 157mM NaCl, 20.uM pargyline, O.l.uM 8-0H-DPAT and 30.uM 
isoproterenol. Nonspecific binding was determined in the presence of lO.uM 5-HT. At 
the end of the incubation period, the tubes were cooled and filtered under vacuum on 
Whatman OF/B. Each point is the mean ± SEM of triplicate determinations. The 
presented data illustrate a typical experiment with the corresponding Scatchard plot 
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enough, 5-HT-moduline also had a noncompetitive antagonistic effect at 5-
HTlDfJ receptors in guinea pig cortical membrane preparations. The apparent 
affinities in rat and guinea pig were very similar, the IC;o being close to 10-10 M. 
Bovine and human 5-HTJD receptors were similarly sensitive to 5-HT
moduline as in guinea pig (Fig. 2). The interaction of the peptide with 5-HT1B1 

lD receptors was further demonstrated using cells transfected with the gene 
coding for 5-HT1B or for 5-HTlDfJ receptor protein kindly given by Rene Hen, 
Columbia University, New York. The parameters of the interactions were 
very similar to those observed in rat brain membranes. 

A second series of experiments was devoted to the specificity of action of 
5-HT-moduline. It was shown that 5-HT-moduline at nanomolar concentra
tions exerted a maximal inhibitory effect on the binding of [3H]5-HT to 5-
HT 1B/lD , whereas it was inefficient, even at higher concentrations (up to 
10-6 M), in altering the binding of specific radioligands to other serotoninergic 
receptors: 5-HTIA' 5-HT1E' 5-HT1F, 5-HT3' 5-HT6 and 5-HT7• Moreover, it was 
also inactive at nonserotoninergic receptors: a-adrenergic, ,B-adrenergic, 
dopaminergic D 2, histaminergic HI' muscarinic, benzodiazepine and opiate 
receptors (Table 2). 

Therefore, these results indicate that 5-HT-moduline interacts with a high 
affinity solely with 5-HT1BilD receptor and has no effect on other studied 
receptors (ROUSSELLE et al. 1996). 

These properties of 5-HT-moduline were further confirmed and extended 
by direct binding experiments. 5-HT-moduline was tritiated and its binding 
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Fig. 2. Dose-response curve of S-HT-moduline on [3H]S-HT binding. Guinea pig cor
tical membranes (2S0,ug protein) were incubated for 30min at 2SoC with [3H]S-HT 
(20nM), O.1,uM 8-0H-DPAT and increasing concentrations of S-HT-moduline (0.1 pM 
to 1.uM). Nonspecific binding was determined in the presence of lO.uM S-HT and 
represented about 50% of the total binding. Each point is the mean ± SEM of triplicate 
determinations 
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Table 2. Pharmacological properties of 5-HT-moduline. The capacity of 5-HT
moduline (1 nM) to interact with the bindings of different radiolabeled ligands specific 
for serotoninergic receptors or other neurotransmitters receptors was examined on 
rat brain cortical membranes. Binding conditions were as previously describ
ed (ROUSSELLE et al. 1996). Each value corresponds to the mean ± SEM of three 
independent experiments conducted in triplicate 

Receptors 

5-HTIA 
5-HTlB 

5-HTlnonA 
5-HT JEIlP 

5-HT2A 
5-HT2A 
5-HT3 

CX:t -Adrenergic 
/3-Adrenergic 

Dopaminergic D2 
Histaminergic HI 
Muscarinic 
Opiate 
Benzodiazepine 

Ligands 

[3H]8-0H-DPAT (3nM) 
[125I]Cyanopindolol (0.3 nM) + 30 11M 

isoproterenol + 0.1 11M 8-0H-DPAT 
[3H]5-HT (30nM) + 0.1 pM 8-0H-DPAT 
[3H]5-HT (30nM) + 20nM 5-CT 
[3H]Ketanserin (5 nM) 
[3H]DOB (5nM) 
[3H]BRL 43694 (3nM) 
[3H]Prazosin (2 nM) 
[3H]Dihydroalprenolol (3 nM) + 

1OI1M 5-HT 
[3H]Spiperone (2nM) + lOpM 5-HT 
[3H]Mepyramine (5nM) 
[3H]Quinuclidinyl benzylate (3 nM) 
[3H]Naloxone (2nM) 
[3H]Flunitrazepam (3 nM) 

Inhibitory activity 
(% of control) 

0±5 
70± 2 

75 ± 3 
O± 10 

10 ±5 
2±8 
O± 10 
5±3 

10 ± 15 

2±3 
10 ± 10 
0±2 

1O±1O 
2±2 

studied in different membrane preparations (MAS SOT et al. 1996). Rat and 
guinea pig membranes prepared from cortex or striatum were able to bind the 
labeled peptide in a saturable and reversible manner. The analysis of the 
saturation curves indicated that, apparently, a single population of sites was 
involved and recognized the peptide with affinity constants KD = 0.14 in rat and 
0.78nM in guinea pig, respectively (Fig. 3). These values are very similar to 
those corresponding to the ECso observed in displacement experiments, repre
senting the interaction of the peptide with the 5-HTlB/lD binding. These results 
strongly suggest that the observed binding sites for 5-HT-moduline act
ually correspond to the sites involved in the interaction of the peptide with 
5-HT lB/lD receptor binding. 

It was also shown that [3H]5-HT-moduline bound with the same affinity 
constant to cells transfected with 5-HT1B and with 5-HTlDf3 receptor genes, 
whereas it did not bind to the wild untransfected cells. These results demon
strate that 5-HT-moduline actually binds to the 5-HTlB and 5-HTlDf3 receptor 
protein and not to any other proteins. The fact that the observed interaction 
between the peptide and the binding of [3H]5-HT obeys a noncompetitive 
mechanism strongly suggests that the site which recognizes 5-HT-moduline is 
located on the 5-HT1B/lD receptor protein and is distinct from that binding 5-
HT itself. 
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Fig.3A,B. [3H]5-HT-moduline binding. Rat (A) or guinea pig (B) cortical membranes 
were pretreated for 10 min at 37°C with a mixture of antiproteases: 0.1 mM PMSF 
(phenylmethylsulfonyl fluoride), 2 mM ethylenediaminetetraacetate (EDT A), 5 lUll 
aprotinin, 0.3mg/ml bacitracine and 0.1 % bovine serum albumin (BSA). Membranes 
(250l1g protein/tube) were then incubated overnight at 4°C in a 50mM Tris-HCl buffer, 
pH 7.4, with increasing concentrations (0.1-3 nM) of [3H]5_ HT -moduline (4.14 Tbql 
mmol, CEA) in a volume of 1 m!. Nonspecific binding was determined in the presence 
of 111M nonlabeled 5-HT-moduline. At the end of the incubation period, the tubes 
were filtered under vacuum on Whatman GF/B. Each point is the mean ± SEM of 
triplicate determinations. Nonspecific binding represented 40% of the total binding. 
The presented data illustrate txpical experime.nts with thei: corresponding Scat~hard 
plot. Potential degradation of ['H]5-HT-modulme was exammed under our expenmen
tal conditions (overnight incubation at 4°C and antiprotease pretreatment of the mem
branes); analysis by high-performance liquid chromatography (HPLC) on C lH 

reverse-phase column of the labeled material present in the supernatant after centrifu
gation of the incubate indicated that 90% of the radiolabeled material was still the 
native radiolabeled compound 
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D. Functional Interactions of 5-HT-Moduline with 
5-HTlB/lD Receptors 
5-HT1BIlO receptors are known to be located on nonserotoninergic neuron 
terminals (heterologous presynaptic receptors) and on serotoninergic termi
nals (autologous presynaptic receptors) (ZIFA and FILLION 1992). The former 
r.eceptors mediate part of the activity of the 5-HT system on other neurotrans
missions (MAURA and RAITERI 1986; MOLDERINGS et al. 1987, 1990; MAURA et 
al. 1989; HAREL-DuPAS et al. 1991; VAN DE KARR et al. 1989), whereas the latter 
directly control the serotoninergic activity itself by regulating the release of 5-
HT (MIDDLEMISS 1984; ENGEL et al. 1986; GOTHERT et al. 1987; CHAPUT and DE 
MONTIGNY 1988; MIDDLEMISS et al. 1988). 

The interaction of 5-HT-moduline with 5-HT1B/lO receptors was studied in 
in vitro experiments using preloaded synaptosomes containing [3H]5-HT 
stimulated by a K+ shock. 5-HT-moduline was shown to exert no effect of its 
own on the spontaneous release of the amine, whereas it had a clear antagonis
tic activity on the inhibitory effect induced by 5-HT (or by a 5-HT1B/lO-specific 
agonist) on the evoked release of the amine. The antagonistic effect was dose 
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Fig. 4. Effect of 5-HT-moduline on the synaptosomal release of 5-HT. Hippocampal 
synaptosomes prepared according to COTMAN and MATTHEWS (1971) were loaded with 
30nM [3H]5-HT and resuspended in a 37°C oxygenated Krebs-Ringer buffer, pH 7.4, 
and placed in 200-,u1 aliquots in a 96-well filtration plate (MAFB NOB glass fiber filter 
type B, Millipore). 5-HT-moduline or CGS 12066B or both were then added and 
incubated for 3 min with the loaded synaptosomes. At the end of this incubation period, 
a 5-min potassium stimulation (15mM) was applied. The 96-well filtration plate was 
filtered under vacuum and the 96 filtrates recovered. The radioactivity contained in 
each filtrate was then measured by liquid scintillation counting. The presented data 
illustrate the dose response curve of 5-HT-moduline on the inhibition of eH]5-HT 
release induced by 50,uM CGS 12066B (CGS 12066B at 50,uM inhibits 40%-50% of 
the release of the [3H]5-HT induced by the potassium stimulation). Each point is the 
mean ± SEM of quadruplicate determinations 



5-HT-Moduline, an Endogenous Peptide Modulating 301 

dependent (Fig. 4). Under the experimental conditions used in these assays, 
the ECsll corresponded to higher values than those occurring in binding assays. 
This is likely due to the fact that at 37°C in the medium used to superfuse the 
synaptosomal preparation, the peptide is relatively rapidly metabolized 
whereas in binding assays carried out at 0°-2°C and in the presence of enzy
matic inhibitors, the degradation of the peptide is markedly reduced; chro
matographic controls performed in incubation medium support this 
hypothesis. 

Thus, 5-HT-moduline appears capable of altering the reactivity of the 
receptor, which accordingly becomes less sensitive to a 5-HTIBIID-specific ago
nist. The functional correlation of this result is that, under these conditions, 5-
HT-moduline may induce an increase in the release of 5-HT from 
serotoninergic terminals. 

E. In Vivo Activity of 5-HT-Moduline 
The in vivo activity of 5-HT -moduline was studied in the social interaction test, 
an animal model known to involve 5-HT1H receptors. In the test described by 
FRANcEs (1988), the behavior of normal mice maintained in a group of ten 
animals is studied and compared with that of mice previously isolated for a 
week. The test discriminates between the behavior of the two types of animals 
placed for 6 min in the presence of a normal mouse (object mouse); the control 

Table 3. Behavioral effect of 5-HT-moduline. 5-HT-moduline was tested in the social 
interaction test (FRANcEs 1988). Mice (male Swiss NMRI, 3-4 weeks old, Iffa-Credo, 
France) were either housed in groups of five animals or isolated for 1 week. They were 
tested in pairs (one grouped and one isolated) under a transparent beaker inverted on 
a rough surface glass plate. The number of escape attempts was counted for 2 min and 
defined as one of the following: (1) the forepaws were placed against the beaker wall, 
(2) the mouse sniffed at the rim of the beaker or (3) the mouse scratched the glass floor. 
All mice were tested only once. Drugs (or sodium chloride for controls) were 
administered i.c.v., 45min before the test, for 5-HT-moduline and i.p., 30min before 
the test, for RU 24969. Results are expressed as means ± SEM of escape attempts per 
mouse. 1'1 represents the number of animals in each group 

Swiss NMRI mice (20-25 g) 

Grouped mice 
Isolated mice 
Isolated mice treated with RU 24969 (4mg/kg i.p.) 
Isolated mice treated with 5-HT-moduline (50.ug i.c.v.) 
Isolated mice treated with RU 24969 (4mg/kg i.p.) and 

5-HT-moduline (50.ug i.c.v.) 

Number of escape 
attempts 

27 ± 1.5 (1'1 = 25) 
14.8 ± 1.2 (n = 23) 

27 ± 2.7 (n = 10) 
14.3 ± 1.8 (n = 10) 

13 ± 1.2** (n = 13) 

** indicates a significant difference (P < 0.01 using Student's t-test) between the group 
of isolated animals treated with RU 24969 and 5-HT-moduline and isolated mice 
treated with RU 24969. 



302 G. FILLION et al. 

animal has a "normal" behavior characterized by a certain locomotor activity 
whereas the isolated mouse exhibits a deficit of this activity. Administration of 
RU 24969, acting at 5-HTlB receptors, restores the normal locomotor behavior 
in the isolated animal. 5-HT-moduline administered dose-dependently i.c.v. 
antagonizes this effect whereas it has no effect of its own (Table 3). Here 
again, it is shown that 5-HT-moduline has an antagonistic property on the 5-
HTlB-induced activity. 

F. Release of 5-HT-Moduline 
Assays were performed to tentatively determine whether 5-HT-moduline 
could be released from cerebral tissue. Synaptosomes were prepared from rat 
brain cortex and submitted to a K+ shock (30mM) for 3min in the presence 
and absence of Ca2+ (122mM). The incubate was then centrifuged and the 
supernatant processed by chromatographic separation to isolate fractions con
taining 5-HT-moduline. These fractions then were tested by a radioreceptor 
assay to determine quantitatively their peptide content. The results show 
that 5-HT-moduline was released from cortical synaptosomes in a K+-Ca2+
dependent manner, suggesting that it originates from excitable tissue (Fig. 5). 
Although it cannot be ruled out that glial cells are involved, the hypothesis 
that the peptide is stored in neurons is further considered in our current 
experiments. 

G. Conclusion 
The results obtained in our recent research demonstrate the existence of 5-
HT -moduline in the CNS and also in peripheral tissues (kidney, lung, stomach, 
blood) (ROUSSELLE et al. 1996). It is also clear that this peptide possesses a 
very high affinity for the 5-HTlB/lD receptor protein and specifically recognizes 
it. The interaction of the peptide with the receptor induces a dose-dependent 
decrease in the binding of 5-HT using a noncompetitive mechanism of action. 
In parallel, the peptide induces a desensitization of the receptor which is 
evidenced in vitro on the cellular function of 5-HT1B/lD receptor; indeed, it 
corresponds to the decrease in efficacy of the 5-HT IB/lD receptor in inhibiting 
the evoked release of 5-HT from neuron terminals. Moreover, this antagonis
tic effect is evidenced in vivo in an animal model. 

The noncompetitive interaction of 5-HT-moduline at the 5-HTlB/lD recep
tor leading to its desensitization suggests that the action of the peptide in
volves an allosteric mechanism. A number of experimental observations 
strongly suggest, if not demonstrate, that G-protein-coupled receptors are 
allosteric proteins able to exist under distinct structural conformations (KENT 
et al. 1980; LEVITZKI 1988; STILES et al. 1984; TUCEK and PROSKA 1995). It is 
proposed that 5-HT-moduline is able to alter the equilibrium existing between 
various conformational states of the 5-HTlB/lD receptor and ultimately pro-



5-HT-Moduline, an Endogenous Peptide Modulating 

~ 
z 
C; 
z 
en 
W 

~ 
--1 
:=:> 
Cl 
a 
::a 

I 
l-
I 

I 
Lf) 
,--, 
I 

f'l 
~ 

75 

50 

25 

0 

5000 

::>: 
"u 

2500 

0 

[3H]S-HT -MODULINE 

K++Ca 
0 10 20 30 40 

RETENTION TIME (min) 

Ca ++ K+-Ca++ 

CHROMATOGRAPHIC FRACTIONS (min) 

303 

++ 

Fig. 5. Brain release of 5-HT-moduline. Synaptosomes from six rat brains were pre
pared according to the method of COTMAN and MATTHEWS (1971) and resuspended at 
37°C in 30ml of an oxygenated Krebs-Ringer buffer. pH 7.4, without CaCI2 • A 4-min 
potassium stimulation (30mM) was then applied to the synaptosomes in the presence 
or absence of CaCI2 (1.22 mM). A control without potassium stimulation but with CaCI2 

was also set up. The tubes were then immediatedly centrifuged (17500 x g/25 min/4°C) 
and the supernatants lyophilized. The dried extracts were resuspended in 1 ml 50mM 
ammonium acetate buffer, pH 5, and injected into a C" Ultrabase reverse-phase 
column (250 x 10mm). Elution was run at 4ml/min with the following gradient 
(isocratic step of 3 min, 30 min linear gradient from 0% to 30% of acetonitrile and a 5-
min step gradient at 50% acetonitrile) and 40 fractions of 1 min were collected. For 
each extract, fractions 18-23 were lyophilized (retention time of [3H]5-HT-moduline = 
20.5 min), resuspended in 400 Jil incubation buffer and then tested for their ability to 
displace the [,H]5-HT-moduline binding (1.5nM) on guinea pig brain membranes. 
Each bar is the mean ± SEM of three independent experiments conducted in quadru
plicate. Inset. elution profile of [3H]5-HT-moduline on C" Ultrabase reverse-phase 
column 

mote a "desensitized" conformation of the receptor protein unable to bind 5-
HT (Fig. 1). Current experiments support this hypothesis; in particular, it has 
been shown that GTP restores the binding of 5-HT to the receptor after 5-HT
moduline had suppressed it (Fig. 6). Furthermore, it is also possible that 5-HT
moduline induces a transitory stabilization of the receptor conformation 
corresponding to the coupling with G-protein. Under these conditions, the 
peptide would facilitate the activation of the receptor by 5-HT. Additional 
work is needed to fully clarify the functional relationship of the interaction of 
5-HT-moduline with the receptor protein; however, up to now, all results 
suggest an allosteric interaction of the peptide with the receptor. 

The functional consequences of the interaction are of interest since it 
appears that 5-HT -moduline can control two important steps in the action of 
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Fig. 6. Reversion of 5-HT-moduline effect by GTP. Rat brain cortical membranes 
were incubated for 30min at 25°C with [3H]5-HT (30nM) in the absence (filled bar) 
or in the presence (open bar) of 1 nM 5-HT-moduline as described previously. At the 
end of the incubation period, GTP (1 mM) was added to the membranes incubated 
in the presence of 5-HT-moduline. The incubates were then filtered at different times 
(O-lOmin) after addition of GTP. Each point is the mean ± SEM of triplicate 
determinations 

the serotoninergic system. A first one is directly related to the control of 
the release of 5-HT from terminals. According to the model of the 
serotoninergic "oscillator," 5-HT-moduline can regulate the amplitude of 
the signal delivered by the oscillator. The second step is related to the effect 
of 5-HT in controlling the release of other neurotransmitters (Ach, NA, 
GABA, prolactine, etc.) via heterologous presynaptic receptors, and here 
again 5-HT-moduline can affect the efficacy of the 5-HT1B/lD receptors in
volved in that control. 

It is important to speculate that 5-HT-moduline, potentially released by a 
neuronal system, may affect almost individually the serotoninergic terminals. 
Accordingly, the functional consequences of the electrical activity of a 
serotoninergic neuron would be different on the release of the amine at each 
varicosity and would depend on the state of sensitivity of the 5-HT1B/lD recep
tors. Indeed, the serotoninergic negative feedback regulating the release of 5-
HT would be controlled by 5-HT-moduline. 

The 5-HT neurotransmission is one of the most extended and efficient 
systems regulating other neurotransmissions involved in the elaboration of the 
response of the eNS to a given stimulus. It is accepted that it plays a role in the 
homeostasis of the brain. The existence of 5-HT-moduline may add a new 
concept in this hypothesis. Indeed, 5-HT-moduline appears to be able to 
control the regulatory activity of the serotoninergic system on the eNS activ
ity; therefore, it may define (with other factors) a level of 5-HT activity which 
corresponds to a given state of homeostasis of eNS and, accordingly, it might 



5-HT-Moduline, an Endogenous Peptide Modulating 305 

be important in defining personality traits, or possibly also might be involved 
in psychiatric pathologies. 

The need for additional work is evident but promising. Finally, the fact 
that we have identified 5-HT-moduline specifically acting at the serotoninergic 
system is in favor of the existence of analogous peptides acting specifically at 
other regulatory systems. Current experiments in our laboratory are being 
carried out to explore this hypothesis. 
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CHAPTER 12 

Regulation of 5-HT Release in the eNS by 
Presynaptic 5-HT Autoreceptors and by 5-HT 
Heteroreceptors 

M. GOTHERT and E. SCHLICKER 

A. Introduction: Definitions and Scope 
The amount of serotonin (5-hydroxytryptamine; 5-HT) released from the 
varicosities of the serotoninergic axon terminals in response to invading action 
potentials at a given frequency is by no means constant. As generally accepted 
now, exocytotic release of 5-HT can be significantly modified by pre
synaptic receptors, i.e. receptors located on the serotoninergic axon terminals 
(for reviews, see MORET 1985; MIDDLEMISS 1988; STARKE et al. 1989; GOTHERT 
1990). When such receptors are stimulated by 5-HT released from the 
serotoninergic axon terminals, they are termed presynaptic 5-HT au
toreceptors. When receptors on the serotoninergic axon terminals are acti
vated by other transmitters released from non-serotoninergic neurons, they 
are denoted as presynaptic heteroreceptors. In the latter case, the axon termi
nals of these neurons may form axo-axonic synapses with the serotoninergic 
terminals, or the interacting neighbouring neurons may release their transmit
ter non-synaptically into the extracellular space and, thus, may influence larger 
neuronal territories including the serotoninergic axon terminals (BEAUDET and 
DESCARRIES 1978; TORK 1990). 

The present report will focus mainly on inhibitory presynaptic 
5-HT autoreceptors. Such receptors, via an ultrashort inhibitory feedback 
loop, probably play an important physiological role in the fine regulation of 
5-HT release. The presynaptic 5-HT autoreceptors have to be distinguished 
from 5-HT autoreceptors on the cell bodies and dendrites of the 
serotoninergic neurons, i.e. the somadendritic 5-HT autoreceptors (SPROUSE 
and AGHAJANIAN 1986,1987; HJORTH and MAGNUSSON 1988; SCHECHTER et al. 
1990; PINEYRO et al. 1995a). The latter can be activated by 5-HT released 
from the somadendritic area or recurrent branches of the serotoninergic 
axon of the same neuron or from axons of other serotoninergic 
neurons innervating the cell bodies and dendrites of the neuron under 
consideration. According to the location of these receptors, their stimulation 
induces a decrease in neuronal cell firing (5-HT1A receptors; SPROUSE 
and AGHAJANIAN 1986, 1987; HJORTH and MAGNUSSON 1988; SCHECHTER 
et al. 1990) or in somadendritic 5-HT release (5-HTJD receptors; PINEYRO 
et al. 1995a). In this report, these receptors. which certainly are also of 
high functional importance. will not be reviewed in detail, but, when 
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relevant, will be considered in comparison with the presynaptic 5-HT 
autoreceptors. 

Whereas the cell bodies and dendrites of the serotoninergic neurons are 
located in a limited brain area, namely the raphe nuclei of the brainstem, their 
axons project into virtually all parts of the CNS (TORK 1990; Chap. 2, this 
volume) and, accordingly, presynaptic 5-HT autoreceptors are widely distrib
uted within the brain and spinal cord (see, e.g. STARKE et al. 1989). It may 
be deduced from the presynaptic location of heteroreceptors on the 
serotoninergic axon terminals (e.g. presynaptic az-heteroreceptors; GOTHERT 
and HUTH 1980; FRANKHUYZEN and MULDER 1980; GOTHERT et al. 1981) that 
signals can directly be conducted from other brain areas via non
serotoninergic nerves (e.g. from the locus coeruleus via noradrenergic neu
rons) to the serotoninergic varicosities. At these sites the transmitter released 
shares the property of 5-HT itself to modify the strength of the chemical signal 
(i.e. the amount of 5-HT available in the synaptic cleft) at the location where 
this signal is formed. In other words, such a modulatory-type action of non
serotoninergic transmitters on the release of serotonin exerted via presynaptic 
heteroreceptors resembles the restraining effect of extracellular 5-HT acting 
on its autoreceptors. 

The presynaptic heteroreceptors on the serotoninergic nerves will not be 
considered here in detail, since their occurrence and function has recently 
been reviewed (GOTHERT and SCHLICKER 1991). However, presynaptic 
heteroreptors may also come into play in the context of the main topic of the 
present report, namely the autoregulation of 5-HT release. This process may 
not only be operative via 5-HT autoreceptors, but may also involve neuronal 
circuits with at least one interneuron. In the case of one interneuron only, it 
should be activated by 5-HT via a 5-HT receptor, resulting in the release of a 
transmitter which acts via its heteroreceptor on the serotoninergic axon termi
nals. If several neurons are involved in such a feedback loop, the first one 
would be endowed with the 5-HT receptor; the last one would release the 
transmitter activating its presynaptic heteroreceptor on the serotoninergic 
terminal. Activation of such a feedback loop may result in a facilitation or 
inhibition of 5-HT release and, thus, may mimic the function of a facilitatory 
or inhibitory presynaptic 5-HT autoreceptor, respectively. Whereas the occur
rence of an inhibitory neuronal circuit consisting of several neurons will only 
briefly be considered in Sect. D.I.4, the probable involvement of such a feed
back loop will be more extensively discussed in the context of, e.g. 5-HT 
receptors mediating facilitation of 5-HT release (GALZIN et al. 1990; GALZIN 
and LANGER 1991; BLIER and BOUCHARD 1993). 

5-HT receptors are also present as presynaptic 5-HT heteroreceptors on 
non-serotoninergic axon terminals (see, e.g. GOTHERT 1990; CASSEL and 
JELTSCH 1995). These receptors, which are, as a rule, less well investigated 
(except 5-HT heteroreceptors on cholinergic axon terminals; CASSEL and 
JELTSCH 1995), will not be dealt with in this report. 
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B. Methodological Approaches 
The operation of 5-HT receptors mediating inhibition or facilitation of 5-HT 
release has mainly been proved by experiments in which the effects of 5-HT 
receptor ligands on the release of 5-HT were investigated either in vitro or in 
vivo. According to the concept underlying such investigations, a receptor 
agonist should inhibit or increase 5-HT release in a manner susceptible to 
blockade by an appropriate 5-HT receptor antagonist. If the receptor is toni
cally activated by 5-HT, the antagonist, given alone, should produce an effect 
opposite to that of the agonist. Such functional studies cannot only prove the 
existence of presynaptic 5-HT receptors, but also provide valuable informa
tion about their pharmacological properties, function, potential physiological 
role and, by application of appropriate pharmacological tools, the site and 
mechanism by which they influence neurotransmitter release. 

I. In Vitro Studies 

Most investigations available have been carried out with slices or synapto
somes. As a rule, the preparations were preincubated with radioactively la
belled neurotransmitter, and the stimulation-evoked overflow of radioactivity 
or (after column chromatography) labelled 5-HT from the superfused (in a 
few cases, incubated) preparations has been determined (for review, see, e.g. 
MIDDLEMISS 1988; STARKE et al. 1989). In some investigations, slices were 
incubated with a radioactive precursor leading to the synthesis of labelled 5-
HT, whose overflow in response to stimulation was studied (HAMON et al. 
1974). It is generally accepted that stimulation-evoked overflow of tritium or 
labelled 5-HT, in particular in the presence of an inhibitor of neuronal 5-HT 
uptake, reflects the release of endogenous 5-HT. Therefore, in these cases, the 
term "5-HT release" will be used throughout the subsequent sections. Very 
few experiments were based on the investigation of the stimulation-evoked 
overflow of endogenous 5-HT; as a rule, the latter has been determined by 
means of fast cyclic voltammetry. This technique has been applied in slices of 
the rat dorsal raphe nucleus (STARKEY and SKINGLE 1994; DAVIDSON and 
STAMFORD 1995). In most investigations, either electrical field stimulation or 
high K+ was used to depolarize the cell membrane of the respective neurons 
and, thus, to stimulate transmitter release. Recently, N-methyl-D-aspartate 
(NMDA) has also been applied for this purpose (FINK et al. 1996). 

The advantage of the use of superfused synaptosomes, consisting mainly 
of isolated varicosities, for such experiments is that the data obtained provide 
evidence for the presynaptic location of the receptors involved (CERRITO and 
RAITERI 1979). Furthermore, such synaptosomal experiments make it possible 
to study the function of presynaptic receptors undisturbed of the influence of 
its endogenous ligand. In conventional experiments on slices, the endogenous 
agonist must be assumed to be present in the biophase of the presynaptic 



310 M. GOTHERT and E. SCHLICKER 

receptor under consideration at sufficiently high concentration to interact with 
an additional exogenous agonist. However, the interaction of the endogenous 
neurotransmitter can also be eliminated in experiments in which the overflow 
of radioactivity or a labelled transmitter is elicited by a small number of 
electrical impulses (as a rule up to four) at high frequency (100Hz). In such 
"pseudo-one-pulse" ("POP") experiments, the concentration of the endog
enous transmitter in the biophase of the corresponding presynaptic receptor is 
too low to stimulate it, and, on the other hand, the radioactive signal is strong 
enough to be measurable (SINGER 1988). 

II. In Vivo Studies 

Intracerebral microdialysis has been the most frequently applied technique 
in anaesthetized or freely moving animals. 5-HT and its metabolites in the 
dialysate have been measured by means of high-pressure liquid chromatogra
phy (HPLC) (BRAZELL et al. 1985; SHARP et al. 1989). This technique makes 
it possible to directly apply 5-HT receptor agonists and/or antagonists to the 
brain area under investigation and to simultaneously determine their influence 
on the overflow of 5-HT and its metabolites. The effect of direct application 
can be compared to that of systemic administration of the drugs (AsSIE 
and KOEK 1996). This comparison provides hints at whether or not the drug 
passes the blood-brain barrier, and allows the determination of the overall 
importance of the presynaptic 5-HT autoreceptor in the control of 5-HT 
release. In studies in which the drugs are exclusively injected systemically, 
it is difficult to decide whether an effect observed is due to a direct action 
at the serotoninergic nerve endings or whether the drugs primarily act in 
the somadendritic area of this neuron. A further possibility is that the 
drugs may influence the serotoninergic neuron indirectly by acting at 
non-serotoninergic nerves endowed with 5-HT receptors of a subtype 
identical to, or different from, the presynaptic 5-HT autoreceptors (see Sect. 
cn, D.lI). 

In some of the in vivo studies, fast cyclic voltammetry has been used to 
determine 5-HT release (MARSDEN et al. 1986; PINEYRO et al. 1995a). The 
disadvantage of this technique is the lower specificity compared to HPLC, the 
main advantage being the high topographic resolution, which makes it possible 
to measure release in very small brain areas. 

Finally, electrophysiological methods have been successfully applied to 
study presynaptic 5-HT autoreceptor function in vivo (CHAPUT et al. 1986; 
CHAPUT and DE MONTIGNY 1988). This approach is based on a comparison of 
the depressant response of hippocampal pyramidal neurons to directly applied 
exogenous 5-HT and of endogenous 5-HT, released in response to electrical 
stimulation of the ascending serotoninergic axons. Application of a 5-HT 
receptor antagonist which leaves the postsynaptic pyramidal 5-HT receptor 
at least largely unaffected but blocks the presynaptic 5-HT autoreceptors 
electively enhances the depressant response to stimulation of the afferent 
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serotoninergic neurons without influencing the response to directly applied 
5-HT. 

c. Identification, Location and Physiological Role of 
5-HT Receptors Mediating Inhibition or Facilitation 
of 5-HT Release 
Up to 1990 presynaptic 5-HT autoreceptors were reviewed a number of times, 
either specifically (MORET 1985; MIDDLEMISS 1988) or in a more general con
text of various presynaptic receptors (GOTHERT 1982; TIMMERMANS and 
THOOLEN 1987; STARKE et al. 1989; GOTHERT 1990). In order to avoid redun
dance, the present article will focus mainly on recent developments not yet 
covered in the review by STARKE et al. (1989) coauthored by one of us. How
ever, key findings and important conclusions relevant to presynaptic 5-HT 
autoreceptors will be briefly summarized here, irrespective of whether or not 
they have already been extensively reviewed. 

I. Inhibitory Presynaptic 5-HT Autoreceptors 

1. Identification and Location 

Evidence for the existence of inhibitory presynaptic 5-HT autoreceptors was 
presented first by F ARNEBO and HAMBERGER (1971). These authors showed that 
the non-selective 5-HT receptor agonist, LSD. inhibited 5-HT release in rat 
brain cortex slices, a finding which was confirmed by HAMON et al. (1974). 
FARNEBO and HAMBERGER (1974) demonstrated that the effect of LSD was 
shared by other 5-HT receptor agonists and that the non-selective 5-HT recep
tor antagonist methiothepin increased 5-HT release. On the basis of these 
findings, the concept of an inhibitory feedback regulation of 5-HT release was 
developed which was supported by CERRITO and RAITERI (1979) using rat 
hypothalamic synaptosomes and by GOTHERT and WEINHEIMER (1979) using 
rat brain cortex slices. These studies revealed that in the presence of an 
inhibitor of the neuronal 5-HT transporter, 5-HT itself when applied exog
enously inhibited 5-HT release and that the effect of 5-HT was counteracted 
by methiothepin; furthermore, the results of the experiments on cortical slices 
confirmed those by FARNEBO and HAMBERGER (1974) in that methiothepin, 
given alone, disinhibited, i.e. increased, 5-HT release. 

In the following years, inhibitory 5-HT autoreceptors were also identified 
by means of basically identical techniques in other regions of the rat brain and 
in the brain of other species, including mouse, guinea pig, rabbit, pig and man 
(Fig. 1; Table 1). Generally speaking, presynaptic 5-HT autoreceptors have 
been identified in every region of the mammalian CNS which has been inves
tigated for this purpose (Table 1). During the last 8 years, the occurrence and 
operation of these receptors in the brain of the species mentioned so far have 
been repeatedly confirmed (WICHMAN et al. 1989; FEUERSTEIN et al. 1992; 
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Table 1. Occurrence of inhibitory 5-HT autoreceptors in various brain regions of the 
rat and other species. P, presynaptic location has been proved; E, indirect evidence for 
activation by endogenous 5-HT has been presented; C, the receptor has been classified 
according to its pharmacological properties in terms of 5-HTJB and "5-HTJD". More 
recent findings not yet considered in the review by STARKE et a1. (1989; including brain 
regions and species in which autoreceptors had not yet been identified) are underlined. 
References for autoreceptors characterized or classified during the last 8 years: cortex 
of guinea pig: HOYER and MIDDLEMISS (1989), UMBERGER et a!. (1991), BOHLEN et a1. 
(1996a); cortex of rabbit: UMBERGER et a1. (1991); cortex of mouse and rhesus monkey: 
SCHIPPER (1990); cortex and hypothalamus of mouse: SCHLICKER, FINK and GOTHERT 
(unpublished); hippocampus of guinea pig: WILKINSON and MIDDLEMISS (1992); 
periaqueductal gray of the rat: VERSTEEG et a!. (1991); superior colli cui us of the rabbit: 
WICHMANN et a1. (1989); hypothalamus and substantia nigra of the guinea pig: MORET 
and BRILEY (1995); corpus striatum (caudate nucleus) of rabbit: FEUERSTEIN et a1. 
(1992); human hippocampus: SCHLICKER et a1. (1996) 

Cerebral cortex 
Rat P,E,C 
Mouse E,.c; 
Guinea pig £,E,.c; 
Rabbit E,.c; 
Pig P,E,C 
Rhesus monke): .c; 
Man £,E,.c; 

Hippocampus 
Rat P,E,C 
Guinea pig E 
Rabbit E,.c; 
Man E 

Nucleus accumhens 
Rat P 

Corpus striatum 
Rat 
Rabbit E,.c; 

Substantia nigra 
Guinea pig C 

Hypothalamus 
Rat 
Mouse 
Guinea pig 
Rabbit 

Superior colliculus 
Rabbit 

PeriaQ,ueductal gre): 
Rat 

Cerebellum 
Rat 
Mouse 

Medulla oblongata 
Rat 

Spinal cord 
Rat 

P,E,C 
E 
E 
E 

P, C 
E 

E 

P, E, C 

WILKINSON and MIDDLEMISS 1992; MORET and BRILEY 1995; BUHLEN et a1. 
1996a; FINK et a1. 1996) and have, in addition, been demonstrated in the 
cerebral cortex of another species, namely the rhesus monkey (SCHIPPER 1990). 

In view of the potential role of brain serotoninergic neurotransmission in 
the pathogenesis and drug therapy of neuropsychiatric diseases (see Sect. G 
and, e.g. GOTHERT 1991; PEROUTKA 1991; CHOPIN et a1. 1994; Chap. 10, this 
volume), it was of particular interest to investigate whether presynaptic 5-HT 
autoreceptors also occur in the human hippocampus. This has recently been 
proven in experiments on human hippocampal slices (SCHLICKER et a1. 1996). 

The occurrence of inhibitory 5-HT autoreceptors has been shown not only 
in the in vitro experiments discussed so far, but also in vivo in the brain of 
anaesthetized and freely moving animals. As summarized in Table 2, 5-HT 
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Fig. lA,B. Inhibition by unlabelled serotonin (5-HT) and facilitation by methiothepin 
of the electrically (3 Hz) evoked overflow of tritium (consisting of more than 80% 
[3H]5-HT) from superfused human cerebral cortical slices (A) and abolition of the 
inhibitory effect of 5-HT by methiothepin (B). The slices were preincubated with [3H]5_ 
HT and superfused in the presence of the 5-HT uptake inhibitor, paroxetine (3.2f.1M). 
Two periods of stimulation were applied after 40 and 90min of superfusion (SI' SJ and 
the ratios of the overflow evoked by S2 over that evoked by SI (SiSl) are given (means 
± SEM; n = 4-7; *P < 0.001). A 5-HT or methiothepin was present from the 65th min of 
superfusion onward: B methiothepin was present throughout superfusion and 5-HT 
from the 65th min of superfusion onward. (Modified from SCHLICKER et al. 1985) 

receptor agonists inhibited 5-HT release in a manner sensitive to blockade by 
methiothepin, which given alone facilitated 5-HT release. In these studies the 
technique of in vivo microdialysis was used and 5-HT release was quantified by 
HPLC. Table 2 exclusively contains data from studies in which the drugs were 
administered directly via the dialysis probe. 

Investigations of 5-HT release in the raphe nuclei were not included since 
in this region it is difficult to distinguish unequivocally between responses 
mediated by presynaptic autoreceptors on recurrent axon terminals, by 
somadendritic autoreceptors or by both (STARKEY and SKINGLE 1994; 
DAVIDSON and STAMFORD 1995). Exclusion of 5-HT receptors modulating 5-
HT release in the raphe nuclei from a review on presynaptic 5-HT 
autoreceptors is the more justified as results obtained in this brain area of the 
rat with SUbtype-selective 5-HT receptor agonists and antagonists strongly 
support the view that soma dendritic 5-HT autoreceptors modulate 5-HT re
lease from the cell bodies and dendrites (PINEYRO et aJ. 1995a). These 
somadendritic 5-HT autoreceptors belong to the r5-HTm subtype (PINEYRO et 
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al. 1995a; new nomenclature of 5-HTlB/lD receptors; see Sect. D.L3). Via these 
receptors, release can be controlled independently of firing activity and the 
firing-regulating 5-HT1A autoreceptors (STARKEY and SKINGLE 1994; PINEYRO et 
al. 1996). 5-HTJD autoreceptors also modulate 5-HT release in the mesen
cephalic raphe of guinea pigs (EL MANSARI and BLIER 1996); it may be as
sumed that these receptors are also located in the somadendritic area of the 
serotoninergic neurons. 

As already mentioned above (Sect. B), the presynaptic location of recep
tors can be proved by experiments in synaptosomes. Another approach con
sists of the functional isolation of the axon terminals in brain slices by 
interrupting the impulse traffic along the axons by tetrodotoxin. Under this 
condition K+-evoked 5-HT release cannot be influenced by short neuronal 
circuits within the slices. However, a theoretical, but very improbable, possi
bility which is not excluded by such experiments is that 5-HT, via a presynaptic 
5-HT heteroreceptor, primarily stimulates the release of a neurotransmitter 
from a non-serotoninergic axon terminal. This, in turn, modifies 5-HT release 
via a presynaptic heteroreceptor for its transmitter. Both slices superfused in 
the presence of tetrodotoxin and synaptosomes have been used to provide 
evidence for the presynaptic location of inhibitory 5-HT autoreceptors in 
several areas of the rat CNS (STARKE et al. 1989). In Table 1, the areas in which 
the presynaptic location of the inhibitory autoreceptors has been proved are 
marked by "P". 

Recently, the presynaptic location of inhibitory 5-HT autoreceptors has 
also been demonstrated in the human (MAURA et al. 1993; FINK et al. 1995; Fig. 
2) and guinea pig cerebral cortex (BUHLEN et al. 1996a) by means of experi
ments on synaptosomes. In this context, it should be noted that the guinea pig 
brain represents an important model for the development of ligands of presyn
aptic 5-HT autoreceptors, which may become useful for the treatment of 
human neuropsychiatric diseases (CHOPIN et al. 1994; Chap. 10, this volume). 
Furthermore, in experiments on slices superfused with solution containing 
tetrodotoxin, the presynaptic location of the inhibitory 5-HT autoreceptors in 
the human hippocampus was made probable, since under this condition 5-
carboxamidotryptamine 5-CT still inhibited the K+-evoked 5-HT release in a 
manner sensitive to antagonism by methiothepin (SCHLICKER et al. 1996). 

As in previous studies (for review see STARKE et al. 1989), attempts have 
been made in rats to more directly prove the location of the presynaptic 5-HT 
autoreceptors which belong to the 5-HTlB subtype (see Sect. D.1) on the 
serotoninergic axon terminals themselves. In these experiments, the density of 
5-HTlB-binding sites has been determined after chemical axotomy with 5,7-
dihydroxytryptamine. Either no change or even an increase in 5-HTlD receptor 
density occurred (FRANKFURT et al. 1993,1994), suggesting that the presynaptic 
5-HT1B autoreceptors do not account for a major proportion of the total 
number of these receptors and that 5-HTlB receptors which are not located on 
5-HT neurons appear to be upregulated. Comparison of the levels of 5-HTlB 

receptor messenger RNA with the densities of 5-HTlB-binding sites in mouse 
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Fig. 2. Effects of serotonin (5-HT) receptor ligands on the K+ (25 mM)-evoked tritium 
overflow from superfused human cerebral cortical synaptosomes preincubated by 
[JH]5-HT. Upper panel, lack of influence of ketanserin (Ket), methiothepin (Met) or 
tetrodotoxin (TTX) on the evoked tritium overflow and abolition of overflow by 
omission of Ca2+ from the superfusion fluid; Contr, drug-free controls. Lower panel, 
inhibition by 5-carboxamidotryptamine (5-CT) of evoked tritium overflow and interac
tion with 5-HT receptor antagonists: effect of 5-CT not changed by Ket, but abolished 
by Met. Ket 320nM corresponds to 4.4 times its K; at cloned h5-HT lD receptors and 
Met 110nM corresponds to 4.4 times its K; at cloned h5-HT18 receptors (K; values from 
WEINSHANK et al. 1991). The synaptosomes were superfused in the presence of the 5-
HT uptake inhibitor fluvoxamine (lOpM). Ca2+ was omitted from, and the drugs were 
added to, the superfusion fluid from the 20th min before stimulation onward. Means ± 
SEM of 6-14 experiments. *p < 0.05, compared to the corresponding controls without 
5-CT. +P < 0.05, compared to the corresponding effect of 5-CT in the absence of Met. 
(Modified from FINK et al. 1995) 

brain areas containing cell bodies and in areas to which they project revealed 
that the 5-HTIIl receptor is localized predominantly on axon terminals 
(BOSCHERT et at. 1994); although this study referred to presynaptic 5-HTIB 
heteroreceptors, the data were compatible with the above suggestion, namely 
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that 5-HT lB autoreceptors account for only a minor fraction of the whole 
population of 5-HT1B-binding sites. 

2. Physiological Role 

Do the inhibitory presynaptic 5-HT autoreceptors playa physiological role or, 
in other words, are they activated by endogenous 5-HT? The usual way to 
answer this question is to examine the effect of an appropriate 5-HT receptor 
antagonist on 5-HT release. If endogenous 5-HT is present in the biophase of 
such an inhibitory 5-HT receptor at a sufficient amount to produce a tonic 
activation, addition of an antagonist should modify 5-HT release in a manner 
opposite to that of 5-HT itself, i.e. it should facilitate 5-HT release. This 
approach is, however, not applicable to superfused synaptosomes, in which 
endogenous 5-HT is effectively removed from the biophase of the receptors by 
the superfusion stream. The procedure can also not be used in slices in which 
5-HT release is evoked by a single electrical pulse or by the pseudo-one-pulse 
stimulation (few pulses administered at a very high frequency; SINGER 1988; 
see Sect. B.1) since in this case the amount of 5-HT released is too low to 
tonically activate the 5-HT autoreceptor. 

It has already been mentioned previously that, in experiments on slices, 
the 5-HT receptor antagonist methiothepin (O.1-1,uM) given alone increased 
5-HT release in various regions of the CNS of several species. These findings 
suggest that the presynaptic 5-HT receptors are tonically activated at the 
physiological frequency of electrical stimulation applied in the numerous stud
ies (STARKE et a1. 1989). In Table 1, the areas in which this has been demon
strated and, hence, a physiological role has been proved are marked by "E". In 
some of these areas of several species, tonic activation of the inhibitory presyn
aptic 5-HT autoreceptors has been found only recently. This holds true for rat 
spinal cord (YANG et a1. 1994), mouse cerebral cortex and hypothalamus 
(SCHLICKER, FINK and GOTHERT, unpublished), guinea pig cerebral cortex 
(WILKINSON et a1. 1993), hippocampus, hypothalamus and substantia nigra 
(WILKINSON and MIDDLEMISS 1992; CHOPIN et a1. 1994), rabbit colliculus supe
rior and caudate nucleus (WICHMANN et a1. 1989; FEUERSTEIN et a1. 1992) and 
human hippocampus (SCHLICKER et a1. 1996). Taken together it may be stated 
that methiothepin facilitated 5-HT release in any region of the CNS in which 
it has been studied. Such an effect has also been observed in in vivo experi
ments in which methiothepin was administered to the rat hippocampus or 
guinea pig cerebral cortex or substantia nigra via the dialysis probe (Table 2). 
These data support the view that the inhibitory presynaptic 5-HT au
toreceptors playa physiological role under in vivo conditions. 

II. 5-HT Receptors Mediating Facilitation of 5-HT Release 

1. Identification and Location 

A facilitatory feedback loop in which 5-HT receptors are involved has been 
identified only recently. Using superfused slices from the rat hypothalamus 
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and guinea pig cerebral cortex, GALZIN and LANGER (1991) showed that the 5-
HT3 receptor agonist 2-methyl-5-HT facilitated the electrically evoked 5-HT 
release. This effect was counteracted by the 5-HT, receptor antagonists 
ondansetron and tropisetron. Basically the same results were obtained in 
guinea pig hypothalamic slices (BLIER and BOUCHARD 1992). In a more de
tailed study by BLiER and BOUCHARD (1993) on slices of the cerebral cortex, 
hypothalamus and hippocampus of guinea pigs, the facilitation of the electri
cally (1,3 or 5Hz) evoked 5-HT release by 2-methyl-5-HT was confirmed, as 
was the sensitivity of this effect to blockade by various 5-HT3 receptor antago
nists (among others, ondansetron, tropisetron and S-zacopride). The enhanc
ing effect of 2-methyl-5-HT in guinea pig hypothalamic slices was the more 
pronounced, the higher the frequency of stimulation with a constant number 
of pulses (3 Hz compared with 1 Hz) and the shorter the duration of stimula
tion at a constant frequency (BLIER and BOUCHARD 1993). In guinea pig hypo
thalamic slices, 2-methyl-5-HT also increased the K+ (15-35 mM)-evoked 
5-HT release (BLIER et a1. 1993). The facilitatory effect of 2-methyl-5-HT on 
the 5·HT release evoked by 25mM K+ was antagonized by ondansetron (BLIER 
et al. 1993). At high concentrations, 2-methyl-5-HT even produced direct 
stimulation of 5-HT release from guinea pig hypothalamic slices, which was 
sensitive to blockade by S-zacopride (BLlER and BOUCHARD 1993). 

A facilitatory effect of 2-methyl-5-HT on the electrically evoked 5-HT 
release was observed in rat frontal cortical and hippocampal slices as well 
(HADDJERI and BLlER 1995); this effect was blocked by the 5-HT3 receptor 
antagonists BRL 46470A [( endo-N-(8-methyl-8-azabicycIo[3.2.1.]oct-3-yl)2,3-
dihydro-3,3-dimethylindole-l-carboxamide; ricasetion] and S-zacopride. 

The receptors involved in these effects are also operative in vivo (MARTIN 
et a1. 1(92). In the ventral hippocampus of rats anaesthetized with chloral 
hydrate, administration of 2-methyl-5-HT via the microdialysis probe in
creased dialysate 5-HT levels in a concentration-related manner. This effect 
was counteracted by the 5-HT, receptor antagonist MDL 72222 (endo-8-
methyl-8-azabicycIo[3.2.1.]oct-3-yl-3.5-dichlorobenzoate ). 

The receptors mediating facilitation of 5-HT release are not autoreceptors 
(BLlER et a1. 1993) but are probably located on an interneuron. This conclusion 
can be drawn from data of BLlER et al. (1993), who found in guinea pig 
hypothalamic synaptosomes that 2-methyl-5-HT did not facilitate the K+
evoked 5-HT release, nor did it stimulate 5-HT release by itself. In agreement 
with this, no enhancement of the K+-evoked 5-HT release by 2-methyl-5-HT 
was observed in hypothalamic slices, when tetrodotoxin was present in the 
superfusion fluid (BLlER et al. 1993). Hence, a neuronal circuit comprising one 
or more interneurons and an unknown presynaptic heteroreceptor on the 
serotoninergic axon terminals should be involved (see Sect. A). 

2. Physiological Role 

Relatively little information is so far available with respect to the potential 
tonic serotoninergic input to the facilitatory 5-HT receptors. In this case, 5-
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HT3 receptor antagonists should cause an inhibition of 5-HT release, but BLIER 
and BOUCHARD (1993) found in guinea pig hypothalamic slices that, as a rule 
(e.g. with ondansetron, tropisetron, MDL 72222), this did not occur. Neverthe
less, their experiments in which the neuronal5-HT transporter was blocked by 
paroxetine left the possibility open that the facilitatory 5-HT receptors can be 
activated by endogenous 5-HT when, under certain conditions, its concentra
tion in the synaptic cleft is increased: paroxetine mimicked the effect of 2-
methyl-5-HT in that it enhanced the electrically evoked 5-HT release in guinea 
pig hypothalamic slices, an inhibition which was sensitive to blockade by the 5-
HT3 receptor antagonist tropisetron. 

In the in vivo study of MARTIN et al. (1992) on the rat ventral hippocampus, 
the 5-HT3 receptor antagonist MDL 72222 did not affect 5-HT release, thus 
arguing against the possibility that the 5-HT receptors involved are activated 
by endogenous 5-HT under the conditions applied. 

D. Classification 
I. Inhibitory Presynaptic 5-HT Autoreceptors 

1. Classification in Terms of 5-HTIB and "5-HTm" Receptors 

Until 1990, classification and nomenclature of 5-HT receptors had mainly 
been based on their operational/transductional behaviour and their pharmaco
logical properties (BRADLEY et al. 1986; LEFF and MARTIN 1988; PEROUTKA 1988; 
FRAZER et al. 1990). At that time, little information was available on 5-HT 
receptor structure, since only few genes coding for these receptors had been 
sequenced; however, the results available from molecular biological studies 
roughly supported the classification scheme derived from operational data. 

Due to the lack of selective ligands at certain 5-HT receptors, these 5-HT 
receptors, among them the presynaptic 5-HT autoreceptor (see Sect. C.I), 
could only be classified by application of a large number of 5-HT receptor 
agonists and antagonists (e.g. ENGEL et al. 1986). In such attempts to classify 
the presynaptic 5-HT autoreceptors, the potencies of agonists in inhibiting 5-
HT release from rat hypothalamic synaptosomes and in rat and pig cerebral 
cortical slices and of antagonists in antagonizing this inhibition were compared 
with their potencies in inhibiting binding of appropriate eH]ligands and 
[125I]ligands to the various 5-HT-binding sites in membranes from the eNS of 
several species (MARTIN and SANDERS-BuSH 1982; ENGEL et al. 1983, 1986; 
SCHLICKER et al. 1989). In subsequent studies which were based on part of 
these results, relatively few ligands which exhibited a certain, yet limited 
degree of selectivity for 5-HT receptor subtypes have been applied for classi
fication of the presynaptic 5-HT autoreceptors (e.g. BONANNO et al. 1986; 
MAURA et al. 1986; for review, see STARKE et al. 1989). Surprisingly, it was 
found that the presynaptic 5-HT autoreceptor belongs to another subtype than 
the firing-regulating somadendritic 5-HT autoreceptor: whereas the latter had 
been characterized as being of the 5-HT1A subtype (SPROUSE and AGHAJANIAN 
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1986, 1987), the presynaptic 5-HT autoreceptor was classified as 5-HT1B in 
various regions of the rat CNS and as "5-HTlD" (former nomenclature, 
labelled by quotation marks) in the pig cerebral cortex (for review and refer
ences, see STARKE et al. 1989; nomenclature of "5-HTlD" receptors recently 
revised, see HARTIG et al. 1996 and below, Sect. D.I.3); furthermore, there were 
hints that in the guinea pig and rabbit brain the presynaptic 5-HT au
toreceptors also possess "5-HT lD" properties. 

Although several pharmacological similarities were recognized between 
rat 5-HT1s-binding sites and/or receptors on the one hand and guinea pig, pig, 
bovine and human "5-HTlD " sites/receptors on the other, there were some 
fundamental differences between these sUbtypes. The most striking one was 
observed with certain J3-adrenoceptor antagonists. Thus, propranolol and 
cyanopindolol also exhibited rather high affinity for rat 5-HT ls-binding sites 
(pKj > 7; see footnote to Table 3) and stereoselectively acted as partial agonists 
exhibiting antagonistic property at rat presynaptic 5-HT autoreceptors [the 
(-)-enantiomers being more potent]; however, J3-adrenoceptor antagonists had 
a clearly lower affinity for "5-HTJD" -binding sites in the brain of the guinea pig, 
pig, cow and man (see footnote to Table 3; HEURING and PEROUTKA 1987; 
WAEBER et al. 1988; 1989). Furthermore, propranolol did not antagonize the 
inhibitory effect of the 5-HT receptor agonist 5-methoxytryptamine on 5-HT 
release in the pig cerebral cortex (for review, see STARKE et al. 1989; for details 
of the investigation in pig cerebral cortex, see SCHLICKER et al. 1989). Another 
difference between the rat 5-HTJB-binding sites and the "5-HTlD " sites of the 
other species mentioned was that the 5-HT1A receptor agonist 8-0H-DPAT [8-
hydroxy-2(di-n-propylamino)tetralin] had very low affinity for the former, but 
moderate affinity (pKj ~ 6) for "5-HTil)" sites (see footnote to Table 3). 
Accordingly, 8-0H-DPAT did not inhibit 5-HT release in the rat CNS (see, 
however, UMBERGER et al. 1991 and Sect. D.I.4), but behaved as a low-potency 
agonist at the inhibitory presynaptic 5-HT autoreceptors of the pig cerebral 
cortex (see STARKE et al. 1989). Other ligands exhibiting a preference in favour 
of "5-HTJD" receptors are the two rauwolfia alkaloids rauwolscine and 
yohimbine as well as dipropyl-5-carboxamidotryptamine (see footnotes to 
Table 3). In recent years, the inhibitory presynaptic 5-HT autoreceptors in 
various regions of the brain of various species other than rat and pig, including 
man, have been classified in terms of 5-HT lB and "5-HTlD" (see Tables 1, 3). 
The similarities in distribution and function between the 5-HT1B- and "5-
HTil)"-binding sites/receptors in the various species led HOYER and 
MIDDLEMISS (1989) to propose that these receptors are species homologues. 

2. Subclassification of "5-HTm" Receptors 

Molecular biological studies which revealed that the "5-HTlO" receptors are 
not homogeneous made it necessary to extend the nomenclature of these 
receptors (for review, see HARTIG et al. 1992). Two different genes which code 
for receptors with binding properties virtually identical to those previously 
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Table 3. Pharmacological properties of the inhibitory presynaptic 5-HT autoreceptors 
in the brain of various species as a basis for the classification of these receptors in terms 
of 5-HTJB and "5-HTm" (last but one column). This "classical" nomenclature was 
primarily based on the pharmacological differences between 5-HTJB-binding sites in rat 
brain membranes and "5-HTm"-binding sites in bovine, guinea pig, porcine and human 
cerebral membranes (for references, see Sect. D.I.l). These differences were most 
pronounced with the drugs considered in this table (for references, see footnotes). The 
classification scheme of the 5-HTJB/"5-HTm" receptors has recently been revised on 

Species 

Rat 

Mouse 

Guinea 
pig 

Rabbit 

CNS 
region 

Cerebral 
cortex 

Spinal 
cord 

Cerebral 
cortex 

Cerebral 
cortex 

Cerebral 
cortex 

Caudate 
nucleus 

Rhesus Cerebral 
monkey cortex 

Man Cerebral 
cortex 

References 

MIDDLEMISS and 
HUTSON (1990)" 

MATSUMOTO et aI. 
(1992) 

YANG et aI. (1994) 

SCHIPPER (1990) 

ORMANDY (1993) 

BUHLEN et aI. 
(1996a) 

Synaptosomes 
Slices 

LIMBERGER et aI. 
(1991) 

LiMBERGER et aI. 
(1991) 

FEUERSTEIN et aI. 
(1992) 

SCHIPPER (1990) 

GALZIN et aI. 
(1992) 

MAURA et aI. 
(1993) 

Potency of 
8-0H-DPAT" 

pD, < 6 

(0.1 f.lM inactive) 

("8-0H-DPAT 
inactive")' 

pD,7.06 
(partial agonism) 

pD,6.82 
(partial agonism) 

(agonism at 0.1 
and 0.3 f.lM) 

pD27.1 

(tendency towards 
agonism at 0.1 f.lM) 

(agonism at 0.3 
and 1 J.1M) 

Potency of 
yohimbine (Y) or 
rauwolscine (R)b 

Y: pKB 6.66 
(partial agonism) 

Y: pD, 7.01 
(partial agonism) 

R: pD, about 6.5 
(partial agonism) 

(agonism by Y 
1f.lM) 

Potency of 
dipropyl-
5-CT' 

pD2 6.8 

"pKi values of 8-0H-DPAT [8-hydroxy-2(di-n-propylamino)tetralin] in binding studies: 5-HTlB 4.22-
5.75; "5-HTID" 5.90-7.55 (compiled by ZIFA and FILLION 1992). 
b pKi values of yohimbine and rauwolscine in binding studies: 5-HT'R 5.46 and 5.25, respectively; "5-
HTm" 7.12 and 7.65, respectively (SCHOEFflER and HOYER 1990). 
'pKi values of dipropyl-5-CT in binding studies: 5-HTlB 4.88; "5-HTID " 6.92 (SCHOEFFTER and HOYER 
1990). 
d pKi values of cyanopindolol (CYP) and (-)-propranolol (PRP) in binding studies: 5-HT1B 8.28 and 7.33, 
respectively; "5-HTJD" 6.85 and 5.49, respectively (SCHOEFflER and HOYER 1990). 
'The potencies (pD,) of agonists [in the study by MIDDLEMISS and HUTSON (1990), also of antagonists; 
pA,] at the presynaptic autoreceptors were compared by linear regression analysis with their affinities 
(pKi) at 5-HT1B- and "5-HTlD"-binding sites (n, number of drugs). Either the regression analyses were 
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the basis of the primacy of the human genome (last column: new nomenclature 
according to HARTlG et a!. 1996), taking into account that all presynaptic 5-HT 
autoreceptors listed in this table are probably encoded by orthologous genes (see Sects. 
D.L3, 4). This table is restricted to more recent investigations not yet considered in the 
review by STARKE et a!. (1989). Slices or synaptosomes preincubated with [3H] 5-HT 
were superfused and [3H] 5-HT release was evoked by electrical field stimulation or 
high K'. In each study, the inhibitory effect of 5-HT or 5-carboxamidotryptamine 5-CT 
on the evoked [3H] 5-HT release was counteracted by methiothepin or metergoline 

PotencY of 
cyanopindolol (CYP) 
or pro~ranolol 
(PRP), 

CYP: pA, 8.4 

PRP:pA. < 6: pD" < 5' 

PRP: pA, < 6: pO" < 6' 

(agonism by CYP I 
and lOpM) 

CYP:pA" 6.'i 

(antagonism by 
PRP 1pM) 

Correlation coefficients (r): 
comparison of potencies of 
ligands with affinities for 
binding sites" 

0.87 (n ~ 12) 

0.79 (n ~ 8) 

IUP (n ~ 'i) 

IJ.7S (/1 ~ 6) 
OSi (n ~6) 

0.76 (n ~ 4) 

O.k4 (II ~ 5) 

0.32 (n ~ 11) 

0.71 (n ~ 7) 

ow~ (1/ ~5) 

(J.S6 (n ~ 6) 
O.k2 (n ~ 6) 

0.95 (II ~ 4) 

0.94 (1/ ~ 5) 

Classification 

Primacy of 
pharmacology' 

"5-HTII;' 

Primacy of 
genome!! 

gp5-HT'B 

mk5-HT'B 

carried out by the authors themselves or by us. using the potencies given by the authors quoted in this 
table and the pK, values reported by SCHOEFFTER and HOYER (1990: 19(1). HOYER and SCHOEFFTER (1991) 
and BEER et al. (1993). 
I "Classical" nomenclature in terms of 5-HT'R and "5-HT,,;' (see Sect. 0.1.1). 
I' New nomenclature (see Sects. 0.l.3, 4). 
h pO,. pA, and pK, values were assessed from Fig. 4 of that paper. 
, The same conclusion was previously drawn by ENGEL et al. (1986). The study by LIMBEROER et al. (1991 ). 
however. provides evidence that. in addition. an rS-HTtI) receptor is involved (see Sect. D.I.4). 
, No exact concentration range given in that paper. 
, pD. for partial agonism. 
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determined for "5-HTJD"-binding sites in human cerebral membranes, but 
different from rat 5-HTlB sites, were isolated from the human brain. These 
receptors were called "5-HTJDa" and "5-HTJDr/'. Whereas they exhibited al
most identical binding characteristics for 19 different 5-HT receptor agonists 
and antagonists (see HARTIG et al. 1992), they can be distinguished by 
ketanserin and, less well, by ritanserin, which have 75- and 24-fold higher 
affinity, respectively, for cloned human "5-HTJDa" than "5-HTJDr/' receptors 
(ZGOMBICK et al. 1995). 

Accordingly, ketanserin has been used to determine the "5-HTJD" recep
tor subtype to which the presynaptic 5-HT autoreceptors belong in the human 
(FINK et al. 1995 and Fig. 2) and guinea pig cerebral cortex (BUHLEN et al. 
1996a): they were subclassified as "5-HTJDf3" and "5-HTJDf3-like", respectively 
(for more details see below, Sect. D.I.4). 

The gene which encodes the human "5-HTJDf3" receptor is highly homolo
gous to a gene which was isolated from the rat brain and which was found to 
code for a receptor with the pharmacological characteristics of the 5-HTlB-

binding sites in rat cerebral membranes (HARTIG et al. 1992). These findings 
strongly supported the suggestion that, in spite of the pharmacological differ
ences mentioned above, the presynaptic 5-HTlB autoreceptor in the rat and 
the presynaptic "5-HTJD" autoreceptor in other species such as the guinea pig 
and man are species homologues (see above; HOYER and MIDDLEMISS 1989): 
only few differences in the amino acid sequence are responsible for the differ
ences in pharmacological profile (METCALF et al. 1992; OKSENBERG et al. 1992; 
PARKER et al. 1993). 

In addition to the gene encoding the rat 5-HTJB receptor, a rat homologue 
of the gene encoding the human 5-HTJDa receptor was identified; this rat gene 
coded for a receptor with the binding properties of a "5-HTJD" receptor (BACH 
et al. 1993). 

3. Revised Nomenclature of 5-HT1B/lD Receptors on the Basis of the 
Primacy of the Human Genome 

As a result of the history of the discovery of genes, binding sites and receptors 
of the "5-HTlB/JD" subtype, a complex and confusing nomenclature of this 
receptor subfamily has developed (GOTHERT 1992; ZIFA and FILLION 1992; 
BOESS and MARTIN 1994; HOYER et al. 1994; MARTIN and HUMPHREY 1994). 
Therefore, the nomenclature has recently been revised and simplified on the 
basis of the primacy of the human genome (HARTIG et al. 1996) taking the 
following general rules, accepted by the International Union of Pharmacology 
Committee for Receptor Nomenclature, into account: a name should first be 
established for the amino acid sequence of a receptor subtype deduced from a 
certain human gene. The same name should be used for all species homo
logues of this receptor SUbtype or, in other words, for all receptors which are 
the products of orthologous genes, irrespective of whether or not the pharma
cological properties of these receptors are identical. The species should be 
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specified by brief letter prefixes (e.g. "h" for human, "mkoo for monkey, "rOO for 
rat, "m" for mouse, "gp" for guinea pig, "rboo for rabbit, "p" for pig; 
V ANHOUTTE et al. 1996). For instance, taking these principles into account, the 
human "5-HTlDfl" and "5-HTma" receptors have been renamed h5-HTlll and 
h5-HTlD , respectively, and analogously the rat 5-HTJI3 and "5-HTlD " receptors 
are termed r5-HT1B and r5-HTlD , respectively. Thus, it becomes obvious at first 
sight that the h5-HTlll and r5-HT1B receptors belong to the same subtype in 
spite of their pharmacological differences. 

It is also clear from the previous sections that the new nomenclature has 
more far-reaching consequences for the terminology of the presynaptic 5-HT 
autoreceptors than for any other functional 5-HT receptors described so far. 
Therefore, the development of the nomenclature had to be described here in 
some detail in order to enable access from this review to the underlying 
original work on these receptors. 

4. Subclassification and Nomenclature in Terms of the 
Revised Nomenclature 

As outlined above and in Table 3, the presynaptic 5-HT autoreceptors have 
originally been classified as 5-HTlll in rats and mice and as "5-HTlD " (accord
ing to the nomenclature introduced before 1989) in the other species investi
gated up to now. It has also been mentioned that, in view of the heterogeneity 
of the latter receptors, attempts have recently been made in guinea pig and 
human brain slices and synaptosomes to subclassify the presynaptic 5-HT 
autoreceptors (Sect. D.L2). Some details of these studies, which appeared 
before the new nomenclature was pUblished, are worthwhile to be reported 
here. In order to avoid confusion. the primacy of the new nomenclature is 
emphasized by mentioning the new name either alone or first. the old nomen
clature being added in some cases in quotation marks. 

It has already been stated above (Sect. D.L2) that subclassification of 
human presynaptic S-HT autoreceptors was complicated by the lack of com
pounds which discriminate between h5-HT 'B C"S-HT IDj3") and hS-HT m ("S
HT lDa") receptors and that among the drugs available ketanserin was most 
suitable in this respect. Tn a study in human cortical synaptosomes (FINK et al. 
1995; GOTHERT et al. 1996). ketanserin at a concentration 4.4 times higher than 
its K j at cloned h5-HTlD receptors but more than 16 times lower than its K j at 
cloned h5-HT'B receptors failed to antagonize the inhibitory effect of 5-CT on 
the K" -evoked ['H]5-HT release (Fig. 2). In contrast, the non-selective antago
nist at h5-HTIBIID receptors, methiothepin. at a concentration 4.4 times higher 
than its K j at cloned h5-HT1B receptors abolished the 5-HT-induced inhibition 
(Fig. 2). This pattern of effects of the two antagonists made it possible to 
conclude that the presynaptic inhibitory 5-HT autoreceptor of the human 
cerebral cortex belongs to the h5-HT lB ("5-HT lDfloo; Sect. D.L2) SUbtype. 

Very recently two new drugs SB 216641 (N-[3-(2-dimethylamino)ethoxy-
4-methoxyphenyl]-2' -methyl-4' -(S-methyl-1.2 .4-oxadiazol-3-yl)-(1 ,1'-
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biphenyl)-4-carboxamide) and BRL 15572 (l-phenyl-3-[4-(3-chlorophenyl) 
piperazin-l-yl]phenylpropan-2-01), which discriminate between h5-HT lB and 
h5-HTm receptors, have become available: SB 216641 exhibited 30-fold higher 
affinity for cloned h5-HTlB receptors than for cloned h5-HTm receptors, 
whereas BRL 15572 had over IOO-fold greater affinity for cloned h5-HTm than 
for cloned h5-HT lB receptors (PRICE et al. 1996). In human cerebral cortical 
synaptosomes, the inhibitory effect of 5-HT on the K+-evoked 5-HT release 
was antagonized by SB 216641, but not affected by BRL 15572 (both drugs 
applied at concentrations 15 times higher than their K; at cloned h5-HTlB and 
h5-HTm receptors, respectively; SCHLICKER et al. 1997). These data strongly 
support the conclusion that the presynaptic 5-HT autoreceptor in the human 
cerebral cortex is of the 5-HTJB subtype. In agreement with this, SB 216641, 
but not BRL 15572, increased the electrically evoked 5-HT release from 
human cerebral cortical slices. 

Basically the same approach as in human brain preparations was used to 
subclassify the presynaptic 5-HT autoreceptor in the guinea pig cerebral cor
tex, although the gp5-HTlB and gp5-HTm receptors have not yet been cloned. 
However, the pharmacological properties of the presynaptic 5-HT 
autoreceptors in the guinea pig cerebral cortex (LIMBERGER et al. 1991; 
BUHLEN et al. 1996a; ROBERTS et al. 1996) are similar to those in the human 
cerebral cortex (SCHLICKER et al. 1985; GALZIN et al. 1992; MADRA et al. 1993) 
and the same holds true for the "5-HTm"-binding sites in cerebral membranes 
from both species (WAEBER et al. 1988, 1989; BEER et al. 1992; BRUINVELS et al. 
1992). Therefore, it is generally accepted that the guinea pig brain is suitable 
as an experimental model for the development of autoreceptor ligands which 
may become useful as therapeutic compounds in human diseases (see below). 
To provide evidence that in the guinea pig cerebral cortex the presynaptic 5-
HT autoreceptor is similar to the h5-HTJB receptor ("5-HTJDP"-like), a study 
was carried out in guinea pig cortical synaptosomes in which ketanserin and 
methiothepin were applied at appropriate concentrations (BUHLEN et al. 
1996a). In fact it was found that the inhibitory effect of 5-CT on 5-HT release 
was not affected by ketanserin at a concentration 4 times higher than its K j at 
cloned h5-HTm ("5-HTJDa") receptors, but that methiothepin, at a concentra
tion 4 times higher than its K; value at h5-HTJB ("5-HTJD,t) receptors, caused 
a rightward shift of the concentration-response curve of 5-CT. 

Further support for the suggestion that the presynaptic 5-HT 
autoreceptors in the guinea pig brain predominantly are h5-HT1B-like came 
from binding studies in cortical synaptosomes and membranes from this spe
cies. In the synaptosomal preparation, the fraction of presynaptic membranes 
related to the .total quantity may be assumed to be higher than in convention
ally prepared membranes. Whereas the pharmacological properties of the 
[3H]5-HT binding sites in membranes correlated with those of both h5-HT1B 

and h5-HTJD receptors, the pharmacological characteristics of the [3H]5-HT
binding sites in synaptosomes correlated with those of h5-HTJB ("5-HTJDj3") 
only, but not with those of h5-HTJD receptors ("5-HTlOa"; BUHLEN et al. 
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1996a). In both preparations there was no correlation with the properties of 
the other 5-HT receptors within the seven 5-HT receptor families which have 
so far been identified in the guinea pig or other species. 

On the basis of the observation that the presynaptic 5-HT autoreceptor 
belongs to the 5-HT1B subclass of the new classification scheme not only in rat 
and mouse but also in guinea pig and man, it may be suggested that this 
probably also holds true for the other species in which they have previously 
been classified as "5-HTJD", i.e. for pig (SCHLICKER et a1. 1989), rhesus monkey 
and rabbit (Table 3; the rb5-HT1B receptor has recently been cloned; BARD et 
a1. 1996). 

However, this general rule does not implicate that all presynaptic 5-HT 
receptors are of the 5-HT1B subtype. Thus, the presynaptic inhibitory 5-HT 
heteroreceptors on the sympathetic nerve fibres innervating the human atrial 
appendages have been classified by means of ketanserin as h5-HTm 
("'5-HTI[),,"; GOTHERT et a1. 1996; MOLDERINGS et a1. 1996). Another example 
refers to the presynaptic 5-HT autoreceptors in the rat brain. According to 
experiments by UMBERGER et a!. (1991) in cerebral cortical slices, not all of 
these receptors belong to the r5-HT 1B subtype, but a part of them could be 
subclassified as r5-HTJl): whereas the effects of most drugs conformed to the 
r5-HTIB character of the presynaptic 5-HT autoreceptor (e.g. the antagonism 
by the preferential 5-HT1B receptor antagonist isamoltane of the inhibitory 
effect of RU 24969 [5-methoxy-3(1,2,3,6-tetrahydropyridin-4-yl)-lH-indole] 
on ['H]5-HT release), the inhibitory effect of 8-0H-OPAT in the high 
nanomolar range did not. The potency of this compound was virtually identi
cal to that in guinea pig or rabbit cortical slices examined in the same study. 
The effect of 8-0H-OPAT was counteracted by methiothepin but not by 
isamoltane. These findings with 8-0H-OPA T are compatible with the involve
ment of r5-HT ID receptors. 

In the guinea pig hippocampus, two different presynaptic 5-HT 
autoreceptors appear to occur as well (WILKINSON and MIDDLEMISS 1992): in 
slices of this hrain region methiothepin antagonized the effect of 5-HT at higher 
potency (apparent pA2 value 7.6) than the effects of 5-CT and sumatriptan 
(pA2 6.7-7.0). It is hy no means clear whether these findings can be accounted 
for hy the occurrence of both the gp5-HTlll and the gp5-HTJD receptor or of 
another 5-HT receptor in addition to the gp5-HT'B receptor. The operation 
of multiple presynaptic 5-HT autoreceptors has recently been confirmed in 
the guinea pig cerebral cortex by analysis of the concentration response curves 
for 5-HT and 5-CT and of the antagonistic property of GR 127935 [2'-methyl-
4'-(5-methyl-[1 ,2.4]oxadiazol-3-yl)-biphenyl-4-carboxylic acid [4-methoxy-3-
(4-methyl-piperazin-1-yl)-phenyl]-amide] (ROBERTS et al. 1996). 

Heterogeneity of 5-HT receptors modulating 5-HT release has recently 
been proved in cortical and hippocampal slices from the m5-HT1B receptor 
"knock-out" mice (PINEYRO et a!. 1995b) generated by SAUDOU et al. (1994). 
It was found that the r5-HT1B receptor agonist CP-93129 [3-(1,2,5,6-
tetrahydropyrid-4-yl)pyrrolo[3,2-b]pyrid-5-one] and the 5-HT1BIID receptor 
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agonist sumatriptan did not inhibit the electrically evoked 5-HT release, 
whereas the less selective compound 5-CT was still capable of decreasing 5-HT 
release. In fact, 5-CT has relatively high affinity not only for 5-HT1B and 5-
HTID receptors but also for 5-HTs and 5-HT7 receptors (HOYER et al. 1994). 
Therefore, the results with 5-CT suggest that, at least in the absence of m5-
HTJB receptors, autoinhibition of 5-HT release may be mediated by m5-HTs 
and/or m5-HT7 receptors (PINEYRO et al. 1995b). It is conceivable that the 
inhibitory effect mediated via other than m5-HT1B receptors may playa more 
important role in m5-HTJB receptor "knock-out" animals than under normal 
conditions: these receptors may be expressed at higher density as a compensa
tory mechanism. The location of such non-5-HTJB receptors is not clear. They 
may either represent true presynaptic 5-HT autoreceptors or they may be 
located on non-serotoninergic neurons within a short regulatory neuronal loop 
(see Sect. A). 

The new nomenclature of 5-HT1B11D receptors offers a further advantage, 
namely that allelic polymorphism as a basis of structural variants of receptor 
SUbtypes can easily be dealt with in this classification scheme (HARTIG et al. 
1996). Recently, a coding mutation in nucleotide position 371 (T ~G substitu
tion) of the h5-HT1B receptor gene was found in single-strand conformation 
analysis of the h5-HTJB receptor gene from healthy persons for DNA sequence 
variation. This mutation leads to an amino acid exchange (Phe~Cys) in posi
tion 124 of the receptor protein in the third transmembrane domain close to 
the junction with the extracellular loop (NOTHEN et al. 1995). In membranes 
from cultured COS-7 cells transfected with the cDNA of the wild-type or 
mutant h5-HTJB receptor, binding of [3H]5-CT was determined (BDHLEN et al. 
1996b,c). In saturation experiments the affinity of eH]5-CT for the mutant h5-
HTIB receptor was higher, whereas Brnax of this receptor was lower compared 
to the wild-type receptor. Competition experiments with eight full or partial 5-
HTJB receptor agonists including 5-HT, dihydroergotamine, sumatriptan and 
methysergide revealed that their inhibitory potencies were O.3-0.Slog units 
higher than for the wild-type receptor. Corresponding changes in the pharma
cological properties of the h5-HTJB receptor may be assumed to occur in 
individuals in whom the mutant h5-HTJB gene is expressed as presynaptic 5-
HT autoreceptor: the increased affinity of the endogenous agonist 5-HT and of 
other 5-HTJB receptor ligands may lead to a decrease in 5-HT release (by 
increased autoreceptor function) and to pharmacogenetic differences in the 
action of 5-HT1B receptor ligands. 

II. 5-HT Receptors Mediating Facilitation of 5-HT Release 

The facilitatory 5-HT receptors identified in the guinea pig and rat brain in 
vitro (GALZIN and LANGER 1991; BLlER and BOUCHARD 1993) and in vivo 
(MARTIN et al. 1992) belong to the 5-HT3 receptor class. This can be deduced 
mainly from the findings with the 5-HT3 receptor agonists and antagonists 
mentioned above (Sect. C.II.1). When taking the species differences in the 
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pharmacological properties of 5-HT, receptors into account (for review see 
KILPATRICK et al. 1990; HOYER et a1. 1994; Chap. 18, this volume), the facilita
tory 5-HT receptor in the guinea pig brain (cerebral cortex, hippocampus and 
hypothalamus) also fulfilled the criteria characteristic for the 5-HT3 receptor 
of this species (BLIER and BOUCHARD 1993): the agonists phenylbiguanide and 
m-chlorophenylbiguanide, which have been shown to be effective 5-HT3 re
ceptor agonists in rat but not guinea pig tissues (KILPATRICK et al. 1991; 
ROBERTSON and BEVAN 1991; BUTLER et a1. 1990), failed to mimic the facilita
tory effect of 2-methyl-5-HT; in agreement with the general properties of 5-
HT 3 receptors in guinea pig tissues (for references, see above), the potencies of 
the 5-HT] receptor antagonists were generally low, (+)-tubocurarine even 
being ineffective. 

In agreement with the property of 5-HT3 receptors to desensitize in re
sponse to prolonged stimulation (PETERS and LAMBERT 1989; YAKEL 1992; 
Chap. 18, this volume), it was observed in rat hypothalamic and guinea pig 
cerebral cortical and hypothalamic slices that 2-methyl-5-HT facilitated 5-HT 
release only if the time of exposure was 8 min but not if it was extended to 
20min (GALZIN and LANGER 1991: BLIER and BOUCHARD 1993). However, in 
this context it should be noted that in electrophysiological experiments, 5-HT, 
receptors proved to desensitize much faster (YAKEL and JACKSON 1988; YAKEL 
1992). 

E. Site and Mechanism of Action 
I. Inhibitory Presynaptic 5-HT Autoreceptors 

From early work carried out before 1989 only few, rather general conclusions 
could be drawn concerning the ionic or biochemical events induced in the cell 
membrane by activation of inhibitory presynaptic 5-HT autoreceptors 
(for review and references, see STARKE et al. 1989). Propagation of action 
potentials seems not to he affected, hut stimulus-release coupling, in particular 
transmembrane Ca2+ influx into the serotoninergic axon terminals, appears 
to be inhibited. The results of experiments designed to investigate the 
involvement of G proteins in autoreceptor-mediated effects were con
tradictory. Whereas PASSARELLI et al. (1988) found the effect of two 
5-HT receptor agonists on 5-HT release in rat hippocampal slices to be 
pertussis toxin-sensitive, the data obtained in interaction experiments of 
5-HT receptor ligands with pharmacological tools known to influence the 
adenylyl cyclase (SCHLICKER et al. 1987, rat brain cortex slices) or protein 
kinase C second messenger system (FEUERSTEIN et a1. 1987, rabbit hippocam
pal slices; WANG and FRIEDMAN 1987, rat brain cortex slices) argued against 
inhibitory coupling of the autoreceptors to these biochemical systems via G 
proteins. 

Although it is now clear that the 5-HT1B receptor and, accordingly, the 
presynaptic 5-HT autoreceptor belongs to the superfamily of G-protein-
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coupled receptors (HOYER et al. 1994), the experimental evidence for the 
involvement of G proteins and adenylyl cyclase or protein kinase C remained 
equivocal. BLlER (1991) studied the effect of two inhibitors of G ilo proteins, 
pertussis toxin and N-ethylmaleimide (NEM), and of a stimulator of Gs pro
teins, cholera toxin, in rat hippocampal slices. Pertussis and cholera toxin, with 
which the rats were pretreated, and which by themselves did not change 5-HT 
release, failed to modify the effect of 5-methoxytryptamine, 5-CT and/or 
methiothepin on 5-HT release. NEM, which by itself increased 5-HT release, 
also did not change the effect of 5-methoxytryptamine. In guinea pig brain 
cortex slices, forskolin (an activator of adenylyl cyclase), rolipram (an inhibi
tor of cAMP phosphodiesterase) and 8-Br-cAMP (a lipid-soluble analogue of 
cAMP) did not affect 5-HT release when given alone, but attenuated the 
modulatory effect of 5-CT and/or sumatriptan on 5-HT release (ORMANDY 
1993). 1,9-Dideoxyforskolin, which fails to activate adenylyl cyclase (but, 
like forskolin, blocks K+ channels), did not attenuate the effect of 5-CT. 
In rat hypothalamic slices, forskolin, 8-Br-cAMP and an inhibitor of 
phospodiesterase (IBMX) both increased 5-HT release, when given alone, and 
did not attenuate the inhibitory effects of 5-methoxytryptamine and RU 24969 
on 5-HT release (RAMDINE et al. 1989). In contrast, inhibition of protein kinase 
C by phorbol-ll,12-dibutyrate (which by itself also increased 5-HT release) 
attenuated the modulatory effects of 5-methoxytryptamine and methiothepine 
on 5-HT release. 

Taken together, the inconsistencies observed in these experiments on 
cerebral slices are probably due to the fact that the methods applied so far 
have been too indirect. More direct approaches in future studies will probably 
provide more unequivocal results. 

II. 5-HT Receptors Mediating Facilitation of 5-HT Release 

The ionic and biochemical effects in the cell membrane induced by activation 
of the 5-HT receptor mediating facilitation of 5-HT release are even less 
well known. This is already evident when considering that the exact location 
of the receptor is still unclear. As mentioned above (Sects. A, C.II.1), the 
5-HT receptor is probably located on a non-serotoninergic interneuron. 
Hence, in a cerebral slice preparation, an event induced by activation of such 
a receptor may occur in any of the nerves involved in the facilitatory neuronal 
circuit. 

On the basis of the investigation by BLlER and BOUCHARD (1993) on guinea 
pig hypothalamic slices, it appears that an increase in transmembrane influx of 
Ca2+ ions is a prerequisite for the 5-HT3 receptor-mediated facilitation: the 
facilitatory effect of2-methyl-5-HT on 5-HT release only occurred when 5-HT 
release was stimulated by Ca2+-dependent methods of stimulation such as 
electrical impulses or high K+, whereas the Caz+-independent fenfluramine
induced 5-HT release was not altered. 



Regulation of 5-HT Release in the eNS 

F. Plasticity of Inhibitory Presynaptic 5-HT 
Autoreceptors 

331 

Very recently it has been shown that the functional activity of the presynaptic 
5-HT autoreceptor can be modulated by an endogenous tetrapeptide, Leu
Ser-Ala-Leu (LSAL), which was called 5-HT-moduline (MASSOT et al. 1996; 
Chap. 11, this volume). This peptide is released from synaptosomes and binds 
to specific recognition sites in mammalian brain and in transfected cells ex
pressing 5-HT IB receptors. In rat hippocampal synaptosomes, interaction of 5-
HT-moduline with presynaptic 5-HT1B autoreceptors was shown to decrease, 
and at appropriate concentration even abolish, the inhibitory effect of a 5-
HTlB receptor agonist on evoked 5-HT release. 

In numerous investigations (see below), the possibility has been examined 
that the sensitivity of inhibitory 5-HT autoreceptors may change with the light
dark cycle, aging and chronic treatment with drugs, in particular antidepres
sant drugs, or electroconvulsive shocks (ECS). 

I. Lack of Circadian Variations 

Many of the steps involved in the synthesis and release of 5-HT are subject to 
circadian variations (MARTIN 1991). For example, the release of 5-HT mea
sured by in vivo microdialysis in the hippocampus of freely moving rats under
goes changes during the light-dark cycle (KALEN et al. 1989), a phenomenon 
which might be related to variations of the sensitivity of the inhibitory 5-HT 
autoreceptor. This possibility was examined in experiments of SINGH and 
REDFERN (1994a,b), who determined 5-HT release and its autoreceptor
mediated modulation in slices from the rat cerebral cortex and hippocampus 
and from the guinea pig cerebral cortex at four equally spaced time points in 
the 12-h light/12-h dark cycle (end-dark, mid-light, end-light, mid-dark). The 
potencies of exogenous 5-HT in inhibiting 5-HT release and of methiothepin 
in antagonizing the effect of endogenous or exogenous 5-HT did not differ 
between the four time points. In another study, BLIER et al. (1989) compared 
5-HT release and its autoreceptor-mediated modulation in hypothalamic slices 
prepared from two groups of rats subjected to a 12-h light/12-h dark cycle. In 
the first group, in which the lights were turned on at 7h and off at 19h, 5-HT 
release was higher than in the second group, in which the lights were turned on 
at 19h and off at 7h. However, both groups did not differ with respect to the 
inhibitory effect of 5-methoxytryptamine and RU 24969 and the facilitatory 
effect of methiothepin on 5-HT release. Thus, circadian variations of the 
sensitivity of inhibitory 5-HT autoreceptors do not appear to occur. 

II. Age-Dependent Variations 

The density of various types of 5-HT-binding sites in the brain has been 
reported to undergo alterations during aging (for review. see AMENTA et al. 
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1991). Therefore, the possibility that the inhibitory 5-HT autoreceptor 
may also undergo age-dependent alterations was examined in two in vitro 
studies. In cerebral cortex slices from 3-month-old rats, 5-HT release was 
higher than in slices from 2.5-year-old animals, but the potency of exogenous 
5-HT in inhibiting 5-HT release and the potency of methiothepin in antagoniz
ing the inhibitory effect of endogenous and exogenously 5-HT was identical in 
both groups (SCHLICKER et al. 1989). In spinal cord slices from 3-month-old 
rats, 5-HT and mCPP [1-(3-chlorophenyl)piperazine] inhibited 5-HT release, 
whereas in slices from 18- to 20-month-old animals, both compounds facili
tated 5-HT release (release in the absence of the 5-HT receptor agonists not 
mentioned; MURPHY and ZEMLAN 1989). 

III. Changes by Drugs and Electroconvulsive Shocks 

Long-term treatment of patients suffering from affective disorders with 
tricyclic antidepressants, selective serotonin reuptake inhibitors (SSRls), 
reversible or irreversible monoamine oxidase (MAO) inhibitors and electro
convulsive shocks may cause alterations of the sensitivity of the inhibitory 5-
HT autoreceptor. Such changes might be due to the increased concentration of 
5-HT in the synaptic cleft as a consequence of reduced inactivation or in
creased release of 5-HT. This possibility was studied in animals treated as 
mentioned, usually for 2-3 weeks (see Table 4 for such in vitro studies; as an 
exception, this table also contains data obtained before 1989). Furthermore, 
the possibility was investigated in animals that blockade of the presynaptic 5-
HT autoreceptors with methiothepin or treatment with nimodipine, a Ca2+ 

channel blocker potentially leading to a decreased 5-HT release, might cause 
an increased sensitivity of the autoreceptors (Table 4). 

The sensitivity of the autoreceptor was examined in functional experi
ments in vitro, i.e. by investigating the effects of agonists and/or antagonists on 
5-HT release. Therefore, an important prerequisite for such investigations is 
that, at the time of determination of autoreceptor function, no residual com
pound used for long-term treatment is left in the tissue. Accordingly, in all 
studies entered into Table 4, administration of the drug was stopped 17-72h 
before sacrifice and in some of them the absence of residual compound was 
proven by demonstrating that 5-HT uptake or MAO was no longer inhibited. 
In order to make sure that a change in sensitivity after long-term treatment 
with a drug is different from its acute effect, the sensitivity of autoreceptors 
should also be examined after 1- or 2-day administration. This has been 
examined in some, but not all, studies listed in Table 4. Ideally, the recovery 
from long-term treatment-induced change in sensitivity after withdrawal of 
the drug should also be demonstrated [as was done by MAURA and RAITERI 
(1984) only; Table 4]. 

In analogy to the time schedule applied in the experiments with long-term 
treatment with drugs, the sensitivity of the release-modulating receptors was 
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examined 48h after the last of a series of six electroconvulsive shocks over a 2-
week period (Table 4; BLlER and BOUCHARD 1992). 

Table 4 indicates that in some, but not all, studies of long-term treatment 
with tricyclics, SSRI, MAO inhibitors and electroconvulsive shocks, the ex
pected decrease in sensitivity of inhibitory 5-HT autoreceptors was observed. 
An increase in sensitivity of the inhibitory 5-HT autoreceptors which was 
expected after their long-term blockade with methetiothepin was found 
only by MAURA and RAITERI (1984), but not by HAGAN and HUGHES (1983; see 
Table 4). 

An increase in 5-HT release is another effect which could be predicted for 
experiments in slices (but not in synaptosomes; see Sect. C.L2) if long-term 
treatment of animals with antidepressant drugs led to a decreased function of 
the inhibitory 5-HT autoreceptors. Since the autoreceptors are normally toni
cally activated, this should occur because of the impaired negative feedback 
loop. Indeed such an increase in 5-HT release was found in several of the 
studies summarized in Table 4 (OXFORD and WARWICK 1987; SCHOUPS and DE 
POTTER 1988; MORET and BRILEY 1990; BLlER and BOUCHARD 1994; EL MANSARI 
and BLlER 1996), but not in synaptosomes (MAURA and RAITERI 1984). 

The effect of long-term treatment with SSRI and/or dexfenfluramine on 
the sensitivity of inhibitory 5-HT autoreceptors was also examined in vivo. 
GARDIER et al. (1992) injected rats with flu axe tine 30mg/kg i.p. or 
dexfenfluramine 7.5 mg/kg i.p. for 3 days, and 24h after the last injection they 
determined the effect of methiothepin administered via the dialysis probe on 
the basal and high K+ -induced 5-HT release in the frontal cortex of the animals 
anaesthetized with a-chloralose/urethane. After both fluoxetine and 
dexfenfluramine treatment, the basal and K+-induced 5-HT release was de
creased; the facilitatory effect of methiothepin on the basal 5-HT release was 
not affected whereas the facilitatory effect on the evoked 5-HT release was 
attenuated (effect of an acute administration of the drugs not examined). In 
the study of BOSKER et al. (1995), the rats received fluvoxamine 6.7mg/kg daily 
via an osmotic mini pump for 21 days, leading to a fluvoxamine brain level 
corresponding to its ICso for inhibition of the synaptosomal 5-HT transporter. 
Three days after removal of the minipump, they measured the effect of RU 
24969, administered via the dialysis probe, on basal5-HT release in the dorsal 
hippocampus of the freely moving animals. Both 5-HT release and its inhibi
tion by RU 24969 were unaltered. AUERBACH and HJORTH (1995) treated rats 
with citalopram, either with 2 x 5mg/kg s.c. for 2, 7 or 14 days, with 2 x 20mg/ 
kg s.c. for 14 days, or with 10mg/kg via an osmotic minipump for 14 days. 
Twenty-four hours after the last injection or removal of the minipump, 
citalopram and later, in addition, RU 24969 or CP-93,129 were administered 
via the dialysis probe to the frontal cortex or dorsal hippocampus of the chloral 
hydrate-anaesthetized animals. Citalopram (treatment for 14 days) given via 
the dialysis probe caused a more marked increase in 5-HT release (compared 
to the saline-treated control animals) when administered to the dorsal hippoc
ampus but not when injected into the frontal cortex. Basa15-HT release (prior 
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to the injection of citalopram) and the inhibitory effect of RU 24969 or CP-
93,129 on 5-HT release (after injection of citalopram) did not differ between 
citalopram- and saline-treated animals in both brain regions. 

The possibility that lithium given for up to 21 days affects the sensitivity of 
the inhibitory 5-HT autoreceptor was also examined. After administration of 
lithium to rats in the food for 3 weeks, the sensitivity of the inhibitory 5-HT 
autoreceptor in slices of the cerebral cortex, hippocampus and hypothalamus 
was decreased (FRIEDMAN and WANG 1988, WANG and FRIEDMAN 1988). When 
rats were injected i.p. with lithium for 3 days only, the sensitivity of the 
autoreceptor was decreased in hippocampal, but not in cortical slices (HOTTA 
and YAMAWAKI 1988). However, a shortcoming was that in the former two 
studies, the rats received food pellets containing lithium until sacrifice and in 
the latter, the last injection of lithium was administered only 1 h before sacri
fice. Thus, lithium was probably not yet washed out of the tissue. This is a 
drawback since lithium, directly applied to the tissue in superfusion experi
ments, was shown to abolish the inhibitory effect of exogenously added 5-HT 
on 5-HT release (HIDE and YAMAWAKI 1989). 

Taken together, evidence in support of the view that the sensitivity of the 
inhibitory presynaptic 5-HT autoreceptors is modified by long-term treatment 
with drugs used in affective disorders is equivocal. 

Whether or not long-term treatment with such drugs may affect the sensi
tivity of 5-HT receptors mediating facilitation of 5-HT release has almost not 
yet been investigated at all. In the only study available, pretreatment of guinea 
pigs with paroxetine 1 Omg/kg for 3 weeks decreased the facilitatory effect of 2-
methyl-5-HT on the electrically evoked 5-HT overflow in frontal cortical, 
hippocampal and hypothalamic slices (BLIER and BOUCHARD 1994). 

G. Potential Pathophysiological and Therapeutic Roles of 
Inhibitory Presynaptic 5-HT Autoreceptors 
Since 5-HT is involved in the central regulation of blood pressure (for review, 
see WOLF et al. 1985; COOTE 1990), it was conceivable that alterations of 
inhibitory 5-HT autoreceptors in the CNS might playa role in the pathogen
esis of hypertension. Therefore, the sensitivity of these receptors in the hypo
thalamus, nucleus tractus solitarii and cerebral cortex of spontaneously 
hypertensive (SHR) was compared to that in age-matched Wistar-Kyoto 
(WKY) rats (SCHLICKER et al. 1988). However, irrespective of the age of the 
rats and the brain region. neither 5-HT release in the absence of drugs nor 
modulation by exogenous 5-HT and methiothepin differed between the two 
strains. 

5-HT probably plays an even more important role in various other func
tions of the CNS, including modulation of pain, feeding behaviour, neuroen
docrinology, sleep, locomotor activity, sexual activity, mood and cognitive 
function. Furthermore. psychiatric and neurological diseases such as depres-
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sion, anxiety, obsessive-compulsive disorder and myoclonus may be caused or 
accompanied by alterations in the serotoninergic system (for review, see 
SIEVER et al. 1991). In particular, reduced serotoninergic neurotransmission 
has been hypothesized to be involved in the pathogenesis of major depression 
(COPPEN 1967). It is conceivable that a decrease in 5-HT release is due to an 
increased sensitivity of the inhibitory presynaptic h5-HTm autoreceptors 
(GOTHERT 1991; GOTHERT and SCHLICKER 1993; CHOPIN et al. 1994; see Fig. 3). 

This view is supported in an animal model of depression, namely the 
learned helplessness paradigm test in rats (for detailed discussion see CHOPIN 
et al. 1994; Chap. 10, this volume). The depression-like state of learned help
lessness was induced by prolonged exposure of rats to repetitive electrical 
footshocks from which the animals could not escape. As a symptom of the 
depression-like state, it was observed that the rats reacted apathic and did not 
try to escape from this stress, when, subsequent to the "training session" with 
unescapable shocks, they had the opportunity to avoid the footshocks. This 
depression-like state of learned helplessness was associated with an 
upregulation of 5-HTIB receptors, as suggested by an increase in density of 
C1'I]cyanopindolol-binding sites in the cortex, hippocampus and septum 
(EDW ARDS et al. 1991). Such an upregulation may refer not only to postsynap
tic 5-HTIB receptors on the somadendritic or terminal areas of non
serotoninergic nerves but also to the presynaptic 5-HT1B autoreceptors. In 
agreement with an increased responsiveness of presynaptic 5-HT1B 

autoreceptors resulting from such an upregulation, a decrease in 5-HT release 
has been measured in microdialysis studies in depressed-like learned helpless 
rats (PETTY et al. 1992). 

Fig.3. Function of the inhibitory presynaptic 5-HT tB auto receptor on a serotoninergic 
varicosity in the brain under normal conditions (right panel) and hypothesized function 
in depressed patients before and after treatment with selective or non-selective 5-HT 
uptake inhibitors (lefl panel). Stippled area in the membrane of the serotoninergic 
varicosity, 5-HT tR autoreceptor; V1 action potential. Solid vertical arrows, normal 5-HT 
release resulting in normal5-HT concentration at postsynaptic 5-HT receptors; broken 
vertical arrows, decreased release and decreased 5-HT concentration at postsynaptic 5-
HT receptors; thin solid arrows within the synaptic cleft, binding of 5-HT to presynaptic 
autoreceptors and 5-HT uptake by the 5-HT transporter (rectangle within the cell 
membrane). Autoreceptor-mediated inhibition of 5-HT release: -, normal inhibition;
(!) and -(I !), reinforced inhibition. In untreated, depressed patients, the number of 
autoreceptors is assumed to be increased, symbolized by the increased stippled area, by 
the two recognition sites for 5-HT and by -(i). Blockade of the transporter by certain 
antidepressants (II) initially results in an increased concentration of 5-HT at the 
autoreceptor, leading immediately to further reinforcement of autoreceptor function, 
symbolized by -(I!). As a result of both effects (uptake blockade and increased 
autoreceptor function), the 5-HT concentration at postsynaptic receptors remains de
creased. After long-term treatment with such antidepressants, downregulation of the 
autoreceptor may occur, resulting in normal serotoninergic synaptic transmission. 
Hatched area in the postsynaptic membrane, non-5-HTJH (e.g. 5-HT2A) receptor. (From 
GbTHERT and SCHUCKER 1993) 
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On the other hand, a supersensitivity of the postsynaptic receptors may be 
associated with an increased level of anxiety which has basically been related 
to an elevated serotoninergic "activity" (CHOPIN and BRILEY 1987). The neu
rons innervated by serotoninergic axon terminals and endowed with an in
creased density of postsynaptic 5-HTlB receptors may be hyperstimulated even 
when, due to the simultaneous supersensitivity of presynaptic 5-HTlB 

autoreceptors, the release of 5-HT is to a certain, yet relatively less, extent 
decreased. In agreement with these considerations and the results of the 
binding studies mentioned above, learned helpless rats exhibited behavioural 
signs of anxiety (V ANDIJKEN et al. 1992a,b) combined with depression-like 
symptoms (SHERMAN et al. 1979). Analogously, supersensitivity of pre- and 
postsynaptic 5-HTlB receptors in man would be expected to be associated with 
depression and anxiety, respectively, a combination which is frequently ob
served in patients. 

It is well known that the therapeutic effect of antidepressant drugs 
(tricyclics, SSRIs) develops within 2-3 weeks of treatment whereas the block
ade of the 5-HT (and noradrenaline) transporter(s) occurs immediately. The 
reason for this discrepancy probably is that not the inhibition of the 
transporter(s) per se but rather adaptive changes of pre- and postsynaptic 
receptors, including the presynaptic 5-HTlB autoreceptors (see Fig. 3 and Sect. 
FIll in this context), account for the therapeutic effect. In depressed patients 
the presynaptic 5-HTlB autoreceptors may be assumed to be supersensitive 
and, as a consequence, release of 5-HT from the serotoninergic axon terminals 
may be hypothesized to be diminished. Under these conditions, acute admin
istration of a drug which inhibits 5-HT reuptake does probably not increase 
serotoninergic neurotransmission: the decreased inactivation of 5-HT may be 
assumed to lead to an initial increase in 5-HT concentration in the synaptic 
cleft which, in turn, causes an increased stimulation of the inhibitory 
autoreceptors and, as consequence, a diminished 5-HT release (GOTHERT 1991; 
GOTHERT and SCHLICKER 1993). Thus, these opposite effects may outweigh 
each other (Fig. 3). However, after long-term treatment, the sensitivity of the 
presynaptic 5-HT autoreceptors may decrease, leading to an increase in 5-HT 
release. This hypothesis is supported by some (although not all) studies in 
experimental animals which revealed a downregulation of the presynaptic 5-
HT autoreceptors and an increase in 5-HT release after administration of 
antidepressant drugs for 2-3 weeks (see Table 4 and Sect. F.lII). An additional 
mechanism may contribute to the increase in 5-HT release, namely the desen
sitization of the inhibitory somadendritic 5-HT1A autoreceptors (for reviews, 
see BUER and DE MONTIGNY 1994; GARDIER et al. 1996). 

On the basis of the hypothesis that an increased serotoninergic neu
rotransmission relieves certain symptoms of depression, blockade of inhibi
tory somadendritic or presynaptic 5-HT autoreceptors, leading to an 
immediate increase in 5-HT release (for in vitro evidence for such an effect, 
see Fig. 1), has become an attractive concept for the development of novel 
antidepressant drugs (GOTHERT 1982, 1991; GOTHERT and SCHLICKER 1993; 
ARTIGAS 1993; BRILEY and MORET 1993a,b; BLIER and DE MONTIGNY 1994; 
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CHOPIN et al. 1994). Such h5-HT 1A or h5-HT1B receptor antagonists, respec
tively, in particular when combined with an inhibitor of the 5-HT transporter, 
may be assumed to exhibit the advantage of inducing an immediate antide
pressant effect without the latency period characteristic for the currently 
available antidepressant drugs. In fact, clinical evidence has been obtained for 
an increased onset of antidepressant effect when an SSRI was combined with 
the h5-HT1A receptor antagonist pindolol (ARTIGAS et al. 1994; BLIER and 
BERGERON 1995). In agreement with this effect of somadendritic autoreceptor 
blockade, it has recently been proven in an in vivo microdialysis study in 
guinea pig hypothalamus (ROLLEMA et al. 1996) that blockade of presynaptic 
5-HT\D autoreceptors by GR 127935 [(N-[4-methoxy-3-(4-methyl-1-
piperazinyl)phenyl]-2' -methyl-4' -(5-methyl-l,2,4-oxadiazol-3-yl)[1, I-biphe
nyl]-4-carboxamide)] potentiates the weak increasing effect of sertraline, an 
SSRI, on 5-HT release. 

H. Concluding Remarks 
Inhibitory presynaptic 5-HT autoreceptors have been shown to playa physi
ological role in the regulation of 5-HT release in the central nervous system. 
They have been identified in any region of the mammalian brain and spinal 
cord which has been investigated for this purpose. Furthermore. 5-HT release 
in the guinea pig and rat brain cortex, hippocampus and hypothalamus is 
modulated via facilitatory 5-HT receptors. These are not autoreceptors but 
may be assumed to be located on an interneuron which is involved in a 
neuronal circuit impinging on the serotoninergic axon terminals. The latter 
terminals should be endowed with a heteroreceptor for a neurotransmitter 
released from the innervating interneuron. 

Whereas the facilitatory 5-HT receptors, whose physiological role in the 
regulation of 5-HT release is uncertain, belong to the 5-HT3 receptor class, the 
inhibitory 5-HT autoreceptors have been classified as 5-HT1S . The latter re
ceptors differ considerably in their pharmacological properties among various 
species, e.g. between rat and mouse on the one hand and guinea pig, rabbit, pig 
and man on the other. Accordingly, guinea pig cerebral preparations have 
proven to represent excellent models for the development of selective ligands 
at inhibitory presynaptic 5-HT auto receptors in the human brain. 

As shown in some, but not all, animal experiments, long-term treatment 
with tricyclic antidepressants and SSRls, both of which inhibit neuronal 5-HT 
uptake, induces a downregulation of the inhibitory presynaptic 5-HT 
autoreceptors. By attenuating the auto inhibitory feedback loop this may be 
assumed to result in an increase in serotoninergic neurotransmission, thus 
probably contributing to the mechanism of the antidepressant action of those 
drugs. 

In view of the marked heterogeneity of 5-HT receptors and their specific 
distribution and function in the human CNS, the classification of the inhibitory 
5-HT autoreceptors as h5-HT ls offers a promising chance for the development 
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of drugs with beneficial effects in certain neuropsychiatric disorders. Thus, 
selective antagonists at human 5-HT1B receptors, which immediately and con
siderably increase the release of 5-HT, may be expected to possess more 
favourable properties as, e.g. antidepressant drugs than the available ones. 
This may refer to their main actions in relation to potential side effects and to 
a more rapid onset of action. 
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CHAPTER 13 

Behavioral Consequences of 5-HT1B Receptor 
Gene Deletion 

N. CASTANON, S. RAMBOZ, F. SAUDOU, and R. HEN 

A. Introduction 
Serotonin (5-hydroxytryptamine. 5-HT) is a biogenic amine which is involved 
in a wide range of physiological functions including sleep, appetite, pain per
ception. sexual activity. memory and mood control (for a review see 
WILKINSON et al. 1991). A central serotonin deficit has been associated with 
behaviors such as suicidality. impulsive violence (HIGLEY et al. 1992), depres
sion and alcoholism (EICHELMANN et al. 1992). and serotoninergic drugs are 
used in the treatment of a number of pathological states including migraine. 
depression and anxiety (SLEIGHT et al. 1991). The multiple actions of serotonin 
are mediated by the interaction of this amine with at least 14 receptors (for a 
review see SAUDOU and HEN 1994). most of which belong to the G-protein
coupled receptor family. 

The purpose of this study was to determine the contribution of one 
of these receptors. the 5-HT1B subtype. to the various behavioral responses 
elicited by serotonin and serotoninergic drugs. The 5-HTm receptor. which is 
the rodent homologue of the human 5-HTID/J receptor. is expressed in a variety 
of brain regions including motor control centers such as the basal ganglia 
as well as structures involved in mood control such as the central gray. hippoc
ampus and raphe nuclei (BOSCHERT et al. 1992; BRUINVELS et al. 1993; 
MAROTEAUX et al. 1992). Pharmacological studies using poorly specific agonists 
have suggested that activation of 5-HT1K receptors might lead to an increase in 
anxiety and locomotion (GREEN et al. 1984; GRIEBEL et al. 1990; OBERLANDER 
et al. 1986, 1987; PELLOW et al. 1987) and to a decrease in food intake. sexual 
activity and aggressive behavior (FERNANDEz-GUASTI et al. 1992; KENNETT et 
al. 1987; KOE et al. 1992; OLIVIER et al. 1986). In particular. a class of 5-HT1 

agonists have been termed "serenics." because of their antiaggressive proper
ties in several rodent aggression models (FLANNELLY et al. 1985; Mas et al. 
1992; OLIVIER 1980; OLIVIER et al. 1986. 1989). However, it is not clear to what 
extent the effects of the serenics are mediated by 5-HTJB receptors because 
these drugs also activate 5-HT1A receptors and possibly some of the recently 
discovered 5-HT receptors. In order to study the function of the 5-HTm 
receptor. we have generated by homologous recombination homozygous 
mutant mice lacking both copies of the gene encoding this receptor. These 
mice are viable and fertile. They were analyzed for a variety of behaviors 
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that are thought to be modulated by 5-HTlB receptors such as locomotion, 
anxiety and aggression. 

B. 5-HT 18 Receptor Gene Targeting 
The 5-HTlB receptor gene was disrupted by homologous recombination 
(CAPECCHI et al. 1989 and Fig. 1). The JA construct consisted of 6.0 
kilobasepairs (kb) of genomic sequence in which part of the 5-HTlB coding 
sequence was replaced by a neomycin phosphotransferase gene (neo) under 
the control of the GTI-II enhancer (LUFKIN et al. 1991 and Fig. 1A). In the JB 
construct, the neo cassette was inserted in the coding sequence of the 5-HTlB 

gene (Fig. IB). The two linearized targeting vectors were electroporated into 
D3 embryonic stem (ES) cells and G418-resistant colonies were screened by 
Southern blotting (Fig. 1). The EX400 probe identified positive clones with the 
expected 10- and 8.5-kb KpnI fragments for the JA and JB constructs, respec
tively (Fig. 1). Four positive clones were obtained with both constructs, yield
ing a targeting frequency of 1115 (JA) and 1112 (JB). Southern analyses using 
XbaI digests and the E2Al probe or the neo probe confirmed that accurate 
targeting occurred and that no additional integration took place (data not 
shown). Cells from the positive clones JA7 and JB13 were microinjected into 
3.5-day C57BL!6 mouse blastocysts. The two clones gave rise to highly 
chimaeric mice which were bred with C57BL!6 females in order to test for 
germline transmission of the mutated 5-HTlB receptor gene. The positive 

Fig. lA,B. Homologous recombination at the 5-HT1B locus. Schematic representation 
of the targeting event using JA (A) and JB (B) constructs and Southern analysis of JA7 
(A) and JB13 (B) mutant mice. Upper panels correspond to the targeting vectors, 
genomic structure of the 5-HT1B gene and predicted structures of the mutated alleles 
after homologous recombination. Black box corresponds to the coding sequence of the 
5-HTlB receptor and hatched box to the neo cassette. Arrows on the neo cassette and on 
the 5-HTJB gene indicate the direction of transcription (from left to right). The locations 
of the probes E2A1 and EX400 used in Southern analysis are shown. E2A1 and EX400 
probes were used to screen neomycin-resistant clones after XbaI and KpnI digests, 
respectively. Bottom, Southern blot analysis. Tail DNA from wild-type, heterozygous 
and homozygous JA7 (A) and JBl3 (B) mutant mice were cut by KpnI and hybridized 
with the 3'-end EX400 probe. E, EeoRI; B, Ball; X, XbaI; K, KpnI; V, EeoRV; +/+, wild 
type; +/-, heterozygous; -/-, homozygous mutant. 

Methods: JA and JB targeting vectors were constructed from phage 172 containing the 
5-HTlB coding sequence (MAROTEAUX et aI1992). The JA vector contains a 6-kb EeoRJ 
genomic fragment subcloned into pBluescript SK- (Stratagene) in which the two 860-
bp Ball fragments were replaced by a 1.7-kb SmaI fragment containing the GTI-Il neo
cassette lacking a poly(A) tail [purified from p581 (LUFKIN et al 1991)]. The JB vector 
consisted of the same genomic fragment in which the 1.7-kb SmaI fragment containing 
the GTI-II neo-cassette was inserted into the EeoRV site of the 5-HTJB gene. Before 
electroporation of ES cells, JA and JB targeting vectors were linearized by XhoI and 
SpeI, respectively. Electroporation of D3 ES cells (a gift from R Kemler), cell culture, 
G418 selection, DNA preparation, Southern analysis and generation of chimaeric mice 
were as described by LUFKIN et al (1991) 
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chimaeras were bred with females from the 129/Sv-ter inbred strain to obtain 
heterozygotes on the 129/Sv-ter genetic background. Heterozygous mice were 
phenotypically normal and fertile. Homozygous animals deriving from both 
cell lines were generated by heterozygote crossings. In 243 JA offsprings and 
213 JB offsprings, the expected 1: 2: 1 ratio of wild-type, heterozygous and 
homozygous mutant progeny was observed. The homozygous mutants did not 
display any obvious developmental or behavioral abnormality and were fer
tile. Although the average lifespan has not yet been determined, no spontane
ous deaths occurred during the first 12 months of life. All the analyses 
presented here were performed on animals having a pure 129/Sv genetic 
background. There were no differences between the mice derived from the 
J A 7 and JB 13 targeted cell lines. 

c. Effectiveness of 5-HT1B Receptor Ablation 
In order to ensure that disruption of the 5-HT1B receptor gene was effective, 
we performed autoradiographic studies (SEGU et al. 1990) on brains of wild
type, heterozygous and homozygous mutants using the radiolabeled ligand 
3C 25I]iodocyanopindolol (C25I]CYP). When used in the presence of appropri
ate masking agents, this radioligand binds specifically to the 5-HTJB receptor 
(OFFORD et al. 1988; PAZOS and PALACIOS 1985). No specific binding was 
observed in homozygous mutants, demonstrating that effective disruption of 
the 5-HTJB gene occurred (SAUDOU et al. 1994). We also performed autoradio
graphic studies with S-CM-G[mI]TNH2 ([125I]GTI), which is specific for 5-
HTlB and 5-HTID receptors (BOULENGUER et al. 1991; SEGU et al. 1991). In 
wild-type mice, C25I]-GTI-binding sites were found in the globus pallidus, 
substantia nigra, cerebellar nuclei, subiculum, lateral geniculate nucleus, cen
tral gray and colliculi, while a low level of specific binding was observed in 
homozygous mutants in the globus pallidus and substantia nigra (Fig. 2C). 
Preliminary pharmacological studies indicate that these residual sites corre
spond to 5-HTIJ)(j receptors (not shown). 

Fig. 2A~D. Le.vels of 5-HT IB and 5-HT.lDa recepto~s in wild-typ~sand homozAgous 5-
HTlB-mmus mIce analyzed by autoradIography wIth S-CM-G[ I]TNH2 ([I -I]GTI). 
Autoradiograms of horizontal sections of adult wild-type mice (A, B) or 5-HTlB-minus 
mice (C, D) incubated with 0.3 nM [125J]_GTI. CPu, caudate putamen: CG, central gray: 
LG. lateral geniculate nucleus: SN. substantia nigra; GP. globus pallidus: CN, cerebel
lar nuclei. TGN, trigeminal nucleus: NSB. nonspecific binding. 
Methods: Preparation of the brains, horizontal sections and preincubation of the sec
tions were as described in BOSCHERT et a!. (1992). Incubations were performed with 
0.3 nM of S-CM-G[125 I]TNH2 . Nonspecific binding was determined with 10mM 5-HT. 
Washing conditions and exposure to films were as described by BOSCHERT et al. (1992). 
Quantitative analyses of the autoradiograms was carried out for the different anatomi
cal structures with a computer device for image analysis (SEGU et a!. 1990) 
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Fig. 3. Locomotor activity of the mutant mice and effect of RU 24969 (mean ± SEM). 
A video tracking device was used to measure the distance travelled by the animals 
during a period of 30 min in an open field. Locomotor activity in control conditions of 
wild type (n = 12) and mutant mice (n = 10) and effect of RU 24969 injected in the same 
mice 10 days after the first test. There was no significant difference between the wild
type mice and the mutant mice in control conditions as revealed by t-test analysis. 
However, after RU 24969 treatment there was a significant difference between the two 
groups (** P < 0.01, * P < O.OS). 
Methods: Male mice were 12 weeks old at time of testing. They were housed alone in 
a standard cage with food and water, and kept on a 12112-h light-dark cycle with light 
onset at 0700 hours. The mice were tested between 1000 and 1600 hours during the light 
phase. Mice were placed in a circular open field (70cm in diameter) and the distance 
traveled by the animal was recorded by a videotracking apparatus (Videotrack, View
point, Lyon, France). Ten days after the first test, mice were injected with RU 24969 
prior to the second test. RU 24969 (S-methoxy-3-(1,2,S,6-tetrahydropyrid-4-yl)-lH
indole) was dissolved in saline and administered intraperitoneally, 40min before test
ing, at a concentration of Smg/kg body weight in a volume of lOmllkg body weight 

D. Locomotion 
As shown in Fig. 2, the S-RTIB receptor is localized in motor control centers 
such as the globus pallidus, substantia nigra and deep cerebellar nuclei. Fur
thermore, pharmacological studies have suggested an involvement of S-RTIB 
receptors in the control of locomotor activity (GREEN et al. 1984; OBERLANDER 

et al. 1986, 1987). The activity of the mice in an open field was analyzed with 
a video-tracking device. No significant differences were detected between the 
mutant mice and their wild-type littermates (Fig. 3). Administration of the 5-
HTJ agonist RU 24969 stimulated locomotor activity in the wild-type mice 
while it had no effect in the mutants (Fig. 3). These results indicate that the 
hyperlocomotor effect of RU 24969 is mediated by S-HTlB receptors. 
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E. Anxiety 
5-HT\ agonists such as RU 24969, eltoprazine, ftuprazine or 1-(m
triftuoromethylphenyl)piperazine (TFMPP) have been reported to induce 
anxiogenic responses in rats and mice (GRIEBEL et al. 1990; PELLOW et al. 
1987). To evaluate the level of anxiety of the 5-HT1B-minus mice, we used the 
light/dark choice test (CRAWLEY and GOODWIN 1980 and Fig. 4). The time 
spent in the lit compartment, as well as the number of transitions between the 
dark and the lit compartments, have been considered as indices of anxiety 
since they are increased by anxiolytic drugs (CRAWLEY and GOODWIN 1980; 
MISSLIN et al 1989). There were no significant differences between mutants 
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Fig.4A,B. Behavior of wild-type and mutant mice in the light-dark choice test . A Time 
spent by mice in the lit box (time in lit box: mean ± SEM); B Number of tunnel 
crossings from the dark box to the lit box (transitions: mean ± SEM). Left columns 
(control) correspond to wild type (n = 22) , heterozygous (n = 12) and homozygous 
mutant mice (n = 26) injected with saline vehicle and the right columns correspond to 
a different series of wild type (n = 23) , heterozygous (n = 12) and mutant mice (n = 26) 
injected with RU 24969. ANOY A (factors = genotype and treatment) revealed no 
significant differences among groups for time spent by mice in the lit box (A): genotype 
[F(2, 115) = 0.9, NS]; treatment [F(l, 115) = 1.31, NS]; genotype x treatment interaction 
[F(2, 115) = 0.25, NS]. In contrast, there were significant differences among groups for 
the number of transitions (B): genotype [F(2, 115) = 3.38, P < 0.05]; treatment [F(I , 115) 
= 15.62, P < 0.0001]; genotype x treatment interaction [F(2 , 115) = 4.12, P < 0.05]. There 
were no significant differences among control groups for the transitions [F(2 , 58) = 0.49, 
NS] but the treatment with RU 24969 increased significantly the number of transitions 
in wild-type mice [t(42) = 3.54, P < 0.001] , not quite significantly in heterozygous mice 
[t(22) = 1.63, P = 0.11] and not in homozygous mutant mice [t(50) = 1.01, NS]. 
Methods: Male mice were housed under the conditions described in Fig. 3 except that 
the mice were tested during the dark phase. Procedure and apparatus were as described 
by CRAWLEY and GOODWIN (1980) and MISS LIN et al. (1989). For the control conditions, 
mice were injected with saline. Injection of saline or RU 24969 was as in Fig. 3 



358 N. CASTANON et al. 

and their wild-type littermates for either parameter, suggesting that the mu
tants have the same level of anxiety as the wild-type mice in this test (Fig. 4). 
In the wild-type mice, RU 24969 increased significantly the number of transi
tions between the dark box and the lit box, but had no significant effect on the 
time spent in the lit box (Fig. 4). In the mutants RU 24969 did not modify these 
parameters. The larger number of transitions displayed by the wild-type mice 
are probably a result of the increase in locomotion induced by RU 24969. The 
lack of responseof'the mutants demonstrates that the effect of RU 24969 is 
mediated by 5-HT1B receptors. In contrast with earlier reports, RU 24969 had 
no anxiQgenic effect. Such an effect might have been masked in the present 
experiment by the hyper locomotor effect of this drug. A dose response curve 
as well as other anxiety tests might allow us to reveal an effect of RU 24969. 

F. Aggression 
A class of 5-HT1 agonists including eltoprazine and fluprazine have been 
termed "serenics" because of their antiaggressive properties (FLANNELLY et al. 
1985; Mos et al. 1992; OLIVIER 1980; OLIVIER et al. 1986, 1989), and their effects 
have been suggested to be mediated, at least in part, by 5-HTlB receptors. We 
therefore investigated the aggressiveness of 5-HTlB-minus mice in a classical 
aggression test. After an isolation period of 4 weeks, test mice (resident) were 
analyzed for intermale aggression after introduction in their cage of a wild
type mouse that had been reared in a group (intruder) (Fig. 5). In this test, the 
latency of attack and the number of attacks performed by the resident during 
a 3-min period were used as aggression indices. The mutant residents attacked 
the intruder faster than the wild-type or heterozygous residents (Fig. 5A). 
Furthermore the number of attacks in the mutant group was significantly 
higher than in the wild-type or heterozygote groups (Fig. 5B). In addition, the 
intensity of attacks of the mutant residents was higher, as well as the number 
of tail rattlings preceding the attacks (not shown). Similar results were ob
tained in two tests performed 1 week apart. The level of aggressiveness was 
higher in the second test with both the wild-type and the mutant animals, in 
good agreement with previous reports showing that aggression increases with 
fighting experience (LAGERSPETZ and LAGERSPETZ 1971). A qualitative analysis 
of the attacks during the 3-min test period revealed additional marked differ
ences between wild-type and mutant mice (Fig. 6). In the first test, 29% of the 
mutant residents attacked the intruder within less than lOs after introduction 
of the intruder in the cage (impulsive attacks, Fig. 6A) while no wild-type or 
heterozygous mice attacked the intruder during that time interval. Conversely, 
75% of the wild-type mice and only 21 % of the mutants did not attack during 
the 3-min test. In the second test, the percentage of mutants displaying impul
sive attacks was even higher (46 % ) while still no wild-type animals performed 
such short-latency attacks (Fig. 6B). These results indicate that the 5-HT1B-

minus mice are more aggressive than their wild-type or heterozygous litter-
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Fig. SA,B. Resident-intruder aggression test. Resident mice were: wild-type (n = 12), 
heterozygote (n = 16) and mutant mice (n = 14). A Attack latency (mean ± SEM): time 
between the introduction of the intruder and the first attack by the resident. ANOV A 
revealed significant differences for the attack latency both in the first test [F(2, 39) = 
5.38, P < 0.01] and in the second test [F(2, 37) = 3.49, P < 0.05]. Further statistical 
analyses revealed significant differences between wild-type and mutant mice [first test, 
t(24) = 3.19, P < 0.01; second test, t(23) = 2.38, P < 0.05], heterozygotes and mutant mice 
[first test, t(28) = 2.17, P < 0.05; second test, t(26) = 2.26, P < 0.05], but not between wild
type and heterozygous mice [first test, t(26) = 1.10, NS; second test, t(25) = 0.01, NS]. B 
Number of attacks (means ± SEM) during the session. ANOV A: first test, F(2, 39) = 
7.39, P < 0.01; second test, F(2, 37) = 4.48, P < 0.02. t-tests: wild-type vs. mutants (first 
test [t(24) = 3.19, P < 0.01]; second test [t(23) = 2.32, P < 0.(5)). heterozygotes vs. 
mutants (first test [t(28) = 2.16, P < 0.05]; second test [t(26) = 2.44, P < 0.05)), wild-type 
vs. heterozygotes (first test [t(26) = 1.72, NS]; second test [t(25) = 0.99. NS)). * P < 0.05; 
**p < 0.0l. 

Methods: Male mice, 12-14 weeks old at time of testing, were isolated during 4 weeks 
in transparent cages (22 x 16 x 13 em). Litter was changed once a week, without moving 
the animal, but not during the week preceding the test. Food, water and light-dark cycle 
was as in Fig. 3. Wild-type male mice of the same strain (129/Sv-ter), 8 weeks old at time 
of testing and housed eight per cage were used as intruders. The intruder was then 
introduced into the resident cage and attack latency and the number of attacks were 
measured during the 3-min session. The latency of mice that did not attack was scored 
as 180s. One week later, the same mice were tested again (second test) 

mates and suggest that the 5-HTJB receptor is, at least in part, responsible for 
the antiaggressive properties of the serenics. In order to determine whether 5-
HT1B receptors are the preferential target of these drugs, we studied the effect 
of an eltoprazine injection on the aggression test. As expected, eltoprazine 
abolished completely the aggressive behavior in the wild-type mice (Fig. 7). 
However, eltoprazine also decreased the aggressiveness of the mutant mice. 
These results confirm the antiaggressive properties of the eltoprazine 
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Fig. 6A,B. Resident-intruder aggression test: distribution of attacks. Attacks were 
categorized as impulsive attacks (attacks within less than lOs), delayed attacks (attacks 
displayed between 10 and 180s) and no attacks during the 3-min test session. A First 
test; B second test. The values presented here derive from the experiment described in 
Fig. 5 

(FLANNELLY et al. 1985; Mos et al. 1992; OLIVIER 1980; OLIVIER et al. 1986, 
1989) and suggest that the 5-HTJB receptor is not the only target since an 
antiaggressive effect remains in the absence of this receptor. Eltoprazine is 
also an effective agonist of 5-HT1A receptors and activation of 5-HT1A recep
tors has been shown to decrease aggressive behavior. It is therefore likely that 
the remaining effect of eltoprazine in the mutant mice is due to activation of 
5-HT1A receptors. 

G. Discussion and Conclusions 
We have generated by homologous recombination mice lacking the 5-HTJB 
receptor. Our autoradiographic data demonstrated the absence of 5-HTlB 

receptors in the homozygous mutants. Such mice develop and live apparently 
normally. Preliminary histological analyses of their central nervous system did 
not reveal any obvious defect (not shown). 

We analyzed a number of behaviors that were thought to be modulated by 
activation of 5-HT1B receptors, such as locomotion, anxiety and aggression 
(FERNANDEZ-GUASTI et al. 1992; GREEN et al. 1984; GRIEBEL et al. 1990; 
KENNEIT et al. 1987; KOE et al. 1992; OBERLANDER et al. 1986, 1987; OLIVIER et 
al. 1987; PELLOW et al. 1987). Surprisingly, in our test conditions, we did not 
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Fig. 7 A,B. Resident-intruder aggression test: effect of eltoprazine on the attack latency 
(A) (means ± SEM) and the number of attacks (B) (means ± SEM). Left columns 
(control) correspond to wild-type (11 = 11) and homozygous mutant mice (n = 11) 
injected with saline vehicle and right columns correspond to a different series of wild 
type (n = 12) and mutant mice (n = 10) injected with eltoprazine (lOmg/kg, s.c.). 
ANOV A (factors = genotype and treatment) revealed significant differences among 
groups for the attack latency (A): genotype [F(l, 40) = 5.49, P < 0.05]; treatment [F(l, 
40) = 112.25, P < 0.001]; genotype x treatment interaction [F(2, 40) = 0.10, NS1; and for 
the number of attacks (B): genotype [F(l, 40) = 9.50, P < 0.005]; treatment [F(I, 40) = 
109.35, P < 0.001]; genotype x treatment interaction [F(2, 40) = 1.05, NS]. There were 
no significant differences among control groups [F(l, 21) = 2.87, NS] and among 
eltoprazine groups [F(l, 21) = 1272.5, NS] for the attack latency. In contrast, the 
number of attacks is significantly higher in mutant mice than in wild-type mice both 
with [F(1, 21) = 36.87, P < 0.001] and without [F(1, 21) = 147.68, P < 0.05] eltoprazine. 
Methods: Male mice (5 months old) were housed in the conditions described in Fig. 5. 
Eltoprazine was dissolved in saline and administered subcutaneously. 30min before 
testing. at a concentration of lOmg/kg body weight 

detect any differences in the levels of basal locomotor activity or anxiety in the 
mutant mice. However, the hyperlocomotor effect of the 5-HT1 agonist RU 
24969 was totally absent in the mutants, demonstrating that this effect is 
mediated by 5-HTJB receptors. We might therefore have expected a decrease 
in locomotor activity in the 5-HT1B-minus mice. The absence of such a motor 
effect in our experimental conditions suggests either that compensatory 
mechanisms occurred during development or, alternatively, that in normal 
"baseline" conditions, the 5-HT1B receptor is not activated. Our preliminary 
results indicated that the levels of the 5-HT1A and 5-HT lDa receptors were not 
altered in the mutants (not shown). We are currently analyzing the levels of 5-
HT and catecholamines as well as the levels of aminergic receptors which are 
involved in motor control and which might have compensated for the absence 
of the 5-HT1B receptor. An alternative possibility, that 5-HT1B receptors are 
activated in response to environmental changes such as stressful situations, is 
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appealing in the light of the results obtained in the aggression test. When the 
mutants are group housed they do not appear to be more aggressive than 
grouped wild-type mice. However, after a month of isolation and in the pres
ence of an intruder, the mutants are significantly more aggressive than the 
wild-type mice. In male mice, isolation and the presence of a conspecific male 
intruder have been shown to increase aggressive behavior (LAGERSPETZ and 
LAGERSPETZ 1971). Our results indicate that 5-HTlB-minus mice are more 
responsive to the isolation and the stress or fear generated by the intruder and 
suggest that 5-HTlB receptors might be activated in stressful situations such as 
those encountered in this test. 

The increased aggressiveness of 5-HTlB-minus mice is in good agreement 
with the fact that a family of 5-HTlB agonists termed "serenics" have antiag
gressive properties (OLIVIER et al. 1987). These compounds were shown to 
decrease aggressive behavior in several animal models including isolation
induced aggression in mice (OLIVIER et al. 1989), resident-intruder aggression 
in rats (FLANNELLY et al. 1985; Mos et al. 1992) and maternal aggression in 
rats (Mos et al. 1992). Our results suggest that the 5-HTlB receptor is in 
part responsible for the antiaggressive properties of the serenics, but it is 
not the only target of these drugs. Therefore, our results emphasize a partici
pation of other receptors with a high affinity for these compounds such as the 
5-HT1A receptor. We are currently testing the effects of smaller doses of 
serenics in the 5-HT1B-minus mice as well as a combination of serenics and 
5-HT1A antagonist. 

Several studies have revealed an association between aggressive behavior 
and a reduction in the activity of the serotoninergic system. In rodents and 
primates, aggressiveness is increased after inhibition of 5-HT synthesis 
(VERGNES et al. 1986) or destruction of serotoninergic neurons (MOLINA et al. 
1987). Mouse strains that display increased aggressiveness have low brain 5-
HT levels (BOURGAULT et a11963; MAAS 1962). In humans, impulsive aggres
sive behaviors have been associated with a deficit in central serotonin 
(COCCARO et al. 1989). Cerebrospinal fluid (CSF) concentrations of the 5-HT 
metabolite 5-HIAA (5-hydroxyindoleacetic acid) are reduced in the brain of 
violent offenders (BROWN et al. 1979), arsonists (VIRKKUNEN et al. 1987) and 
people who committed violent suicide (COCCARO et al. 1989; MANN et al. 1989). 
Interestingly, in one recent study, impulsive violent offenders had low CSF 5-
HIAA levels while offenders who premeditated their acts had high CSF 5-
HIAA levels (VIRKKUNEN et al. 1994). Similarly, in studies of suicide victims, 
only those who performed violent suicides exhibited low CSF 5-HIAA levels 
(COCCARO et al. 1989; MANN et al. 1989). These findings suggest a link between 
low serotonin levels and a lack of impulse control. The aggressive behavior 
displayed by the 5-HTlB-minus mice might be considered impulsive, since the 
mutants attacked much faster than the wild-type mice. In the light of these 
results it is tempting to speculate that low serotonergic activity would result in 
a decreased activation of 5-HTlB receptors which might trigger aggressive 
behavior. 
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The 5-HT1B receptor is localized both presynaptically on serotoninergic 
terminals, where it inhibits the release of 5-HT, and postsynaptically on other 
nerve endings, where it might inhibit the release of various neurotransmitters 
(for a review see SAUDOU and HEN 1994). The antiaggressive effect of serenics 
is most likely mediated by postsynaptic receptors since they are not affected by 
lesions of serotoninergic neurons (SUBESMA et al. 1991). Such postsynaptic 
receptors might be localized in the central gray, a brain structure involved in 
defensive behavior and response to fear (FANSELOW 1991) and containing 
moderate densities of 5-HTJB receptors (BOSCHERT et al. 1992; BRUINVELS et al. 
1993). Activation of the 5-HTJB receptor might be a component of the adapta
tion to fearful stimuli. Interestingly, several behavioral responses elicited by 
fear such as those observed in a flight situation: increased locomotion and 
decreased aggressiveness, sexual activity and food intake, are also induced by 
5-HT11l agonists. We are currently analyzing these behaviors as well as the 
level of stress hormones in order to determine whether adaptation to stress or 
fear is altered in the absence of the 5-HTm receptor. 
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CHAPTER 14 

Pharmacology of 5-HT 2 Receptors 

B.L. ROTH and E.G. HYDE 

A. Introduction 
The molecular mechanisms by which drugs bind to and regulate G-protein
coupled receptors (GPCR) remains a major unsolved problem for modern 
molecular biologists, biochemists and structural biologists. Ideally, we would 
like to ultimately define drug binding at the atomic level. An ideal molecular 
model would also be able to demonstrate why it is that agonists activate 
receptors while antagonists, which mayor may not bind in overlapping do
mains, do not activate receptors. A perfect molecular explanation of drug 
action would elucidate the molecular determinants responsible for cellular 
regulation processes (e.g. desensitization, internalization and down
regulation). At the present time. there are no verifiable models which eluci
date these properties for any G-protein-coupled receptor. 

In the absence of direct structural information, most studies directed at 
identifying drug actions have focused on structure-activity studies of ligands, 
site-directed mutagenesis studies of receptors and molecular modelling of 
drug-receptor interactions. This chapter will summarize information obtained 
via these methods for various 5-HT receptors, using the 5-HT2A receptor as a 
convenient model system. 

The organization of the chapter will be as follows. First, we will discuss 
published structure-activity studies which focus on the 5-HT2 receptor family. 
Second, we will review molecular modelling approaches to understanding 
drug actions at 5-HT receptors. Third. we will discuss site-directed mutagen
esis studies which complement the molecular modelling studies. In this way, a 
unified approach to understanding how drugs might bind to and activate 5-HT2 

receptors will be presented. 

B. Structure-Activity Studies of 5-HT2 Receptor Ligands 
I. Introduction 

The first relatively selective 5-HT2 antagonist was ketanserin (LEYSEN et al. 
1982, Fig. 1). [3H]-Ketanserin continues to be widely used as the radioligand of 
choice for 5-HTc.\ receptors. particularly with cloned receptor populations. 
[3H]-Ketanserin binds to several other receptor sites including the (X1-
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Fig. lA-Co Selective antagonist and agonists active at 5-HT2 receptors include 
ketanserin (A), DOl (B) and DOB (C) 

adrenergic receptor (LEYSEN et a1. 1982), the 5-HT2C receptor (ROTH et a1. 
1992) and a tetrabenezine-sensitive site identified as the vesicular amine 
pump (LEYSEN et a1. 1987; ROTH et a1. 1987). The phenylalkylamines 
4-iodo-2,5-dimethoxyphenylisopropylamine (001) and 4-bromo-2,5-
dimethoxyphenylisopropylamine (DOB) were the first "selective" 5-HT2 

agonists discovered (for review see NICHOLS and GLENNON 1984; GLENNON et 
a1. 1984,1983; Fig. 1). 001 and DOB bind well to 5-HT2A and 5-HT2C receptors 
(SANDERS-BuSH and BREEDING 1991). A recent review by GLENNON and 
DUKAT (1993) divided 5-HT2-active ligands into six major classes: (1) indole
alkylamines, (2) N-alkylpiperidines, (3) piperazines, (4) phenylalkylamines, 
(5) tricyclics and (6) miscellaneous agents. This classification scheme will be 
adhered to in this review and new information regarding representative mem
bers of each group will be briefly summarized. 

II. Indolealkylamines 

5-Hydroxytryptamine (5-HT, Fig. 2) is a non-selective indolealkylamine 
which, by definition, binds to all 5-HT receptors. 5-HT has variable affinities 
for 5-HT2 receptor subtypes (see Table 1) with relatively low affinity for 5-
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Fig.2A-F. Representative indolealkylamine compounds that are 5-HTc ligands are 5-
hydroxytryptamine (A), N,N'-dimethyltryptamine (B), psilocybin (C), 5-0-methyl
DMT (D), psilocin (E) and bufotenine (F) 

HT2A receptors, moderate affinity for 5-HTlB receptors and high affinity for 5-
HT2C receptors (NELSON 1993). 5-HT appears to bind to low- and high-affinity 
states of the 5-HT2A receptor (BRANCHEK et al. 1990; TEITLER et al. 1990). 

III. Tryptamines 

Indolealkylamines may be divided structurally into tryptamines, ergolines and 
f3-carbolines. Tryptamine derivatives have been extensively characterized 
based on their hallucinogenic potential at 5-HT2A receptors. Thus, for instance, 
the following tryptamine derivates (Fig. 2) have been classed as hallucinogens: 
N,N'-dimethyltryptamine (DMT), 5-0-methyl-DMT, bufotenine, psilocibin 
and its active derivative psilocin (NICHOLS and GLENNON 1984; GLENNON, in 
press). We have recently discovered that these compounds all behave as 
agonists at cloned 5-HT2A receptors (Roth and Khan, unpublished observa-
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tions). GLENNON and DUKAT (1993) reported that N1 alkylation and C7 
alkylation enhance the affinity and selectivity of tryptamines for 5-HTz-type 
receptors. 

A recent study of 5-HTzA receptor mutations reported on structural fea
tures of the 5-HT2A receptor which are essential for tryptamine binding 
(JOHNSON et al. 1994). In this paper, the authors discovered that a point 
mutation (S242A) of a non-conserved serine in helix V selectively altered the 
affinity ofN1-substituted tryptamines and ergolines for the 5-HT2A receptor. It 
appears that the higher affinity of rat vs. human 5-HTzA receptors for N1-
substituted ergo lines and tryptamines is primarily due to the presence of a Ser 
residue in the rat receptor which can form favourable hydrogen bonds with the 
N1-substituted group (KAo et al. 1992; JOHNSON et al. 1994). 

IV. Ergolioes 

Tritiated lysergic acid diethylamide (LSD, Fig. 3) was the first successful 
radioligand for studying 5-HT receptors (PEROUTKA et al. 1981). Initial studies 
suggested that LSD bound selectively to 5-HTz receptors but later findings 

A 

COOCH(CH,)CHOHCH, 

B 
c 

o 

Fig.3A-C. Representatives of the ergoline class of 5-HTz ligands are LY53857 (A), 
lysergic acid diethylamide (B) and mesulergine (C) 
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have demonstrated that LSD binds to most major 5-HT receptor families 
(BURRIS et al. 1991). A large number of ergo line and ergopeptine derivatives 
have been synthesized which have high affinity for the 5-HT2A and 5-HT2C 
receptors. Most ergoline and ergopeptines bind to other 5-HT and non-5-HT 
receptors (e.g. dopaminergic and a-adrenergic) so they are generally not 
selective. 

A number of relatively selective ergo line derivatives have recently 
been synthesized by researchers at Eli Lilly & Company including L Y53857 
(Fig. 3), which is relatively 5-HT2 selective but which binds with high affinity to 
5-HT2A, 5-HT2B and 5-HT2C receptors (COHEN et al. 1981). Mesulergine also 
has relative selectivity for 5-HTz-family receptors, but also appears to bind to 
5-HT6 receptors with high affinity (MONSMA et al. 1993; ROTH et al. 1994). 
Studies which have used [3H]-mesulergine to label 5-HT2C receptors (with 
spiperone to block the 5-HT2A receptor component of mesulergine binding) 
may have been inadvertently labelled 5-HT6 receptors as well (MONSMA et al. 
1993). 

In general, ergolines function as partial agonists or antagonists at 5-HT2 
receptors, although few detailed studies of their agonist actions have been 
reported. In this regard, it is interesting to note that Sanders-Bush's group has 
recently suggested that mesulergine functions as a neutral agonist at 5-HT2C 
receptors while compounds such as mianserin behave as inverse agonists 
(BARKER et al. 1994; WESTPHAL and SANDERS-BuSH 1994). Identifying the 
structural features responsible for inverse agonist and neutral antagonist activ
ity could represent a profitable direction for drug development research. 

The structural features essential for ergoline binding include an aromatic 
residue at position 340 for the 5-HT2A receptor in helix VI, a negatively 
charged group at position 155 in helix III and, for Nl-substituted ergolines, a 
Ser at position 242 in helix V (CHOUDHARY et al. 1994, 1995; JOHNSON et al. 
1994; WANG et al. 1993). Results from these studies suggest that several amino 
acids located in neighboring helices combine to form the binding pocket. 
Additionally, it is clear that ergopeptines differ from ergolines in the structural 
requirements essential for optimal binding to 5-HT2A receptors (Choudhary 
et al. 1995). 

v. N-Alkylpiperidines 

Haloperidol (Fig. 4), the first N-alkylpiperidine used clinically, possesses mod
est affinity (K j == 15-30nM) for 5-HT2A receptors compared to spiperone (K j == 
0.3nM; LEYSEN et al. 1978). In general, these compounds have high affinity for 
D2 dopamine receptors as well. A number of other N-alkylpiperidines (Fig. 4) 
with high affinity for 5-HT2A receptors include melperone (K j == 79nM) and 
pimozide (K j == 9nM), which are also clinically effective antipsychotic drugs 
(ROTH et al. 1995b). Additional drugs used as antipsychotic agents include 
risperidone, sertindole, pirenperone, ziprasidone and MDLI00907 (see 
FATEMI et al. 1996. for recent review). All of the later compounds are 
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B OCH YbOH 'OCH, 
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Fig. 4A-H. The n-alkylpiperidines are represented by ritanserin (A), MDL 100907 
(B), pimozide (C), pirenperone (D), melperone (E), sertindole (F), riperidone (G) and 
the first clinically used n-alkylpiperidine, haloperidol (H) 
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characterized as having higher affinities for 5-HT2A receptors than for 5-HTzc 
and, with the exception of pirenperone, for D2 dopamine receptors. 

Ketanserin, ritanserin, pirenperone and MDLlO0907, unlike the others, 
possess little affinity for D z dopamine receptors (LEYSEN et a1. 1993). Because 
at least two of these compounds (ritanserin and MDLlO0907) possess poten
tial antipsychotic activity, some investigators have proposed that 5-HT2A re
ceptor antagonist activity alone is sufficient for antipsychotic effects 
(SORENSON et a1. 1993). It is beyond the scope ofthe present chapter to present 
evidence for and against this idea; the interested reader is directed to a recent 
review on the subject (F ATEMI et a1. 1996). 

Attempts to synthesize 5-HTz-subtype-selective agents have been margin
ally successful when it comes to N-alkylpiperidines. MDLlO0907 has been 
reported to be lOO- to 300-fold selective for 5-HT2A receptors, while GLENNON 
and colleagues recently synthesized spiperone derivatives which were more 
than 1000-fold selective for 5-HT2A vs. 5-HT2C receptors (IsMAIEL et a1. 1993). 
Ketanserin is between 10- and 30-fold selective for 5-HT2A receptors. 

The structural features essential for N-alkylpiperidine binding to 5-HT2A 
receptors include aromatic residues at positions 339 andlor 340 and a nega
tively charged residue at position 155 of the 5-HT2A receptor (ROTH et al. 
1993). Multiple structural domains appear essential for determining the sub
type selectivity of drugs such as ketanserin and spiperone (CHOUDHARY et a1. 
1992). Preliminary findings suggest that one or more non-conserved threonine 
residues in helix III (Thr134) might be important for the relatively higher 
ilffinity haloperidol has for the 5-HT:.\ vs. 5-HT,c receptor (ROTH et a1. 1993). 

In general N-alkylpiperidines function as antagonists at 5-HT2A and 5-
HT2{ receptors. Ketanserin has heen reported to he an inverse agonist at 5-
HT2{ receptors. Whether other N-alkylpiperidines function as neutral 
antagonists or inverse agonists is unknown. 

VI. Piperazines 

A number of piperazines (Fig. 5) have heen discovered which function as 
agonists or antagonists at 5-HT2\ receptors. Quipazine and MK-212 are full 
agonists at 5-HT2.\ and 5-HT2C receptors while m-chlorophenylpiperazine 
(mCPP) and trifluorophenylpiperazine (TFMPP) are partial agonists at 5-
HT2A receptors and full agonists at 5-HT2C receptors (GROTEWEIL et al. 1994). 

In addition to piperazines, a number of arylpiperazines have been evalu
ated as potential antipsychotic drugs hecause of their high 5-HT2A/D:, affinity 
ratios. These include tiospirone and amperozide (for review see FATEMI et a1. 
1996). Both drugs apparantly failed clinical testing because of side effects andl 
or lack of efficacy. Amperozide and tiospirone are both relatively selective for 
5-HT2A vs. 5-HT2C receptors (ALBTNSSON et aI. 1990; AXELSSON et a1. 1991; 
CHRISTENS SON and BJORK 1990), while MK-212 prefers the 5-HT2C site. mCPP, 
TFMPP and quipazine are nearly eqipotent at 5-HT2A and 5-HT2C sites (ROTH 
et al. 1992). 
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Fig. 5A-H. Piperazine compounds active at 5-HT2 receptors include MK-212 (A), 
nefazodone (B), trazodone (C), tiospirone (D), amperiozide (E), mCPP (F), TFMPP 
(G) and quipazine (H) 
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The structural requirements essential for arylpiperazine binding have 
been incompletely studied. MK212, mCPP and TFMPP all appear to require 
an aromatic residue at position 340 for high-affinity binding and agonist effi
cacy while quipazine does not (CHOUDHARY et al. 1993). An aromatic residue 
at position 340 is essential for quipazine's efficacy but not binding affinity at 5-
HT2A receptors (RoTH et al. 1995a). 

Several arylpiperazine compounds possess appreciable antidepressant 
activity. These include trazadone and nefazadone, which are potent 5-
HT2A receptor partial agonists (Roth and Khan, unpublished observations). 
It is likely that the antidepressant activity of these compounds is related to 
their 5-HT2A receptor activity (Peroutka and Snyder 1980; Maes and Meltzer 
1995). 

VII. Tricyclic Compounds 

A large number of tricyclic antipsychotic and antidepressant drugs possess 
high affinities for both 5-HT 2A and 5-HT 2C receptors (ROTH et al. 1992; 
PALVIMAKKI et al. 1996; FATEMI et al. 1996. Fig. 6). These include typical 
antipsychotic drugs such as thioridazine. chlorpromazine and fluphenazine 
among many others (RoTH et al. 1992). Atypical antipsychotic drugs which 
possess a tricyclic core also have high affinities for 5-HTzA and/or 5-HT2C 

receptors including clozapine. zotepine. fluperlapine and olanzepine. Most 
tricyclic antidepressants have high affinities for both 5-HTzA and 5-HT2C recep
tors (PAL VIMAKKI et al. 1996). 

In general, atypical antipsychotic drugs with a tricyclic nucleus possess 
higher 5-HT2A/D2 affinity ratios than typical antipsychotic drugs (MELTZER et 
al. 1989). A vast number of these compounds have been synthesized and 
characterized as typical and atypical antipsychotic drugs. Typical antipsychotic 
drugs. as a rule, have higher affinities for the D2 receptor than the 5-HT2A 
receptor, although some exceptions do exist (e.g. loxapine, amoxapine). Many 
of these compounds also possess appreciable affinity for the 5-HT2C receptor 
as well (CANTON et al. 1990: RoTtI and MELTZER 1995: ROTH et al. 1992). 
although in general 5-HT2C receptor binding affinity does not predict whether 
a drug will possess antipsychotic activity. Additionally, 5-HT2C binding affinity 
does not predict the atypical nature of antipsychotic drugs (for discussion see 
FATEMI et al. 1996). 

The other main therapeutic class of tricyclic compounds are antidepres
sants. For some time it has been known that many tricyclic antidepressants 
have high affinities for 5-HTzA receptors (PEROUTKA et al. 1980), although we 
have recently noted equally high affinities for 5-HT2C sites (PALVIMAKKI et 
al. 1996). Mianserin, a tricyclic compound with high affinity for 5-HT2A . 
5-HT2C and histamine receptors. is a potent antidepressant (BRUNELLO et al. 
1982). The efficacy of mianserin as an antidepressant suggests that 5-HTzA/2C 
blocking activity may be an important mediator of the actions of many tricyclic 
antidepressants. 
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Fig. 6A-J. Representative tricyclic compounds active at 5-HT2 receptors include 
thioridazine (A), chlorpromzine (B), fluphenzaine (C), clozapine (D), zotepine (E), 
fluperlapine (F), olanzapine (G), mianserin (H), loxapine (I) and amoxapine (J) 
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VIII. Pbenylisopropylamines 

A large number of phenylisopropylamines (Fig. 7) have been synthesized 
and characterized as 5-HTzA and 5-HTzc agonists (for review see GLENNON, 
in press). The prototypical agent in this class is 4-iodo-3,5-dimethoxy
phenylisopropylamine (DOl; see NICHOLS and GLENNON 1984 and GLENNON, 
in press). A large number of structurally related compounds have been syn
thesized primarily through the efforts of two groups of investigators 
(see GLENNON and DUKAT, 1993). In general, phenylisopropylamines behave 
as 5-HTzA/2C receptor agonists. 001 is a partial agonist while 4-bromo-3,5-
dimethoxyphenylisopropylamine (DOB) appears to be a full agonist (SEGAL et 
a1. 1987, 1990). Although most phenylisopropylamines are agonists, one com
pound, DOPP, behaves as an antagonist in some test systems (SEGAL et a1. 
1987). Typically, the phenylisopropylamines act as hallucinogenic agents with 
DOB being the prototypical hallucinogen (GLENNON 1990). A high correlation 
has been noted comparing the potency for induction of hallucinogenic activity 
of these compounds in man and their affinities at 5-HTzA receptors (GLENNON 
1990). 

Phenylisopropylamine agonists appear to selectively label a high-affinity 
agonist state of the 5-HT 2A receptor (TEITLER et aJ. 1990; BRANCHEK et a1. 
1990). Thus [1251]_DOI and [3H]-DOB label a subpopulation of 5-HT2A recep
tors which have a high affinity for agonists. Agonist inhibition of [,H]
ketanserin binding, which labels all 5-HT2A receptors. typically reveals high
and low-affinity binding sites. The high-affinity binding site/state appears to 
represent the same site labelled by rZ5I]-DOI and [3H]-DOB. while the low
affinity site/state probably represents the uncoupled form of the receptor. In 
general [12'1]-001 and ['H]-DOB binding is sensitive to guanine nucleotides 
while [3H]-ketanserin binding is not. 

[mIl-DOl and ['H]-DOB also have high affinity for 5-HT2c receptors 
(LEONHARDT et a1. 1992). Phenylisopropylamines, in general. appear to be 
potent 5-HT2c receptor agonists (SANDERS-BUSH et al. 1988: SANDERS-BuSH 

NH, 

~CH H,co'0 ' 
y OCH 3 

R 

R = I, Br or Phenylpiperazine 

Fig.7. General structure of the phenylisopropylamines: DOl has an iodine at R. DaB. 
a bromine. and DOPP has a phenylpiperazine group at R 
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and BREEDING 1991). In general, their potency at 5-HT2C receptors is greater 
than that seen for 5-HT2A receptors. 

IX. Miscellaneous Agents 

Several interesting 5-HT2A antagonists have recently been developed including 
leI 169369 and seroquel (FATEMI et al. 1996, Fig. 8). These drugs have been 
evaluated as atypical antipsychotics and, at least in the case of seroquel, show 
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Fig. SA-G. Drugs active at 5-HT2 receptors that cannot be classified into the previous 
categories include leI 169369 (A), seroquel (B), fiuoxetine and norfiuoxetine (C, D), 
emopamil (E), citalopram (F) and MDMA (G) 
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promise clinically. GLENNON and DUKAT (1993) included in this group of 
compounds emopamil and others. We recently discovered that citalopram and 
fluoxetine also had appreciable 5-HT2A and 5-HT2C affinities. Fluoxetine, 
norfluoxetine and citalopram all behaved as 5-HT2C receptor antagonists 
(PALVIMAKI et al. 1996). Because of the success of compounds such as 
ritanserin and risperidone as atypical antipsychotic drugs and the success of 
mianserin, trazadone and nefazadone as antidepressants, it is clear that 5-HT2A 
receptors might be involved in the therapeutic actions of atypical antipsychotic 
and antidepressant agents. 

Compounds such as methylene-dioxyamphetamine (MDMA) also have 
appreciable affinity for 5-HT2A and 5-HT2C receptors. We recently discovered 
that MDMA and a related compound (NASH et al. 1994) behaved as partial 
agonists at both 5-HT2A and 5-HT2C receptors. It is conceivable that certain of 
the pharmacological properties of these compounds are related to 5-HT2AI2C 
receptor activation. 

C. Structure-Activity Studies of 5-HT2 Receptors 
I. Molecular Modelling Overview 

A large number of investigators have published models of 5-HT2A receptors 
and the general approaches for model building will be summarized here. All 
but the most recent models are based on bacteriorhodopsin templates 
(HENDERSON et al. 1990). The general approach to model building has been 
adequately summarized in some detail by others (BALLESTEROS and WEINSTEIN 
1995) and only a minimum of information will be given here. Typically. align
ments based on hydrophobicity plots are made with the 7 a-helical regions of 
bacteriorhodopsin (see, for example, WESTKAEMPER and GLENNON 1993a; 
HIBERT et al. 1991; HOLTJE and JENDRETZKI 1995; TRUMPP-KALLMEYER et al. 
1992). With the exception of one group of investigators (PARDO et al. 1992), the 
first putative a-helical region of the 5-HT2A receptor is assumed to be homolo
gous with helix I of bacteriorhodopsin. In the same way, the second a-helical 
region is generally assumed to be homologous with helix II of bacte
riorhodopsin and so on up to the seventh a-helix. 

One of the major problems with this method of model construction is that 
there is little, if any, amino acid sequence homology between bacte
riorhodopsin and 5-HT2 receptors. Thus, the homology, if any really exists, 
must be structural rather than sequence based. Although this approach ap
pears somewhat speculative, abundant examples exist in which greatly differ
ent protein sequences displayed remarkable structural similarities 
(CHOUDHARY et al. 1995), suggesting that this general approach may not be 
totally problematic. Additionally, recent high-resolution cryomicroscopy stud
ies of mammalian rhodopsin (SCHERTLER et al. 1993; SCHERTLER and HARGRAVE 
1996; UNGER and SCHERTLER 1995) suggest that the general schema of 7a
helical regions for G-protein-coupled receptors is probably correct. Important 
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Fig. 9. Hydrophobicity plot of 5-HT2A receptor. Shown is a typical hydrophobicity plot 
calculated using the Kyte-Doolittle algorithmn (see WESTKAEMPER and GLENNON 1993a 
for example). The plot displays seven potential hydrophobic regions 

differences in the helical packing and helical arrangement have been found 
comparing rhodopsin (both bovine and frog) and bacteriorhodopsin. These 
differences will be expanded upon below. 

Figure 9 shows a hydrophobicity plot and a-helical predictions for the 5-
HTzA receptor. As can be seen, there are seven hydrophobic regions, each of 
which has a strong a-helical character. The a-helical, hydrophobic regions are 
then typically used together with the bacteriorhodopsin atomic coordinates to 
construct an initial model. The initial model is then inspected for "unnatural" 
conformations and subjected to extensive energy minimization. Energy 
minimization is usually done in vacuo, although some investigators have at
tempted to add a dielectric constant similar to that of the lipid bilayer to 
approximate the postulated native environment of the receptor. Because of 
the tremendous theoretical degrees of freedom, energy minimization is ideally 
done on supercomputers or high-end graphics systems (see EDvARDsEN et al. 
1992). 

II. Bacteriorhodopsin- and Rhodopsin-Based Models 

1. Dahl Model 

Dahl and colleagues were the first to publish an energy-minimized model 
based on bacteriorhodopsin coordinates for the 5-HT2A receptor. They have 
used their model to simulate the interactions of ketanserin, ritanserin and 5-
HT at the 5-HTzA receptor (EDvARDsEN et al. 1992; KRISTIANSSEN et al. 1993). 
In their computer simulations, they have based the structures of the test 
compounds (e.g. ketanserin and 5-HT) on crystallographic data, where pos
sible. For testing both agonist and antagonist binding, they have postulated 
ionic interactions with either D120 (in helix II) or D155 (in helix III). Mu
tagenesis data (see below) suggest that D155 forms the counter ion for the 
positively charged amine moiety of serotoninergic compounds. Table 1 sum
marizes the postulated residues essential for ketanserin and 5-HT binding and 
compares this data with experimentally determined findings. Figures 10 and 11 
display the residues found experimentally to alter agonist binding and those 
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Fig. 10. Identification of residues experimentally determined to affect agonist binding 

found not to alter agonist binding (CHOUDHARY et al. 1992, 1993,1995; ROTH et 
al. 1993; SEALFON et al. 1995; WANG et al. 1993). 

As shown in Table 1, the Dahl model explicitly implicates several residues 
for ketanserin binding. Several of the residues identified by Dahl's group have 
been tested by site-directed mutagenesis experiments including: D120, D155, 
W200, W336, F339, F340 and W367. Results from Roth et ai. (unpublished 
observations) and Fig. 10 implicated the following residues for ketanserin 
binding: D155, W200, W336, F339 and W367. Additionally (Roth et ai., un
published observations) Y370 was also identified as being important for 
ketanserin binding. Interestingly, F340 was not implicated by Dahl's group, 
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Fig. 11. Identification of residues not determined to affect agonist binding 

and mutagenesis results (CHOUDHARY et al. 1993, 1995) showed it not to be 
important for ketanserin binding. 

Dahl's group has also modelled the interaction of the agonist 5-HT with 
their 5-HTzA receptor model (KRISTIANSSEN et al. 1993). Their initial studies 
(EDVARDSEN et al. 1992) suggested that 5-HT primarily interacted with D120 
(TM II) and not D155 (TM III). These results are inconsistent with mutagen
esis results, which have consistently implicated the conserved aspartic acid in 
helix III as being essential for agonist docking. Other residues implicated by 
this group for 5-HT binding included: Thr88, Asn92 (TM II), Ile206 (TM IV), 
Ser239 (TMV), W336, F340 and Asn343 (TM VI). Mutagensis results have 
implicated W200, W336, F340, F365, W367 and Y370 in 5-HT binding and 
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efficacy (Roth et a!., unpublished observations). Thus, there is only a small 
degree of correspondence comparing the mutagenesis results with the pre
dicted model of EDVARDSEN et a!. (1992). 

2. HoItje and Jendretski Model 

Another recent bacteriorhodopsin-based model also attempting to model 
ketanserin and DOl binding to the 5-HT2A receptor was reported by HOLTJE 
and JENDRETSKI (1995), who used a conventional bacteriorhodopsin-based 
template with minimal energy minimization and no dynamics simulations. 
They predicted the following residues to be important for ketanserin binding: 
W151, D155, F158, Ser159 (helix III), Phe213 (helix IV), W336, F340, Asn343 
(helix VI) and F365 (helix VII). The residues implicated previously by mu
tagenesis experiments only partially overlap with those shown by HOLTJE and 
JENDRETSKI (1995) and include D155 and W336. Interestingly, F340 and F365 
have been found to be non-essential for ketanserin binding (CHOUDHARY et al. 
1993, 1995; Roth et a!., unpublished observations). 

The same group also identified potential residues for DOl binding includ
ing: D155 (helix III), W336, F340 and Asn343 (helix VI). In general, these 
residues identified agree quite well with the mutagenesis data and strengthen 
the predictive power of the HOLTJE and JENDRETZKI (1995) model. 

3. Weinstein Model 

Weinstein's group has published a large number of studies using both 
bacteriorhodopsin- and rhodopsin-based models. In their initial studies. 
PARDO et al. (1992) suggested, based on their sequence analysis of bac
teriorhodopsin vs. various GPCRs, that a different helical arrangement was 
possible. These authors proposed that exon shuffling has occurred during 
evolution so that, in fact, helix II of BR was homologous to helix IV for G PCR, 
for example. The following helical homology was suggested: BRII = GPCRIV; 
BRIll = GPCRV; BRIV = GPCRVI; BRV = GPCRI; BRVI = GPCRII; 
BRVII = GPCRIII. No apparent homology was seen for GPCRVII or BRI. 
The PRADO et a!. (1992) model proposes that a binding pocket composed of 
helices II, III, IV and V could exist with helices I, VI and VII apparently too 
far from helix III for significant interactions to occur. Additionally, GPCR 
helices II and VII appear to be too far from each other for functional interac
tions to occur (SCHLERTLER and HARGRAVES 1996; BALDWIN 1993). 

Another model of helical connectivity was proposed by WEINSTEIN and 
ZHANG (1994). This model proposes quite a different topology from that of 
PRADO et al. (1992) or later models. In particular, TMs I, II and III appear to 
have been shuffled. TMIII is some distance from TMVI. Specific interactions 
with many residues were also proposed. Since this model has been abandoned, 
it will not be further discussed here. 

More recently. ZHOU et a!. (1995) proposed a somewhat different helical 
arrangement based on rhodopsin coordinates. The rationale behind this par-
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ticular model has been adequately summarized elsewhere (BALLESTEROS and 
WEINSTEIN 1995). This model proposes a helical arrangement in which BRI = 
GPCRI; BRII = GPCRII; and so on. The reasons for abandoning the prior 
helical arrangements are not given (BALLESTEROS and WEINSTEIN 1995; Luo et 
al. 1994). In particular, this model proposes a close approximation of the 
following helical pairs: II-VII; III-VI and IV-V. In general, this more recent 
model agrees with the most recent 6-A model of frog rhodopsin by SCHERTLER 
and HARGRAVE (1996) as well as Baldwin's model based on a 9-A map of 
bovine rhodopsin (BALDWIN 1993). 

Evidence in favour of this helical connectivity model has come from 
recent experiments in which reciprocal mutations were made of conserved 
residues found in helices II and VII (SEALFON et al. 1995; ZHOU et al. 1995). In 
these experiments, Asp120 (helix II) and Asn376 (helix VII) were mutated as 
follows: D120N; N376D; and the double mutant D120N/N376D. These au
thors found that both the D120N mutation abolished signal transduction with
out altering ligand binding and the N376D mutation functioned at 95% 
relative Emax when compared with the native receptor. The double mutant 
D120N/N376D functioned at a level of approximately 50% of the native 
receptor. Despite the fact that the D120N mutant was apparantly uncoupled 
from signal transduction, no change in ligand affinity for either agonist or 
antagonist was measured. Based on these findings, these authors suggested 
that a helical-helical interaction between helices II and VII occurs, which is 
essential for signal transduction. 

These results differ from those reported by WANG et al. (1993), in which a 
significant decrease in agonist and antagonist affinity was noted following a 
D120N mutation of the rat 5-HTzA receptor. WANG et al. (1993) also discov
ered that the D120N mutation was not coupled to PI hydrolysis. The reason 
for these discrepant results is not immediately obvious, although SEALFON et 
al. (1995) proposed that the human 5-HT2A receptor differs from the rat 
receptor in the effects of the D120N mutation on agonist- and antagonist
binding affinities (WANG et al. 1993). 

4. Westkaemper, Glennon and Roth Models 

CHOUDHARY et al. (1995) recently proposed a model to account for the effects 
of various point mutations on ergoline and ergopeptine binding to 5-HTzA 
receptors. These authors discovered that a point mutation of the highly con
served phenylalanine F340 (F340L; F340A) dramatically altered the affinities 
of selected ergolines for the 5-HTzA receptor while mutations of an adjacent 
phenylalanine (F339L; F339A) had no effect on ergoline binding. Interest
ingly, F340Y, which maintains the aromatic nature at the 340 position, did not 
alter ergoline binding. These authors proposed that the aromatic ring of 
ergolines and not ergopeptines was oriented close to the aromatic ring of F340 
but not F339. A model based on bacteriorhodopsin coordinates supported 
these findings (CHOUDHARY et al. 1995). 



Pharmacology of 5-HT, Receptors 387 

WESTKAEMPER and GLENNON (1991, 1993) have also proposed additional 
residues as being essential for agonist binding to 5-HT2A receptors. These 
findings are in general agreement with some, but not all, of the mutagenesis 
results. For instance, F340 and D155 are suggested to be essential for agonist 
binding as also suggested by mutagenesis findings (WANG et a1. 1993; 
CHOUDHARY et a1. 1993). Further studies are currently in progress to refine 
these models using a rhodopsin-based template (Roth, Glennon and 
Westkaemper, in progress). 

5. Other 5-HT2A Receptor Models 

Recently, a number of 5-HT2A receptor models were summarized. MOE REELS 
and JANSSEN (1993) used a ligand-based strategy for building a 5-HT2A recep
tor model. In this strategy, the receptor is modelled around the agonist in a 
step-by-step process and weaker (e.g. hydrogen-type bonds) were considered. 
The authors proposed that Ser239, Asp155 and phenylalanines in TMV were 
essential for 5-HT binding. 

SHIH et a1. (1992) also proposed a model for 5-HT binding to 5-HT2A 
receptors. They suggested as well that Ser residues in TMV (Ser239, Ser242) as 
well as Asp155 were essential for 5-HT binding to 5-HT2A receptors. This 
hypothesis was supported by mutagenesis data suggesting that Ser242 affects 
Nl-substituted ergoline and tryptamine binding to rat and human 5-HT2A 
receptors (JOHNSON et al. 1994). 

III. Mutations Involving Aromatic Residues 

CHOUDHARY et a1. (1993, 1995) found that mutation of a highly conserved 
phenylalanine residue (F340L) significantly affected the binding of a large 
number of agonists to the 5-HT2A receptor. In their initial study, CHOUDHARY 
et a1. (1993) examined three mutations: F125L, F339L and F340L. They found 
that only the F340L mutation significantly altered agonist binding. By contrast, 
the F339L mutation significantly diminished ketanserin and spiperone binding 
but did not alter agonist or ergo line binding. The F125L mutation had no 
effect on agonist or antagonist binding. Interestingly, the F340L mutation also 
diminished the affinities of three model ergolines for the 5-HT2A receptor. 
These results suggested that certain agonists and ergolines may share overlap
ping binding sites on the 5-HT2A receptor (CHOUDHARY et a1. 1993, 1995). 

CHOUDHARY et a1. (1993) also examined agonist efficacies at the various 
phenylalanine mutations. They found that F340L, but not F339L or F125L, 
mutations significantly diminished agonist efficacies at the 5-HT2A receptor. 
Thus agonist affinities (Kact values) and efficacies (Vmax values) were attenu
ated by the F340L mutations. The F339L and F125L mutations had no signifi
cant effect on Kact or V max values for selected agonists (DOl, 5-HT and 
quipazine). These results suggest that F340, but not F339 or F125, are essential 
for agonist efficacy. 
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ROTH et al. (1995a) subsequently investigated the regulatory properties of 
the F340L receptor. They discovered that the F340L mutant was able to be 
desensitized by DOl but not quipazine. By contrast, the native receptor was 
desensitized by both quipazine and DOL These results suggested that mere 
binding to the receptor was insufficient for agonist-mediated desensitization. 

In follow-up studies, CHOUDHARY et al. (1995) examined the effects of 
various types of substitutions at the F339 and F340 positions on ergo line and 
ergopeptine binding. These findings have been summarized previously. 
CHOUDHARY et al. (1995) also examined the effects of these various mutations 
on ketanserin binding. They discovered, as predicted by KRISTIANSEN et al. 
(1993), that ketanserin-binding affinity was diminished by F339 but not F340 
mutations. These results suggest that ketanserin binds slightly differently from 
the ergo lines and ergopeptines. 

IV. Mutations of Non-Conserved Residues 

CHOUDHARY et al. (1992) investigated the roles of non-conserved domains of 
the 5-HTzA and 5-HTzc receptors for subtype-selective binding properties. 
CHOUDHARY et al. (1992) discovered that structurally distinct antagonists ap
parently preferred different domains for subtype-selective binding. Thus, 
haloperidol's high-affinity binding to the 5-HT2A receptor was due to residues 

Fig. 12. Model of haloperidol docking. Site-directed mutagenesis studies (ROTH et al. 
1993) demonstrated that Thr134, Thr81, Thr82, Asp155 and Phe339 all affected 
haloperidol binding to the 5-HT2A receptor. The figure shows a potential model which 
can account for these findings 
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located in helices I-II. By contrast, 5-HT showed higher affinity for the 5-
HT2C receptor due to residues located in helices VI-VII. 

Follow-up studies of individual amino acids were performed for 
haloperidol (ROTH et al. 1993). In these studies individual non-conserved 
amino acids were mutated in helices I-II and the affinity of haloperidol deter
mined. The Thr134Ala mutation appeared to represent the amino acid in helix 
II which contributed most to the special pharmacological properties of 
haloperidol for the 5-HT2A vs. 5-HT2C receptor. A preliminary model (Fig. 12) 
proposes potential interactions essential for the high-affinity binding of 
haloperidol for the 5-HT2A receptor. 

v. Mutagenesis Overview 

In addition to molecular modelling, a number of investigators have attempted 
to investigate ligand-receptor interactions utilizing molecular biological ap
proaches. These primarily include mutagenesis studies. The strengths of this 
approach are: first, empirical results rather than theoretical constructs are 
analysed; second, specific binding models can be empirically tested provided 
appropriate mutagenic constructs are made; and third, appropriate controls 
can be done to verify that the mutations do not perturb the overall structure of 
the receptor. 

Mutagenesis approaches are not without their pitfalls. The major problem 
is that one is never entirely sure that the mutation did not introduce subtle 
changes in the three-dimensional folding of the protein. Examples of this 
problem abound in the crystallographic literature, where it has been shown 
that even minor modifications can lead to striking changes in folding and, as a 
consequence, alterations in activity. Additionally, particular mutations can 
destroy the ability of the protein to be synthesized, so that independent means 
of determining receptor protein production also need to be formulated. 

Certain control experiments can be easily performed which serve to verify 
that receptor protein is being produced and properly inserted into the plasma 
membrane. The most appropriate control is the visualization of receptor pro
tein on the cell surface using an anti receptor antibody as was recently demon
strated by VON ZASTROW and KOBILKA (1992). Some investigators have relied 
on the identification of receptor mRNA, but this is an inadequate control since 
receptor mRNA production may in many cases have very little to do with 
production of a mutant protein. FERSHT and colleagues have devised a number 
of criteria they have used to determine whether a particular mutation has 
altered the three-dimensional structure of a protein. FERSHT'S group proposed, 
first, that the replacement residue be smaller than the native residue and that 
additional functional groups not be added (FERSHT et al. 1987). They also 
proposed that point mutations which affected the binding of certain substrates 
(but not others) were unlikely to grossly affect the conformation of the pro
tein. FERSHT et al. (1988) and LOWE et al. (1987) also proposed that the L\L\G 
values for mutations should be less than 4kcal/mol for mutations which do not 
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affect the overall conformation of the protein. Finally, where mutant receptors 
are still coupled to second messenger production this indicates that the func
tional properties of the receptor are not altered. 

VI. Mutations Involving Charged Residues 

Following the initial work of STRADER et al. (1989a,b) on ,B-adrenergic recep
tors in which a highly conserved aspartic acid residue in helix III was found to 
be essential for ligand binding, WANG et al. (1993) mutated D155 (helix III) 
and D120 (helix II). They discovered that the D155N mutation had lower 
affinity for agonists (30-fold) and antagonists (14- to 75-fold), but only slightly 
diminished affinity for 1z5I_LSD (2.8nM vs. 0.6nM for the native receptor). 
Additionally, the D155N mutation had dramatically decreased Kae! values for 
5-HT (7800 vs. 128nM) and DOl (6800 vs. 4.3nM) for PI hydrolysis as well as 
somewhat lower percentage maximum responses of 78% compared to the 
native receptor. 

The D120N mutation, by contrast, abolished agonist-mediated signal 
transduction (WANG et al. 1993; SEALFON et al. 1995). Additionally, WANG et 
al. (1993) found that the GTP-induced shift in agonist affinity was also abol
ished by the D120N mutation, but not by the D155N nor by a Dl72N muta
tion. WANG et al. (1993) also found that the D120N mutation diminished 
agonist and antagonist affinities for the 5-HTzA receptor. SEALFON et al. (1995) 
had somewhat different results for the D120N mutation, which they discov
ered did not alter agonist or antagonist affinities, suggesting that these differ
ences could be due to the fact that WANG et al. (1993) used a rat clone while 
SEALFON et al. (1995) used the human clone. 
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CHAPTER 15 

Regulation of 5-HT 2A Receptor at the 
Molecular Level 

M. TOTH and D. BENJAMIN 

A. Introduction 
The serotonin2A (5-HT2A) receptor belongs to the family of G-protein-coupled 
receptors. The number of available 5-HT2A receptors in the brain is influenced 
by several factors. 5-HTzA receptor shows a marked increase in number during 
perinatal and early postnatal development (ROTH et al. 1991). Changes in the 
5-HT2A-receptor-binding sites have also been described in diseased brains 
compared to controls; it has been repeatedly shown that the level of 5-HTzA 
receptor is increased in postmortem brains of depressed patients (COOPER et 
al. 1986; McKEITH et al. 1987; YATES et al. 1990). Drugs also modify the 
number of 5-HT2A receptors (PEROUTKA and SNYDER 1980; CONN and SANDER
BUSH 1986). In particular, antidepressants downregulate 5-HTzA receptor 
level, raising the possibility of a causal relationship between receptor level and 
attenuation of symptoms in depression. These examples demonstrate the im
portance of studying regulatory processes involving the 5-HTzA receptor. The 
elucidation of these processes has been facilitated by recent advances in mo
lecular biology techniques and here we have summarized the knowledge accu
mulated in the last few years regarding the regulation of the 5-HT2A receptor. 

B. Cell-Type-Specific Regulation of the 5-HT 2A Receptor 
I. Cells Expressing 5-HT2A Receptor in the Nervous System 

Since the 5-HT2A receptor has been implicated in a variety of behavioral and 
physiological processes, as well as in a number of neuropsychiatric disorders 
(JACOBS et al. 1990; FULLER 1990; LEYSEN 1990; MURPHY 1990), it is important 
to specify the brain regions and cell types expressing the receptor. 

In the neocortex the receptor is heterogeneously distributed across the 
different layers forming three tangential bands at the level of layers 1, 5a and 
5b (MEN GOD et al. 1990). In the olfactory bulb, 5-HTzA sites are very abundant 
in the external plexiform layer, where the dendrites of the mitral cells are 
located. Immunolabeling with antibody raised against the 5-HT2A receptor 
showed a pattern in forebrain similar to the pattern obtained by receptor 
autoradiography (GARLOW et al. 1993; MORILAK et al. 1993). Based upon the 
distribution, localization and morphology of immunoreactive neurons. it is 
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likely that subpopulations of receptor-containing cells may be GABAergic 
interneurons. Cholinergic neurons in the laterodorsal and pedunculopontine 
tegmental nuclei in the basal forebrain represent a second class of neurotrans
mitter-specific neurons that possess 5-HTzA receptors (MORILAK and 
CIARANELLO 1993a). 

The distribution of receptor-specific mRNA visualized by in situ hybrid
ization is similar but not identical to that of the expression of the receptor. 
5-HTzA receptor mRNA appears concentrated in few areas in the CNS, 
including the cerebral cortex and some nuclei of the brainstem (POMPEIANO et 
al. 1994). In the cortex, 5-HTzA receptor mRNA is present on interneurons 
located at the border of layers II and III. In Ammon's horn, the receptor 
mRN A is expressed at high levels in the pyramidal cell layer of the ventral and 
caudal parts of CA3. Receptor mRNA expression is restricted to a few nuclei 
in the thalamus and hypothalamus. The receptor mRNA is present at interme
diate levels in the caudate putamen, nucleus accumbens, fundus striati, claus
trum and substantia nigra pars compacta. The olfactory bulb presents a low 
level of the transcript with an enrichment of 5-HTzA receptor mRNA in the 
mitral cell layer. 

In addition to neurons, the 5-HTzA receptor is also expressed in astrocytes 
(DEECHER et al. 1993). Radioligand binding, Northern blot analysis and 
changes in [Caz+]j demonstrated the presence of 5-HTzA receptor in cultured 
cortical astrocytes. The 5-HT -induced, spiperone- and ketanserin-sensitive 
increases in free [Caz+]j, as measured by FURA-2, demonstrated that the 5-
HTzA receptors were functional in these cells. 

II. Reconstruction of Cell-Type-Specific Expression in 
Cultured Cells 

The widespread expression of the 5-HTzA receptor in brain raises the question 
of how the receptor gene is regulated in different neuron types and in 
astroglial cells. The mechanism most commonly utilized to determine cell
type-specific expression is transcriptional regulation. Cell-specific transcrip
tional regulation can be achieved through positive regulatory mechanisms in 
which trans-acting factors activate the basal transcription machinery 
(MITCHELL et al. 1987; STRUHL 1991). Alternatively, transcription can be re
pressed in non expressing tissues through the action of a repressor that acts in 
some cell types and not in others (MUGLIA et al. 1986; LEVINE and MANLEY 
1989; MAUE et al. 1990; KRANER et al. 1992; WUENSCHELL et al. 1990; MORI et 
al. 1990, 1992) or by a repressor that functions in all cell types with subsequent 
reactivation in the appropriate cell by cell-specific activators (BANIAHMAD et 
al. 1987; EVANS et al. 1988; EMERSON et al. 1989; HERBST et al. 1989; SEAL et al. 
1991). Cloning the 5'-flanking sequences of the 5-HT2A receptor from several 
species facilitated the identification of potential positive and negative ele
ments involved in the tissue-specific regulation of the receptor (DING et al. 
1993; Du et al. 1994; GARLOW et al. 1994; ZHU et al. 1995). It has been 
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demonstrated that the promoters of the mouse, rat and human 5-HTzA recep
tors utilize multiple start sites. In the approximately 5-kb rat sequence, Du et 
al. (1994) found two GC boxes (SP-l-binding sites) and several AP-2-binding 
sites upstream of the transcription initiation sites; however, their role in the 
tissue-specific receptor expression was not investigated. Transient transfection 
of a plasmid construct containing a 1.4-kb 5-HTzA receptor sequence upstream 
of the dominant initiation site into rat myometrial smooth muscle cells re
vealed a basal promoter activity. In another study, transfection of chimeric 
growth hormone plasmids containing various DNA fragments of a 1.6-kb 
human 5-HTzA promoter sequence into receptor expressing human cell lines 
showed that a O.74-kb fragment 5' of the downstream initiation site exhibited 
significant promoter activity (ZHU et al. 1995). In the 1.6-kb promoter se
quence, ZHU et al. (1995) identified multiple elements binding transcription 
factors, including SpI, PEA3, cyclic AMP response element (CRE)-like se
quence, and E-boxes, but their contribution in gene activity was not studied. 
DING et a1. (1993) isolated a 6.9-kb segment of the 5'-flanking region of the 
mouse 5-HTzA receptor. Constructs containing different segments of this 5'
flanking region were tested in a variety of cell lines, including neuroblastoma, 
glial, fibroblast and epithelial cell lines (DING et al. 1993). A basal promoter 
was identified between -O.6kb and -2.3kb which was functional in both neu
ronal and non-neuronal cells. Upstream of the basal promoter, between -2.3 
and -4.2 kb, two repressor domains were found within the 5' -flanking sequence 
of the receptor gene. These sequences repressed gene activity in all cells 
except cells of neuronal origin: thus the repressor domains were the primary 
determinants to generate neuronal cell-specific transcription of the 5-HTzA 
receptor gene. Presumably, non-neuronal cells contain factors that bind 
within these regions to inhibit transcription. Cells of neuronal origin either 
lack these repressors or express additional factors that modify their function. 
Since these neuronal cells did not express the 5-HT2A receptor, the expression 
of the exogenous gene was neuronal specific rather than 5-HT2A receptor 
specific. The transcriptional regulatory functions of the 5'-flanking region 
of the mouse 5-HT2A receptor were also tested in glial cells (DING et a1. 1993). 
The repressor domains between -2.3 and -4.2 kb inhibited the transcription of 
the transfected 5-HT2A receptor gene in C6 glioma cells, which expresses the 5-
HTzA receptor. However, a far upstream domain within the 5'-flanking region 
relieved repression and reactivated transcription of the gene specifically within 
C6 glioma cells but not within glial cells where the 5-HT2A receptor was not 
expressed. In the rat 5-HT2A receptor promoter, GARLOW et al. (1994) found a 
minimal promoter sequence within 200bp of the major site of transcription 
initiation. They identified negative attenuating elements between 2.5 and 
2.3 kb and positive elements between 1.1 and O.2kb upstream of the transcrip
tion initiation, suggesting again that the expression of the 5-HT2A receptor 
gene is regulated by a combination of positive and negative elements operat
ing through the minimal promoter. However, there is a discrepancy between 
the studies by DING et al. (1993) and GARLOW et al. (1994) on the actual 
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positions of the positive and negative elements within the 5-HT2A receptor 
promoter. Since these studies used different cell lines, it is possible that the 
regulation of the receptor is unique for each cell type, which is likely deter
mined by the available transcription factors. For example, a silencer which 
interacts with a promoter element in one cell type may not exist in another; 
instead, a different silencer and its binding site become dominant in regulating 
gene expression. 

In summary, both activation by positive regulatory elements and inhibi
tion by repressors have been described as a mechanism functioning in the cell
specific regulation of the 5-HT2A receptor. The combinatorial action of 
positively and negatively acting transcriptional regulatory proteins and mecha
nisms is presumably essential to provide complex regulation and flexibility in 
the expression of the 5-HT2A receptor. 

III. Transgenic Strategy to Study the Regulation of the 
5-HT2A Promoter 

Although in vitro experiments provide an insight into the cell-type-specific 
regulation of the 5-HT2A receptor gene, the developmental and complex, 
tissue-specific regulation of the receptor gene can be studied only in transgenic 
animals. TOTH et al. (1994) produced mice carrying chloramphenicol
acetyltransferase (CAT) reporter genes whose expression was directed by 5-
HT2A receptor 5'-flanking sequences by microinjection of fertilized oocytes. A 
sequence extending from the translational initiation codon to -5.6kb in the 5'_ 
flanking region of the receptor gene was found to be sufficient to target gene 
expression to the brain in transgenic animals. However, the region-specific 
pattern of the transgene expression was different in individual mouse lines and 
none of them matched precisely the endogenous receptor expression pattern, 
suggesting that the position of the transgene had a major influence on expres
sion. It is also possible that additional elements, upstream or downstream, are 
required for authentic cell-type-specific expression in the brain. 

c. Regulation of 5-HT2A Receptor by Agonists 
and Antagonists 
I. Regulation by Agonists 

For most G-protein-linked receptors, agonist stimulation can initiate desensi
tization, a process that causes them to become progressively less able to trigger 
signaling mechanisms (SIBLEY et al. 1987). The molecular mechanisms under
lying desensitization, which is essentially complete within minutes, include 
phosphorylation and sequestration of the receptor (HAUSDORFF et al. 1989). 
More prolonged exposure to an agonist can result in a progressive reduction in 
receptor density, and this may be associated with a decrease in the level of 
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receptor mRNA (HAD COCK et al. 1989; COLLINS et al. 1992). Indeed, chronic 
treatment with 5-HT2A receptor agonists such as 1-(2.5-dimethoxy-4-
iodophenyl)-2-aminopropane HCl (DOl). 1-(2,5-dimethoxy-4-bromophenyl)-
2-aminopropane (DOB), 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane 
(DOM), quipazine and lysergic acid diethylamide (LSD) reduces 5-HT2A re
ceptor densities (BUCKHOLTZ et al. 1985, 1988; EISON et al. 1989; McKENNA et 
al. 1989; LEYSEN et al. 1989). 

Pll cells, which constitutively express a high density of 5-HT2A receptors, 
were used to study the regulation of receptors in vitro by agonists and partial 
agonists (FERRY et al. 1993). 5-HT, DOl and LSD caused marked reductions in 
the density of 5-HT2A receptors as has been observed in vivo. Downregulation 
was prevented by coincubation with ketanserin, a 5-HTzA receptor antagonist. 
Interestingly, 5-HT treatment resulted in a transient increase in levels of 5-
HTzA receptor mRNA prior to the downregulation (FERRY et al. 1994). This 
transient upregulation of the mRNA was mediated by a post-translation 
mechanism. When agonist-promoted increases in receptor mRNA were pre
vented by the protein kinase C inhibitor bisindolylmaleimide, the rate of 
agonist-induced downregulation was accelerated (FERRY et al. 1994). 
RYDELEK-FITZGERALD et al. (1993) found an approximately fourfold increase 
in the levels of 5-HTzA receptor mRNA in cultured smooth muscle cells within 
2 h after administration of 5-HT with maximal levels occurring after 12 h. 
Nuclear run-on analysis revealed that 5-HT increased the initiation of 5-HTzA 
receptor mRNA synthesis and the 5-HT-dependent increase in 5-HTzA recep
tor transcription required de novo protein synthesis. A similar, but more 
prolonged upregulation of both 5-HT2A receptor and its mRNA was found in 
cerebellar granule cells after 5-HT or DOl treatment (AKIYOSHI et al. 1993). 
The increase in 5-HTzA receptor mRNA was detected within 2 h after 5-HT or 
DOl pre stimulation, reached a maximum around 4 h and remained at a pla
teau for at least 24 h. Tum and SHENK (1994) studied the effect of long-term 
(2-6 days) 5-HT treatment on the regulation of the 5-HTzA receptor in C6 
cells. The density of 5-HT2A receptor-binding sites was reduced by approxi
mately 40% in the presence of lor lOpM 5-HT. Long (2-6 days) but not short 
(1 h) treatment altered receptor density, consistent with earlier work per
formed in animals (CONN and SANDERS-BuSH 1986; SANDERS-BuSH 1990). 
Treatment of C6 cells with 5-HT caused a decrease in the level of 5-HT2A-
receptor-specific RNA as well, and the magnitude of this reduction corre
sponded well with the decrease observed for receptor-binding activity. It is 
unlikely that transcriptional mechanisms played a role in the downregulation 
of the 5-HTzAreceptor mRNA in C6 cells, since 5-HT treatment caused little 
if any reduction in enzyme activity when plasmids containing portions of the 5-
HT2A receptor gene 5'-flanking sequence and the CAT reporter gene were 
transfected into C6 cells (ToTH and SHENK 1994). 

In summary, prolonged exposure with agonists downregulates the 5-HT2A 
receptor in vivo that is generally reproducible in different in vitro systems, 
such as Pl1 and C6 cells. However. immediately after receptor stimulation, 
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receptor expression can be upregulated transiently (Pll) or in a more pro
longed fashion (smooth muscle cells, cerebellar granule cells). 

II. Receptor Downregulation by Antagonists 

It is somewhat paradoxical that antagonists elicit the downregulation of the 5-
HT2A receptor (BLACKSHEAR and SANDERS-BuSH 1982). Downregulation of 
most G-protein-linked receptors is generally induced by agonist stimulation, 
while chronic treatment with antagonists induces disuse supersensitivity, a 
state characterized by an increase in receptor density (SAMANIN et al. 1980). 
However, chronic administration of 5-HT2A receptor antagonists such as 
methysergide, mianserin, ritanserin, setoperone and ketanserin decreases re
ceptor density in rats (LEYSEN et al. 1986; MAY et al. 1986; EISON et al. 1989; 
RoTH and CIARANELLO 1991). The downregulation of the 5-HT2A receptor was 
not accompanied by a reduction of the 5-HT2A-receptor-specific mRNA level 
in rat brain (ROTH and CIARANELLO 1991). 

A number of studies investigated the mechanism of receptor down
regulation in cell cultures. In Pll cells, ketanserin and mianserin did not alter 
the density of 5-HT2A receptors, even after prolonged incubation with drug 
(FERRY et al. 1993). On the other hand, in C6 cells, long-term treatment with 
mianserin caused a reduction in the level of 5-HT2A receptor and its mRNA 
(TOTH and SHENK 1994). The discrepancy between the two studies may be 
explained by the different origin of the Pll (neuronal) and C6 cells (glial), 
suggesting that the 5-HT2A receptor is not regulated in the same fashion in all 
cells. In C6 cells, mianserin downregulated the 5-HT2A receptor gene expres
sion at the level of transcription, a conclusion based on transient transfection 
experiments with CAT reporter plasmids containing 5' -flanking regions of the 
5-HT2A receptor (ToTH and SHENK 1994). 

The downregulation of the 5-HT 2A receptor by mianserin both in vivo and 
in vitro could be based on the ability of antagonists to interrupt a basal, 
constitutive level signaling process that maintains a normal level of receptor 
gene transcription. It has been demonstrated that the 5-HT2C receptor, which 
is closely related to the 5-HT2A receptor, exhibits constitutive receptor activa
tion, defined as agonist-independent receptor activation of the signal transduc
tion pathway (WESTPHAL et al. 1995). Alternatively, antagonists may be able to 
act as "inverse agonists" as has been demonstrated with the 5-HT2C receptor 
(BARKER et al. 1994). Mianserin can be classified as an inverse agonist on the 
5-HT2C receptor, since it exhibits a negative intrinsic activity, defined as 
a decrease in agonist-independent, receptor-mediated, phosphoinositide 
hydrolysis. 

III. Antidepressant-Induced Downregulation of the 5-HT2A Receptor 

Studies have shown that the density of 5-HT2A receptor is altered during 
antidepressant drug treatment (PEROUTKA and SNYDER 1980; BLACKSHEAR and 
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SANDERS-BusH 1982: GOODWIN et al. 1984). A variety of pharmacologically 
distinct antidepressants downregulate the 5-HT2A receptor such as monoamine 
oxidase (MAO) inhibitors and 5-HT uptake blockers. These drugs can be 
considered indirect agonists, since they increase the availability of 5-HT in 
synapses. As discussed above, mianserin, a 5-HT2A receptor antagonist and 
atypical antidepressant, also elicits a decrease in receptor density (PEROUTKA 
and SNYDER 1980; BENJAMIN et al. 1992). Since both agonists and antagonists 
can produce antidepressant effect and receptor downregulation, it is intriguing 
to hypothesize that the downregulation of the 5-HT2A receptor is involved in 
the development of the therapeutic effect of antidepressants. 

D. Glucocorticoid Regulation of 5-HT2A 

Receptor Expression 
I. Glucocorticoids Upregulate 5-HT2A Receptor In Vivo 

Animal studies have shown that corticosteroids can alter several elements of 
the serotoninergic neurotransmission including 5-HT metabolism, turnover 
and receptors themselves (CURZON 1971; BIEGON et al. 1985: DE KLOET et al. 
1986). KURODA et al. (1992, 1993) found that cortical 5-HT2/\ receptor is up
regulated by administration of adrenocorticotropic hormone (ACTH) and 
dexamethasone in rats. Stress-induced increases in corticosteroid levels can 
also lead to the upregulation of 5-HT2A receptor (TORDA et al. 1990: BENJAMIN 
et al. 1993: McKITTRICK et al. 1995). 

II. Glucocorticoid Regulation of the 5-HT2A Receptor in 
Cultured Cells 

The glucocorticoid-induced regulation of the 5-HT2A receptor has been stud
ied in cell lines of both neuronal and glial origins (SAIFF et al. 1995). In 
agreement with the in vivo data, the 5-HT2A receptor was upregulated by 
dexamethasone in PI! neuronal cells. However in C6 glial cells, the receptor 
was actually downregulated, indicating that the same gene can be differentially 
regulated depending on the cell context. As discussed above, the mechanism 
of cell-type-specific expression of the 5-HT2/\ receptor is distinct in neuronal 
and glial cells, and that may consequently influence the glucocorticoid-induced 
regulation. Based on these results, it is possible that both upregulation (in 
neurons) and downregulation (in astocytes) of the 5-HT2A receptor occurs in 
brain, but because the majority of the 5-HT2A receptors are expressed by 
neurons, the glial-specific regulation is masked. 

The ability of glucocorticoids to influence transcription of the rat 5-HT2A 
receptor gene was tested by using a promoter-reporter plasmid by GARLOW 
and CrARANELLO (1995). Sequence analysis revealed a putative glucocorticoid 
response element (GRE), which consists of a palindromic sequence of 5' 
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AGAACA 3' separated by a random 3-bp spacer. In the neuronal RS1 and 
CCL-39 cells, the dexamethasone treatment caused an inhibition of transcrip
tion of the 5-HT2A receptor promoter, whereas in the Neuro-2a cells the 
dexamethasone treatment stimulated transcription from the 5-HT2A promoter. 
The glucocorticoid response seemed to be indirect, as sequence analysis of the 
4.2kb preceding the site of transcription initiation revealed only an 11115-nt 
match to a putative GRE, and deletion of this sequence did not alter the 
response to dexamethasone. However, the promoter region for the rat 5-HT2A 
receptor gene contains a number of partial glucocorticoid response elements 
of 5' AGAACA 3'. Because of several presently uncharacterized interactions 
of transcription factors and the current uncertainty as to the exact require
ments for activation when a response element is not complete, it will be 
necessary to empirically determine the efficiency of these partial response 
elements to activate or inhibit 5-HT2A receptor gene expression in neuronal 
and glial cells. Nevertheless, it is likely that glucocorticoids through glucocor
ticoid receptors can either inhibit or enhance transcription of the 5-HT2A 
receptor, depending on their interaction with other transcription factors ex
pressed in the specific cell type. 

E. Clinical Relevance 
I. Upregulation of the 5-HTzA Receptor in a Group of 
Depressed Patients 

It has been repeatedly shown that the level of 5-HT2A receptor is increased in 
postmortem brains of depressed patients (COOPER et al. 1986; McKEITH et al. 
1987; YATES et al. 1990) and in suicide victims (STANLEY and MANN 1983; 
MANN et al. 1986; ARORA and MELTZER 1989; ARANGO et al. 1990); the latter 
finding, however, was not confirmed by other investigators (OWEN et al. 1983; 
CHEETHAM et al. 1988). Recently, an in vivo study confirmed these postmortem 
findings. A higher uptake of 123I-ketanserin was observed in the parietal cortex 
of depressed patients by single photon emission computed tomography 
(D'HAENEN et al. 1992). However, the in vivo study did not find any correla
tion between receptor density and suicidal preoccupation. As mentioned 
above, most chronic antidepressant treatments downregulate the receptor 
(PEROUTKA and SNYDER 1980; BLACKSHEAR and SANDERS-BuSH 1982; GOODWIN 
et al. 1984), again suggesting a positive correlation between receptor density 
and disease symptoms. 

II. Upregulation of the 5-HTzA Receptor in Depression May Be 
Related to Stress 

Since a hyperfunction of the 5-HT2A receptor may exist in depression, the 
molecular mechanisms underlying the upregulation of 5-HT2A receptor are of 
basic interest. It has been shown that depressed patients exhibit adrenocortical 



Regulation of 5-HT'A Receptor at the Molecular Level 403 

hypertrophy (NEMEROFF 1992; RUBIN et a1. 1995) and hypercortisolemia 
(NEMEROFF et a1. 1989), and are generally unresponsive to feedback inhibition 
of the hypothalamic-pituitary-adrenal (HPA) axis (RUPPRECHT et a1. 1991). 
Consistent with a causal role of the HPA axis, depression is frequently ob
served in patients with Cushing's syndrome, a primary endocrine disorder of 
high glucocorticoid levels (KATHOL et a1. 1985). It is known that stress may 
underlie and often precipitates depression and it is possible that hyper
cortisolemia in depression, that is due to a dysregulation of the HPA axis, is an 
exaggerated response to stress. As described above, glucocorticoids can 
upregulate the 5-HT2A receptor (KURODA et a1. 1993); therefore, elevated 
levels of corticosteroids induced by stress could lead to the upregulation of the 
5-HT2A receptor. Indeed, McKITTRICK et a1. (1995) demonstrated that in the 
colony model of chronic social stress, subordinate male rats were severely 
stressed, and had elevated basal corticosterone levels and increased levels of 5-
HT2A receptors. Similarly, the dominance status in triad-housed rats correlated 
inversely with cortical 5-HT2A receptor binding (BENJAMIN et a1. 1993). How
ever, glucocorticoids may not be the sole route to upregulate the 5-HT2A 
receptor in stress. TORDA et a1. (1990) described that acute immobilization 
stress increased the number of 5-HT2A receptors in the rat frontal cortex which 
were abolished by peripheral administration of propranolol or central admin
istration of 6-hydroxydopamine, suggesting that the noradrenergic system, 
presumably through stimulation of j3-adrenoreceptors, may control the regula
tion of 5-HT2A receptors during acute stress. 
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CHAPTER 16 

Neuropharmacology of 5-HT3 Receptor 
Ligands 

B. COSTALL and R.J. NAYLOR 

A. Introduction 
GADDUM and PICARELLI (1957), using the guinea pig ileum, were the first 
researchers to show that 5-hydroxytryptamine (5-HT) can mediate a neuronal 
de polarising response and release of acetylcholine. A clarification of the na
ture and function of the receptor mediating the response to 5-HT has subse
quently taken some 40 years. The present chapter reviews the beginnings of a 
pharmacological understanding of this receptor and the therapeutic implica
tions of drugs which have affinity for it. 

B. Electrophysiological Studies of the 5-HT3 Receptors 
I. The 5-HT3 Receptor as a Member of the Ligand-Gated Ion 
Channel Superfamily 

In common with other agonist-gated channels such as the nicotinic and glycine 
receptors, the 5-HT3 receptor has probably evolved to mediate rapid synaptic 
events in the nervous system (SUGITA et al. 1992). Intracellular microelectrode 
recordings performed on central and peripheral autonomic, sensory and en
teric neurons have shown that 5-HT 3 receptors mediate a rapid de polarising 
response, associated with an increase in membrane conductance consequent 
on the opening of cation selective channels (see reviews by FOZARD 1984a: 
WALLIS 1989; PETERS et al. 1994). Such responses also occur in a number of 
neuronal clonal cell lines, primary cultures and slice preparations; a summary 
of the electrophysiological properties of 5-HT3 receptors obtained from stud
ies employing voltage clamp and single channel recording techniques is given 
in PETERS et al. (1994). Neither G proteins nor soluble second messengers 
appear necessary for channel activation and the response to 5-HT is usually 
described in terms of a cooperative receptor model in which the occupation by 
5-HT of one receptor subunit enhances the binding of other agonist molecules 
to other subunits (YAKEL et al. 1991). At least two or three molecules of 5-HT 
must bind to activate the 5-HT3 receptor, the response in all test systems being 
characterised by rapid and pronounced desensitisation (WALLIS and NORTH 
1978; see PETERS et al. 1994). Desensitisation is recorded as a progressive 
decline in the amplitude of depolarisation in response to repeated challenge 
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with 5-HT; the precise nature of the desensitisation process may differ be
tween and within cell types (YAKEL 1992). 

Single cell studies employing intracellular recording of 5-HT3 receptor 
mediated depolarisation in several preparations have indicated that an influx 
of sodium and potassium ions contributes to the response (WALLIS and NORTH 
1978; HIGASHI and NISHI 1982). The channels gated by 5-HT discriminate 
weakly between small monovalent cations (Cs+ > K+ > Lt > Na+ > Rb+, see 
PETERS et al. 1994), but they remain permeable to divalent cations such as Ca2+ 

and Mg2+, and a small influx of Ca2+ may occur under physiological conditions 
(YANG et al. 1992). One consequence of increasing the extracellular concentra
tion of Ca2+ or Mg2+ is a reduction in the amplitude and duration of 5-HT3 
mediated responses (PETERS et al. 1989; YAKEL et al. 1990; ROBERTSON and 
BEVAN 1991). Zn2+, Cd2+ and Cu2+ ions also inhibit 5-HT3 receptor mediated 
responses, and the mechanisms involved, e.g. a reduction in the affinity of the 
5-HT3 receptors for agonists, are being investigated (see PETERS et al. 1994). 
Further studies are also required to establish the significance of notable differ
ences in single-channel conductance between different preparations (PETERS 
et al. 1994). 

II. Agonist Pharmacology 

2-Methyl-5-HT and the ami dine derivatives I-phenyl biguanide and meta
chlorophenylbiguanide have relatively selective affinity for the 5-HT3 receptor 
(RICHARDSON et al. 1985; WALLIS and NASH 1981; KILPATRICK et al. 1990a). 
Their agonist potency and efficacy has been established in many different 
preparations from many species (e.g. vagus nerve of guinea pig, rabbit and rat, 
superior cervical ganglia of guinea pig, mouse and rat, NIE-115 and NGI08-15 
cells) and varies between preparations, displaying agonist or partial agonist 
effects (see PETERS et al. 1994). There are also species differences: I-phenyl 
biguanide has no action on peripheral neurons of the guinea pig (BUTLER et al. 
1990) but is a full (FORTUNE et al. 1983) or partial (KILPATRICK et al. 1990a) 
agonist in the rat and mouse. 

III. Antagonist Pharmacology 

The first selective 5-HT3 receptor antagonist to be identified was MDL 72222 
(FOZARD 1984b); this compound was shown in low concentrations to inhibit 
the effects of 5-HT on the rabbit nodose ganglia in vitro by competitive 
antagonism: higher concentrations of MDL 72222 caused an insurmountable 
antagonism (AZAMI et al. 1985). In the superior cervical ganglion or the rat 
isolated vagus nerve the antagonism afforded by MDL 72222 at any concen
tration was insurmountable (AZAMI et al. 1985; IRELAND and TYERS 1987). But 
in the guinea pig isolated vagus nerve and in the rabbit preganglionic cervical 
sympathetic nerves, blockade by MDL 72222 demonstrates a simple competi
tive antagonism (ELLIOTT and WALLIS 1988; BUTLER et al. 1990). A similar 
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situation has been shown to occur for tropisetron (lCS 205930). Thus the 
apparent competitive blockade by tropisetron of the depressant effect of 5-HT 
upon the compound action potential amplitude of the rabbit vagus nerve 
(RICHARDSON et al. 1985) contrasts with the insurmountable blockade on rat 
isolated vagus nerve (IRELAND and TYERS 1987; TATTERSALL et al. 1992). In the 
rabbit isolated nodose and superior cervical ganglia, the antagonism by 
tropisetron of the 5-HT induced depolarisation response was essentially insur
mountable: only in the nodose ganglia and at low concentrations did the 
antagonism achieve a competitive nature (ROUND and WALLIS 1986). Also in 
the mouse, rat and guinea pig superior cervical ganglia, the antagonism af
forded by tropisetron of the effect of 2-Me-5-HT was non-competitive 
(N EWBERRY et al. 1991). Ondansetron exerts a competitive blockade of the 5-
HT response on the rat vagus nerve and superior cervical ganglion (BUTLER et 
al. 1990) whereas zacopride, granisetron and BRL 46470A exert a non
competitive blockade (see PETERS et al. 1994). However, it should be noted 
that even the antagonism afforded by ondansetron in the rabbit vagus nerve 
was not entirely overcome by 5-HT (BUTLER et al. 1988). 

From the use of in vitro models it becomes clear that, with the possible 
exception of ondansetron, 5-HT, receptor antagonists may attenuate the ef
fects of 5-HT through competitive and non-competitive mechanisms. This may 
relate to variations in response between tissues, species, differing drug pre
treatment times and differences in receptor reserve, or to the development of 
receptor desensitisation. The latter, in particular, will seriously interfere with 
equilibrium conditions necessary for the accurate measurement of agonist
induced responses. 

C. Molecular Characterisation of 5-HT3 Receptors 
The archetypal member of the ligand-gated ion channel receptor is the nico
tinic acetylcholine receptor (nAChR), which consists of five individual sub
units forming a pentameric ion channel complex (see HERTUNG-JAWEED et al. 
1990). Electron microscopic images of purified 5-HT, receptors show a similar 
structure, indicating that the 5-HT3 receptor is also composed of five subunits 
arranged around a central cavity, the vestibule of an ion channel (see BOESS et 
al. 1992; BOESS and MARTIN 1994), 

I. Biochemical Characterisation of 5-HT3 Receptors 

Attempts to purify and biochemically characterise the 5-HT, receptor were 
the essential first step in the partial amino acid sequencing of the subunits to 
facilitate cloning. Sequence information allows an examination of the 
localisation of receptor mRNA (with specific RNA or DNA probes) and 
receptor protein with subtype specific antibodies. Substantial amounts of re
ceptor protein are required for such studies and whilst 5-HT3 receptor levels in 
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brain are relatively low, a number of immortal cell lines of neuronal origin 
express 5-HT3 receptors in high density. NG108-15 (mouse neuroblastoma x 
rat glioma hybrid), NIE-115 (mouse neuroblastoma) and NCB20 (mouse neu
roblastoma x Chinese hamster brain cell hybrid) cell lines allowed the 
purification of 5-HT3 receptors which appeared similar to receptors found in 
the mammalian brain (BOLANOS et al. 1990; HOYER and NEIJT 1988a,b; 
McKERNAN et al. 1990; LUMMIS and MARTIN 1992; LUMMIS et al. 1994; BOESS et 
al. 1992). 

II. Cloning of the 5-HT3 Receptor 

The first cDNA containing the coding sequence of a 5-HT gated ion channel 
(5-HT3 R-A) was obtained by screening an NCB20 expression library for 5-HT 
activated currents in Xenopus oocytes (MARICQ et al. 1991). The cDNA se
quence predicted a protein of 487 amino acids long including the signal pep
tide. JOHNSON and HEINEMANN (1992) reported the isolation of a 5-HT3 
receptor cDNA from a rat superior cervical ganglion library encoding a pro
tein of 461 amino acids. The rat 5-HT3 receptor shows significant homology of 
amino acid sequence with the mouse 5-HT3 receptor and other members of the 
ligand gated ion channel superfamily. Features include four hydrophobic re
gions (M1-M4), and residues with negative charges bracket the M2 region in 
both the nAChR and 5-HT3 R-A. It would be predicted that modification of 
these residues by site directed mutagenesis would affect conductance and ion 
selectivity (IMOTO et al. 1988; KONNO et al. 1991). 

III. Splice Variant of 5-HT3 R-A 

A splice variant of 5-HT3 R-A termed 5-HT3 R-As has been cloned from NIE-
115 neuroblastoma cells and NG108-15 hybrid om a cells (HOPE et al. 1993; 
WERNER et al. 1993). 5-HT3 R-As demonstrates a deletion of six consecutive 
amino acids in the putative intracellular loop between M3 and M4. The absent 
stretch contains a putative casein kinase II phosphorylation site but no clear 
functional differences have been reported between 5-HT3 R-A and 5-HT3-R
As. When expressed in Xenopus oocytes or NEK293 cells, homo-oligomeric 
complexes formed from either 5-HT3 R-A or 5-HT3 R-As exhibit inward 
current responses to 5-HT and many of the pharmacological properties re
corded for 5-HT3 in cell lines. Indeed, only 2-Me-5-HT was found to produce 
a lesser maximal response at the 5-HT3 R-As (see BOESS and MARTIN 1994; 
DOWNIE et al. 1994). 

The cloning of the murine 5-HT3 receptor subunit 5-HT3 R-A demon
strated the pharmacological profile of the receptor endogenous to mouse 
tissue. The cloning and characterisation of species homologues of the 5-HT3 R
A provides a powerful tool in identifying interspecies receptor heterogeneity. 
HOPE et al. (1995) and BELELLI et al. (1995a) have recently reported that a 
cDNA encoding a 5-HT3 receptor subunit isolated from a human amygdala 
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cDNA library was cloned into a eukaryotic expression vector and introduced 
into HEK293 cells by lipid mediated transfection; RNA transcripts of the 
human cDNA were also injected into Xenopus oocytes (BELELU et al. 1995b). 
Radioligand binding assays using [3H]granisetron indicated high nanomolar 
affinity for ondansetron and micromolar affinity for (+ )tubocurarine. 5-HT 
elicited an inward current response that desensitised; 2-methyl-5-HT, 
phenylbiguanide and m-chlorophenylbiguanide mimicked the effects of 5-
HT, achieving 87%, 68% and 81 % of the maximal response attained by 5-HT. 
The response to 5-HT was antagonised by picomolar concentrations of 
ondansetron and micromolar concentrations of (+ )tubocurarine. 

These responses obtained to the human 5-HT3 R-A receptor show clear 
differences to those obtained in the murine 5-HT3 R-A receptor (GILL et al. 
1995); in the human system there was a 1500- to 1800-fold reduced potency of 
(+ )tubocurarine and greater efficacy of 2-methyl-5-HT. Also, low concentra
tions of Zn2+ enhanced the effects of 5-HT in the murine but not in the human 
preparation. BELELLI et al. (1995a,b) suggest that in view ofthe small number 
of sequence substitutions that occur between the human and mouse homo
logues of the 5-HT\ R-As in the extracellularly located N-terminal domain, 
compounds such as (+ )tubocurarine in conjunction with site directed mutagen
esis may prove valuable in locating amino acid residues that contribute to the 
ligand binding site( s) of the 5-HT 3 receptor. 

D. Distribution of 5-HT3 Receptors 
The distribution of 5-HT3 receptors was initially established using traditional 
radioligand binding techniques in tissue homogenates and autoradiography. It 
is ironic to note that the key compounds which established the functional role 
of 5-HT, receptors (tropisetron, ondansetron and MDL 72222) were ineffec
tual or of limited use as receptor ligands in binding assays. It would have been 
concluded from a reliance on these three agents as potential ligands that 5-HT3 
receptors did not exist! KILPATRICK et al. (1987) were the first to demonstrate 
the presence of 5-HT, binding sites using the radioligand [3H]GR 65630 and a 
rat brain homogenate preparation. Subsequently, many authors using numer
ous ligands have firmly established the location of 5-HT3 receptors in body 
tissues in many species; the literature has been extensively reviewed (see 
LESLIE et al. 1994). 

Briefly, 5-HT3 receptor density in the brain of many species including man 
is highest in the subnucleus gelatinosus of the solitary nucleus, nucleus of the 
solitary tract and dorsal motor nucleus of the vagus nerve. Whilst forebrain 5-
HT3 receptor density varies a little between species, 5-HT3 receptors are 
located throughout cortical and limbic brain regions, substantia gelatinosa of 
the spinal trigeminal nucleus and dorsal horn of the spinal cord (see 
KILPATRICK et al. 1987, 1988; WAEBER et al. 1989; BARNES et al. 1988; GEHLERT 
et al. 1991). 5-HT, receptors have also been located in the enteric nervous 
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system (PINKUS et al. 1989; KILPATRICK et al. 1991; CHAMPANERIA et al. 1992), 
in the sympathetic nervous system from cat and rabbit superior cervical gan
glia (HOYER et al. 1989), and on cat, rat and rabbit vagus nerve (HOYER et al. 
1989; KILPATRICK et al. 1990b). Future developments in positron emission 
tomography may prove helpful in the localisation of 5-HT3 receptors and in 
their activity in living brain. 

Future studies will inevitably build on advances in molecular biology to 
develop antibodies directed against the 5-HT3 receptor itself. Immunohis
tochemistry, in conjunction with electron microscopy, should allow a precise 
definition of the 5-HT3 receptors at the subcellular level. Already in situ 
hybridisation techniques have revealed the presence of 5-HT3 receptor mRNA 
throughout cortical and limbic structures, the hypothalamus, facial nerve 
nucleus, nucleus of the spinal tract of the trigeminal nerve and spinal cord 
dorsal horn. In the peripheral nervous system, 5-HT3 receptor mRNA is 
present in the parasympathetic and sympathetic ganglion neurons (TECOTT et 
al. 1993; JOHNSON and HEINMANN 1993). It remains an interesting observation 
that no mRNA was detected in the area postrema/nucleus tractus solitarius, 
the area of highest 5-HT3 receptor density. This suggests a presynaptic location 
of 5-HT3 receptors on peripheral afferents, which is in agreement with lesion 
studies (PRATT and BOWERY 1989). 

In situ hybridisation techniques have also been used in developmental 
studies where the distribution pattern of 5-HT3 receptor mRNA was examined 
during mouse embryogeneus (SCHTROM et al. 1993). It was suggested that 5-
HT3 receptors may influence cell migration or differentiation. 

E. 5-HT3 Receptor Heterogeneity 
The first indication of a heterogeneity between neuron ally located 5-HT3 
receptors derived from observations that antagonist affinities of nor-( -)
cocaine and benzoic acid esters of tropine, most notably MDL 72222 and 
tropisetron, were much higher in the rabbit heart than in the guinea pig ileum 
(FOZARD 1983, 1984; FOZARD and GnTOs 1983; DONATSCH et al. 1984; 
RICHARDSON et al. 1985). Subsequently, RICHARDSON and ENGEL (1986) 
hypothesised the existence of 5-HT3A' 5-HT3B and 5-HT3C receptor subtypes in 
the rabbit heart, rabbit vagus nerve and guinea pig ileum respectively to 
explain the differences in affinity. However, this pioneering delineation has 
been viewed with caution, with respect to the apparent non-competitive an
tagonism exerted by tropisetron in some preparations (KILPATRICK and TYERS 
1992). 

Following on from the hypothesis of RICHARDSON and ENGEL, it is now 
well accepted that there are major species variations in the properties of 5-HT3 
receptors. A comparison of 5-HT3 receptor antagonist affinities in prepara
tions from guinea pig, rabbit, rat and mouse is shown in Table 1. It is quite 
clear that antagonist affinities in the guinea pig are much lower than in the rat 
or rabbit. However, antagonist affinities in different tissues within a given 
species are very similar, giving no evidence of tissue dependence. 
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Single cell studies determining the pICso values for antagonists acting 
against 5-HT induced depolarising responses, or 5-HT evoked inward mem
brane currents recorded under voltage clamp conditions, are shown in Table 2. 
The data support the results obtained from other functional studies, i.e. the 
potency of the 5-HT 3 receptor antagonists is considerably less in the guinea pig 
than in the rabbit or mouse tissues. The differences detected with (+ )tub
ocurarine are particularly striking, reflecting a 100- to 10000-fold potency 
difference. Radioligand binding studies also reveal an apparent low affinity of 
antagonist ligands at 5-HT3 receptors on guinea pig enteric neurons (PINKUS 
and GORDON 1991; WONG et al. 1992). 

There remain two further points. The 5-HT3 receptors in mouse tissue 
show a consistent and particularly high affinity to (+ )tubocurarine: the recep
tor expressed in this species may reflect an interspecies variant of the 5-HT3 
receptor (see Sect. CIII). Secondly, and perhaps of even greater interest, are 
the unexpectedly low potency values of ondansetron and tropisetron as inhibi
tors of the 5-HT induced depolarising response in rat lateral amygdala neurons 
(SUGITA et al. 1992). If the data can be confirmed and extended to other central 
neuronal systems, and if the low values are not a peculiarity of the brain slice 
technique (obtained using a transient application of 5-HT), then the results 
may have important implications for an understanding of the central actions of 
5-HT] receptor antagonists in vivo. It would be particularly instructive to 
extend such studies to primate tissue. 

The possibility of 5-HT receptor heterogeneity is also derived from the 
electrophysiological studies of WANG and colleagues. They have reported 
inhibitory actions of iontophoretically applied 5-HT and 5-HT3 receptor ago
nists, 2-methyl-5-HT, phenylbiguanide and SR 57227 A, upon spontaneously 
firing rat medial prefrontal cortical neurons and glutamate activated firing of 
CAl hippocampal pyramidal cells (ASHBY et al. 1991, 1992; WANG et al. 
1991 a,b, 1992; ZHANG et al. 1994). The inhibitory effect is slow in onset, does 
not desensitise and is selectively antagonised by 5-HT3 receptor antagonists. 
The inhibitory response profile is of a diametrical nature to the classical 5-
HT3 mediated fast excitatory response. The response does not appear to be 
GABA mediated (WANG et al. 1991a) and, in concomitant studies, EDWARDS 
et al. (1991) have shown that 5-HT} receptor activation in the entorhinal 
and frontocingulate cortex increases phosphoinositide turnover. If such 
changes can be dissociated unequivocally from the release of intermediate 
transmitter substance(s), the possibility of 5-HT3 receptor subtypes would be 
strengthened. 

F. Involvement of 5-HT3 Receptors in 
Neurotransmitter Release 
The neuronal depolarising effect of 5-HT} receptor stimulation would be 
predicted to enhance neurotransmitter release and this has been noted for at 
least five neurotransmitter/modulatory substances. 
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It is probable that the results obtained from in vitro preparations are 
critically dependent on the selectivity of agonist action to a receptor(s) sub
type, that antagonist action in its own right, administered peripherally or 
centrally, is without effect to moderate neurotransmitter release, that endog
enous 5-HT tone may greatly influence agonist or antagonist action, and that 
rapid 5-HT3 receptor desensitisation may curtail drug action. Indeed, it is 
perhaps puzzling that any effects have been observed to 5-HT3 receptor 
manipulation; given that the effect of agonist drug treatment observed over 
minutes or hours would be expected to desensitise the receptor within 
seconds. 

With these constraints in mind, HAGAN et al. (1987) originally showed, 
using in vivo studies, that the increase in endogenous dopamine turnover in 
the rat mesolimbic nucleus accumbens caused by stimulation of the ventral 
tegmental area was attenuated by ondansetron. Stress or the administration of 
ethanol, nicotine or morphine can also enhance limbic dopamine release; 5-
HT3 receptor antagonists block such effects (IMPERATO and ANGELUCCI 1989; 
CARBONI et al. 1988; IMPERATO et al. 1990; WOZNIAK et al. 1990). 5-HT3 agonists 
administered centrally or to slices of rat striatum increase dopamine release 
which is attenuated by 5-HT3 receptor antagonists (BLANDINA et al. 1988; 
JIANG et al. 1990; CHEN et al. 1991). The ability of 5-HT3 receptor antagonists 
to moderate dopamine release may relate to their attenuation of the 
behavioural consequences of a raised mesolimbic dopamine function (see 
Sect. G.II). 

5-HT3 receptor agonists are also reported to enhance 5-HT release in vitro 
using guinea pig frontal cortex slices (GALZIN et al. 1990) and cholecystokinin 
(CCK) in the rat brain (PAUDICE and RAITERI 1991) and to inhibit noradrena
line release in the rat hypothalamus (BLANDINA et al. 1991). The ability of 
5-HT3 receptor ligands to moderate Ach release is discussed in Sect. G.III. 

It is clear that further in vitro and in vivo studies are required in different 
species and brain regions to definitively characterise the role of 5-HT3 recep
tors in neurotransmitter release. 

G. Behavioural Effects of 5-HT3 Agonists 
and Antagonists 
A decade of experimentation has shown unequivocally that 5-HT3 receptor 
antagonists fail to cause any overt change in the behaviour of normal animals. 
The administration of millions of doses of ondansetron and other 5-HT3 recep
tor antagonists has also been without behavioural effect in the cancer patient 
or postoperatively (Sect. H). Yet in animals, 5-HT3 receptor antagonists have 
been shown to profoundly affect behaviourally induced changes that may be 
relevant to the treatment of psychiatric disorders. It is the unusual profile of a 
failure to modify normal behaviour yet to correct a disturbed behaviour that 
has created intense interest. This has focused on the reversal of behavioural 
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suppression, a reduction of disturbed limbic dopamine actIVIty and an en
hancement of cognitive performance. It has been hypothesised that these 
effects are relevant to the treatment of anxiety, psychoses and drug depen
dence, and cognitive disorders, respectively. 

I. Reversal of Behavioural Suppression 

The importance of 5-HT has been a major theme in the understanding of the 
physiological mechanisms involved in behavioural suppression in animals and 
anxiety in man. It has also provided the basis for pharmacological manipula
tions designed to modify anxiety and anxiety-like responding. It is an area of 
increasing complexity and an extensive literature (see reviews by IVERSEN 
1984; JOHNSTON and FILE 1986; CHOPIN and BRILEY 1987; MURPHY et a!. 1993). 
Briefly, 5-HT[, 5-HT2' 5-HT, and 5-HT4 receptors have all been implicated in 
anxiety related behaviours. Thus, 5-HT[A and 5-HT4 receptor agonist action 
mediates behavioural disinhibition whilst agonist action at the 5-HT2 and 5-
HT] receptor predisposes to behavioural inhibition (BARRAT and GLEESON 
1991; KENNETT et a!. 1989; CHENG et al. 1994; COSTALL and NAYLOR 1991). 

It is important to recognise that drug action at the 5-HT receptor subtypes 
to modify 5-HT neurotransmission will be critically dependent on basal, and 
possibly changing, endogenous 5-HT tone. This, in turn, may vary markedly 
between species and strains of animals and also the animal holding conditions. 
Simple handling of animals can markedly elevate 5-HT release and modify the 
responsiveness to subsequent challenge with anxiolytic-like agents (FILE et a!. 
1992; ANDREWS and FILE 1993); this is likely to vary between experimenters. A 
further major challenge to the use of ondansetron and the earlier 5-HT, 
receptor antagonists was the development of a bell-shaped dose response 
curve (JONES et a!. 1988). The loss of efficacy with increasing dose has been 
confirmed in many studies and remains to be explained: it is not observed with 
second generation agents such as alosetron (GR 68755) and BRL 47460 
(HAGAN et a!. 1991; KENNETT and BLACKBURN 1990). 

Increasingly, there is a tendency to use animal models that have a face 
validity rather than those that involve punishment. In contrast to the benzodi
azepines, the 5-HT 3 receptor antagonists are clearly inactive in the "conflict" 
tests and in tests of defensive burying and rat pup ultrasonic vocalisation (see 
OLIVIER et al. 1992; JONES and PIPER 1994). 

In the mouse, rat, gerbil, marmoset and cynomolgus monkey, using a 
battery of tests, the two compartment light/dark test, social interaction, el
evated X-maze, ethological test procedures, passive avoidance paradigms, 
defeat analgesia and a startle paradigm, there is a consensus of data obtained 
from many laboratories that 5-HT, receptor antagonists have an anxiolytic 
profile of action (see reviews by COSTALL and NAYLOR 1991; JONES and PIPER 
1994). In these many and varied species and tests the 5-HT, receptor antago
nists were as efficacious as diazepam but lacked its sedative potential and 
the anxiogenic-like behaviours associated from withdrawal of a repeated 
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treatment (OAKLEY et al. 1988). Furthermore, treatment with ondansetron can 
prevent the anxiogenic profile of withdrawal from drugs of abuse - diazepam, 
alcohol, nicotine and cocaine - in the rat and marmoset (COSTALL et al. 1990; 
ONAIVI et al. 1989; OAKLEY et al. 1988). 

The location of the sites of action of the 5-HT3 receptor antagonists has 
been investigated in the mouse and rat using the intracerebral injection tech
nique. Ondansetron and other 5-HT3 antagonists were effective on injection 
into the rat and mouse amygdala and into the mouse dorsal raphe nucleus to 
reduce behavioural responding to aversive situations in their own right as well 
as that induced following withdrawal from drugs of abuse (COSTALL et al. 1989, 
1990; TOMKINS et al. 1990; HIGGINS et al. 1991). 

This encouraging preclinical data has prompted trials of the 5-HT3 recep
tor antagonists ondansetron, tropisetron and zacopride in patients suffering 
from anxiety. The largest study, a multicentre, general practice placebo con
trolled trial in 400 patients, reported that ondansetron had a statistically sig
nificant effect at the lowest dose of 1 mg three times daily, notwithstanding a 
high (40%-45%) placebo response (LADER 1991). LECRUBIER et al. (1991) 
conducted a double blind trial in 92 outpatients receiving placebo or 3 doses of 
tropisetron and measured the response after 1 and 3 weeks. In contrast to the 
ondansetron study, there was no bell-shaped dose response curve, the highest 
dose (25mg/day) producing the greatest effect. ABUZZAHAB (1991) reported 
an ongoing small placebo controlled trial using high doses of ondansetron (1-
16mg three times daily) and analyses are still awaited. However, in a small 
placebo controlled double blind study zacopride could be shown by combina
tion of data from group analyses, including a "high" dose of 0.1 mg four times 
a day, to have a significant effect (PECKNOLD 1990). The studies provide 
encouragement to the design of larger trials, although an anecdotal comment 
from SCHWEIZER and RICKELS (1991) was doubtful that data from other 
zacopride and ondansetron studies would prove positive. It is clear that further 
studies are required to establish the clinical usefulness of the 5-HT3 receptor 
antagonist in anxiety, to better understand the predictive value of the animal 
tests, the role of 5-HT and 5-HT3 receptors in anxiety, and the nature of 
anxiety in man that might prove sensitive to treatment with such agents. 

II. 5-HT3 Receptor Involvement in the Interaction Between Limbic 
Serotoninergic and Dopaminergic Systems 

The earliest studies indicating a 5-HT3 receptor involvement with limbic 
dopamine came from behavioural experiments. Ondansetron injected i.p., 
directly into the nucleus accumbens or the amygdala of the rat or marmoset, 
antagonised the hyperactivity induced by amphetamine, a combination of 
amphetamine/2-methyl-5-HT or the infusion of dopamine (COSTALL et al. 
1987). Other 5-HT3 receptor antagonists were also shown to block the "limbic" 
hyperactivity response (see review by COSTALL and NAYLOR 1994a). This pro
file mimicked the inhibitory effects of neuroleptic drugs. Yet this profile was 
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different in a crucial way: the 5-HT3 receptor antagonists were quite devoid of 
classical neuroleptic effects such as catalepsy, antagonism of stereotyped 
behaviour or inhibition of a conditioned avoidance response (PALFREYMAN et 
al. 1992). The data indicated that 5-HT3 receptors may have a permissive role 
in the regulation of limbic dopamine function and this hypothesis has support 
from studies showing that zatosetron can decrease the number of spontane
ously active cells in the ventral tegmental area, with some evidence of a 
selective effect (MINABE et al. 1991; RASMUSSEN et al. 1991; WANG et al. 1991). 
In addition, rewarding effects of nicotine and morphine in conditioned place 
preference conditioning are abolished by 5-HT3 receptor antagonists, which 
also attenuate the increase in dopamine release caused by these agents or 
stress (CARBONI et al. 1988; HIGGINS et al. 1992; IMPERATO et al. 1990; IMPERATO 
and ANGELUCCI 1989). There is also neurochemical evidence that continuous 
cocaine administration in rats involves an alteration of 5-HT3 receptor
mediated effects (KING et al. 1995). However, electrical brain self-stimulation 
or rewarding drug (cocaine, amphetamine, nicotine) effects thought to be 
mediated via dopamine release in the nucleus accumbens are reported to be 
resistant to blockade by 5-HTl receptor antagonists in the rodent (GREENSHAW 
1992; DUNN et al. 1991; HERBERG et al. 1992; MONTGOMERY et al. 1993). Also, 
cocaine self-administration in the rat and the discriminative stimulus effects of 
cocaine are resistant to 5-HT3 receptor antagonism (LANE et al. 1992). 

The preclinical evidence that 5-HT1 receptor antagonists selectively in
hibit meso limbic dopamine function prompted their use in schizophrenia, 
their important advantage being the absence of endocrine and severe extrapy
ramidal side effects routinely associated with traditional neuroleptic therapy. 
Early open trials indicated a beneficial effect (WHITE et al. 1991). Subse
quently, two open, uncontrolled multicentre studies were undertaken in 
hospitalised patients with a DSM -III diagnosis of schizophrenia, using doses of 
ondansetron of either 4 or 8 mg twice daily in one study, whilst the other 
employed a low dose regimen with a maximum possible dose of 8 mg twice 
daily and a high dose regimen with a maximum possible dose of 16mg twice 
daily. In these studies, ondansetron appeared to possess antipsychotic activity, 
but the drug's efficacy appeared to be inversely related to dose. For this 
reason, a larger study was undertaken at a dose of 4mg given twice daily. 

This was a double blind placebo controlled study in acute schizophrenia. 
Schizophrenic patients satisfying DSM-III criteria were randomly assigned to 
ondansetron at the 4-mg dose level, or to placebo, for a 4-week double blind 
trial. Chlorpromazine (CPZ) in multiples of doses of 50-100mg or diazepam 
was permitted for additional clinical management, if needed. Analysis of the 
total Brief Psychiatric Rating Scale (BPRS), BPRS positive and negative 
symptoms, and the clinical global impression (CGI) did not show a significant 
drug treatment effect or drug versus CPZ interaction. There was also no 
difference in the proportions of the entire group of patients who responded to 
ondansetron or placebo. However, several measures suggested that the group 
of patients treated with ondansetron alone may have had a more favourable 
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outcome than the other three groups, e.g. in final CGI scores and final BPRS 
positive and negative symptoms. Ondansetron failed to induce extrapyramidal 
or other side effects and was well tolerated. It was concluded that further study 
of the antipsychotic efficacy of 5-HT3 receptor antagonists using more conven
tional research designs was indeed warranted (MELTZER 1991). 

One single blind trial of zacopride indicated no clinical benefit in the 
treatment of schizophrenia (NEWCOMER et al. 1992). Further trials have been in 
progress since these initial observations but they remain unpublished. This is 
disappointing: it effectively precludes comment on the validity of the animal 
models and disadvantages drug research. It is undoubtedly an exceptionally 
difficult area of clinical research with major variables. The heterogeneity of 
the syndrome of schizophrenia and the questions this raises contribute to the 
lack of outcome: different symptoms ranging from the "positive", e.g. halluci
nation/delusions, to the "negative", e.g. affective flattening, loss of drive; 
change over time; the dosage of neuroleptic required, particularly in view of 
the preclinical data; assessment criteria and whether they are optimal to reveal 
drug effects on discrete disease components; whether drug action limited to a 
proportion of patients would have a commercial future. 

With respect to the treatment of drug abuse, the situation is even more 
problematic. The closely defined experiments that can be achieved in animals 
are almost impossible to design in man. Thus multisubstance drug abuse is the 
rule rather than the exception and this may have occurred for years prior to a 
subject being entered for a clinical trial. This pattern of abuse of many sub
stances may cause unknown short- and long-term neurochemical or pathologi
cal changes which have not been investigated in animal models. Also, although 
the craving for drugs can be mimicked in animals, the plethora of social and 
other cues related to drug abuse have received little attention in animal 
models. 

Notwithstanding these many problems, in a placebo controlled study 
SELLERS et al. (1994) examined the effects of ondansetron in the treatment of 
alcohol dependent men: a significant reduction in alcohol intake was evident. 
JOHNSON and colleagues (see JOHNSON and COWEN 1993) also report that, 
following ondansetron administration, there is a reduction in the pleasurable 
effect of a small dose of ethanol and a reduced desire to drink, although this 
could not be extended to the use of higher doses (DoTY et al. 1994). On
dansetron also failed to reduce the craving and withdrawal symptoms in opiate 
addicts when exposed to a video containing drug related cues (SELL et al. 
1995), or to reduce cigarette smoking (ZACNY et al. 1993). The effectiveness of 
other 5-HT3 receptors in the treatment of drug abuse is unknown. 

III. 5-HT3 Receptors and Cognition 

The potential role of 5-HT3 receptors in cognitive behaviour has provided one 
of the most exciting aspects of 5-HT3 receptor research. It is also highly 
complex. The term "cognition" includes the processes of attention, the gating 
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of sensory input, recognition and interpretation, consolidation and encoding 
of data, storage and retrieval. Emphasis on the cognitive defects of 
Alzheimer's disease has focused on memory impairments and its chronic and 
irretrievable neurodegenerative nature, with numerous neurochemical defi
cits. The treatment of cognitive disorders has been characterised by attempts 
to replace the declining function in cholinergic transmission, with limited 
success and many side effects (see HOLTUM and GERSHON 1992). Manipulation 
of the 5-HT system may provide an alternative approach. 

Activation of the 5-HT cerebral systems impairs performance in various 
learning and memory tasks in animals (see review by COSTALL and NAYLOR 
1994b). Therefore, it could be predicted that a reduced 5-HT function may 
enhance performance and it is of note that 5-HT, receptors are conserved in 
Alzheimer's disease (BARNES et al. 1990). 

A 5-HT, receptor involvement in cognition was first revealed by 
behavioural studies: ondansetron prevented the impairment in performance of 
mice in a habituation test or rats in a T maze reinforced alternation task caused 
by scopolamine, old age or lesions of the nucleus basalis magnocellularis, and 
significantly decreased the number of trials to criteria in a marmoset object 
discrimination and reversal task (BARNES et al. 1990; DOMENEY et al. 1991: 
CAREY et al. 1992). In similar and other paradigms. a passive avoidance task, a 
continuous operant delayed non-matching to position task and the Morris 
water maze task, granisetron, tropisetron, zacopride and DAU 6215 in micro
gram per kilogram doses have been reported to improve rodent cognitive 
performance in aged or scopolamine treated animals. with lower doses gener
ally being more effective than higher doses (CHUGH et al. 1991a,b; JAKAL et al. 
1993; PITSIKAS et al. 1993,1994). Accepting the importance of the hippocam
pus to learning and memory, and that L TP may provide a substrate for certain 
forms of memory, ondansetron in the rat was found to induce a reliable and 
dose-dependent increase in hippocampal theta rhythm, a significant increase 
in the magnitude and duration of L TP and an improved retention in an 
odor matching problem and in a spatial task (STAUBLI and Xu 1995). The 
actions of the 5-HT, receptor antagonists may be task dependent since 
ondansetron failed to attenuate a scopolamine induced impairment in the 
stone maze (BRATT et al. 1994). Also, repeated treatments may be required, for 
example. DAU 6215 was only effective on chronic treatment (PITSIKAS et al. 
1993). 

A potential neurochemical basis for the actions of ondansetron and other 
5-HT3 receptor antagonists was revealed by their ability to prevent the effect 
of 2-methyl-5-HT to decrease Ach release in rat entorhinal cortex (BARNES et 
al. 1989), a finding extended to the rat hippocampus (Barnes, personal com
munication) and the guinea pig and human cortex (BIANCHI et al. 1990; MAURA 
et al. 1992). However, the situation is one of considerable complexity since 2-
methyl-5-HT could also increase Ach release as a dominant effect mediated 
via a 5-HT2 receptor in the entorhinal cortex (BARNES et al. 1989) and also the 
dorsal hippocampus (CONSOLO et al. 1994). The multiplicity of 5-HT receptors 
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regulating Ach release indicates a potential plurality of effects and JOHNSON et 
al. (1993) have failed to record a 5-HT3 receptor involvement in Ach release 
from slices of rat entorhinal cortex. Following the positive preclinical findings, 
the effect of ondansetron and alosetron have been investigated in man using 
healthy volunteers, in subjects with age-related memory impairment and in 
patients with Alzheimer's disease. 

In treating healthy male subjects, in a randomised double blind, double 
dummy, four-way cross-over study, each subject received placebo, scopola
mine (OAmg i.m.), scopolamine + alosetron (10mg i.v.) or scopolamine 
(250mg i.v.) (PRESTON et al. 1991; PRESTON 1994). Assessments of verbal and 
spatial memory, sedation and sustained attention were performed prior to and 
post treatment. The main results from the study were that scopolamine in
duced robust deficits on all primary variables measured, the reduction in 
verbal and spatial memories being attenuated by lO-.ug and 250-.ug doses 
of alosetron respectively, with no effect on the sedation or on changes in 
attention. 

In a study of age-associated memory impairment, in a double blind pla
cebo controlled trial using three doses of ondansetron (10, 250 or 1000.ug p.o. 
b.d.), patients were treated for 12 weeks, followed by a 2-week washout pe
riod, with assessments being made at the initiation, during and at the termina
tion of treatment. Behavioural rating scales and a computerised battery of 
tests related to learning and memory tasks of daily life were used to assess 
changes in cognitive performance. Ondansetron caused dose related effects to 
enhance name-face association, acquisition, name-face association - delayed 
recall and facial recognition - number recognised before first error, with the 
intermediate dose being more efficacious than the highest dose. It was con
cluded that ondansetron merited further study (CROOK and LAKIN 1991). 

In a study designed to measure the modulation of anticholinergic effects 
on cognition and behaviour in elderly humans, ten elderly normal subjects 
received, by infusion, placebo, ondansetron (0.15mg/kg i.v.), scopolamine 
(OAmg i.v.), scopolamine plus ondansetron, and scopolamine plus m
chlorophenylpiperazine (0.08mg/kg i.v.), the five study days being separated 
by at least 72h (LITTLE et al. 1995). Cognitive measures examined episodic and 
semantic memory, lexical search and retrieval, processing speed and 
behavioural ratings were undertaken. Scopolamine caused impairment in a 
host of tests and was exacerbated by m-chlorophenylpiperazine in areas of 
letter fluency and serial visual search. Ondansetron at the high dose failed to 
modify the scopolamine induced impairments on cognitive, physiological or 
behavioural measures. The authors, using a single high dose of ondansetron 
and a single pretreatment time, emphasised that careful dose-response studies 
may pe required before ruling out possible cholinergic potentiating effects of 
ondansetron in humans. 

Overall, these preliminary studies, whilst emphasising the difficulties of 
dosage selection, offered encouragement to the design of more extensive trials 
in dementia of the Alzheimer's type. However, a large programme of trials has 
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apparently failed to demonstrate a convincing treatment effect on the core 
cognitive symptoms of dementia or the patient's clinical status (Corn, person
nel communication). It is hoped that such trials will be published to allow a 
better understanding of the effect of 5-HT3 receptor antagonists in dementia 
and to better understand the validity of animal models of cognition. Possibly 
in cognition, as with anxiety, there are subsets of responders in the patient 
populations examined. 

H. Role of 5-HT3 Receptors in Nociception and Migraine 
There is an extensive literature to support the concept that endogenous 5-HT, 
acting through a number of 5-HT receptor subtypes at a multiplicity of sites 
(primary nociceptive afferent nerve terminals in peripheral tissues, and cen
trally in the dorsal horn, spinothalamic tract, brain stem nuclei and thalamus) 
can moderate the perception and processing of pain (see reviews by ROBERTS 
1984; RICHARDSON 1992; FOZARD 1994). 

In the periphery, tissue injury causing the release of 5-HT produces pain 
per se and potentiates the algetic effects of other substances such as bradyki
nin (see RICHARDSON 1992). In animal models there is convincing evidence 
that 5-HT3 receptors located on peripheral sensory neurons are involved in 
inflammatory (but not mechanical or thermal) pain, several 5-HT3 receptor 
antagonists producing an inhibition of nociceptive effects (GIORDANO and 
DYCHE 1989; GIORDANO and ROGERS 1989: ESCHALTER et al. 1989: FOZARD 
1994). However, 5-HT3 receptor antagonism in the central nervous system 
may complicate the peripherally mediated effects. Thus, 5-HT has 
antinociceptive effects via influence on the eNS, the analgesic effects of 5-HT 
being mimicked by 2-methyl 5-HT, and the effects of both agonists being 
blocked by tropisetron and MDL 72222 (GLAuM et al. 1988,1990; ALHAlDER et 
al. 1991; GIORDANO 1991). Drug action at the spinal level may be an important 
locus of such action, where 5-HT1 receptor interactions may be mediating their 
effects via a GABAergic interneuron (ALHAlDER et al. 1991: GIORDANO 1991). 
Such actions may compromise the peripherally mediated analgesic effects of 
the 5-HT3 receptor antagonists. However, FOZARD (1994) has emphasised that 
the centrally mediated effects are exclusively the result of exogenously applied 
pharmacological manipulations: the physiological relevance of 5-HT remains 
to be established. 

In man, use of the blister base technique has established that 5-HT induces 
pain and sensitises the nociceptive neuron to other algesic agents such as 
bradykinin, that 2-methyl-5-HT mimics the effects of 5-HT and that 
tropisetron blocks the algesic effects (KEELE and ARMSTRONG 1964; 
RICHARDSON et al. 1985). A flare response was also recorded by RICHARDSON et 
al. (1985), which could be reduced by treatment with tropisetron or 
MDL 72222 (ORWIN and FOZARD 1986) and subsequently many other 5-HT, 
receptor antagonists (see FOZARD 1994). 
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MDL 72222 was originally developed as an antimigraine drug, on the 
hypothesis that 5-HT released within the cranial vasculature would activate 5-
HT3 receptors on the perivascular sensory neurons causing pain, and sensitise 
to other nociceptive stimuli (FOZARD 1989; FOZARD et a1. 1985). Initial clinical 
trials confirmed the hypothesis in a double blind placebo and an open study, 
MDL 72222 and granisetron proving effective to treat the acute attack (LOISY 
et a1. 1985; COUTURIER et a1. 1991). In a second double blind placebo controlled 
trial granisetron appeared to offer some relief from the symptoms, but the 
differences were not statistically significant (PEWAT et a1. 1991). Given prophy
lactically, tropisetron failed to significantly reduce attack frequency and the 
best results were obtained with the use of the lowest dose (FERRARI et a1. 1991). 
Clearly, further well designed studies are required to establish the value of 5-
HT3 receptor antagonists in a therapy for migraine, either as a treatment in its 
own right or as an adjunct to existing treatment. 

With the exception of migraine, the only other use of the 5-HT3 receptor 
antagonists in the treatment of inflammatory pain has been in irritable bowel 
syndrome, a topic beyond the scope of this chapter, but which is reported 
elsewhere (see SANGER et a1. 1994). 

I. Role of 5-HT 3 Receptors in Emesis 

The nausea and vomiting associated with chemotherapy and radiation in the 
cancer patient seriously reduces the quality of life and may be so severe as to 
cause the patient to discontinue therapy (LAZLO and LUCAS 1981; HOAGLAND 
et a1. 1983). MINER and SANGER (1986) and COSTALL et a1. (1986) were the first 
to show that the 5-HT3 receptor antagonists can inhibit emesis, reporting that 
MDL 72222 and tropisetron could antagonise cisplatin-induced emesis in the 
ferret. The findings were rapidly confirmed by other groups and in other 
species, shown to occur in man (LEIBUNDGUT and LANCRANJAN 1987) and 
extended to many other 5-HT3 receptor antagonists and different chemothera
peutic regimens as well as to radiation. These findings caused a renaissance of 
emesis research and revolutionised the treatment of emesis in the cancer 
patient (the topic has been reviewed in detail - ANDREWS 1994; NAYLOR and 
RUDD 1994; BUTCHER 1993). 

There is a consensus that the 5-HT3 receptor antagonists block emesis by 
5-HT3 receptor antagonism at central sites, i.e. in the nucleus tractus solitarius, 
area postrema and dorsal motor vagal nucleus, and in the periphery at the 5-
HT3 receptors on the afferent vagus nerve terminals. It is hypothesised that 
chemotherapy and radiation disrupt serotoninergic function in the gut, causing 
a release of 5-HT from enterochromaffin cells to stimulate 5-HT3 receptors 
on the vagus nerve (CUBEDDU et a1. 1992; ANDREWS 1994). Certainly, 5-HT3 
agonists phenylbiguanide, m-chlorophenylbiguanide and 2-methyl-5-HT have 
been shown to induce emesis in animals, which is blocked by 5-HT3 receptor 
antagonists in many species (ANDREWS 1994). Yet it remains curious that it has 
proven difficult to induce emesis using 5-HT itself, that cyclophosphamide is a 
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potent emetogen yet fails to induce changes in 5-HT release, and that the 
carcinoid syndrome rarely encompasses emesis (see ANDREWS 1994). 

Whilst the value of the 5-HT3 receptor antagonists as antiemetics is undis
puted, an extensive clinical usage has revealed that "delayed" emesis, i.e. 
emesis occurring after the 1st day of chemotherapy, is less well controlled, and 
that dexamethasone will enhance the antiemetic efficacy of 5-HT3 receptor 
antagonists (CUNNINGHAM et al. 1989). The nature of the synergy between 5-
HT receptor antagonists and dexamethasone is now being further investigated 
in animal models of acute and delayed emesis (RUDD et al. 1994; Rudd, 
unpublished data). Also worthy of further study is the action of granisetron, 
and perhaps other 5-HT3 receptor antagonists, to alleviate the emesis of mi
graine (ROWAT et al. 1991), and the use of ondansetron to attenuate emesis 
associated with symptoms of abdominal pain and gastrointestinal disorder 
(EVANS 1993). Finally, it has been demonstrated that ondansetron is clinically 
the preferred treatment to reduce postoperative nausea and vomiting, with a 
notable absence of significant side effects (LARIJANI et a1. 1991; DERSHWITZ et 
al. 1992; McKENZIE et al. 1993). This may constitute a future major use, the 
ability of ondansetron to reduce nausea and vomiting induced by morphine 
(KOCH and BINGAMAN 1993) probably contributing to its success. The success
ful use of ondansetron in postoperative nausea and vomiting indicates an 
ability to reduce emesis in the presence of a multifactorial aetiology and there 
is preliminary evidence that ondansetron can relieve nausea and vomiting 
induced by baclofen (BROGGI et al. 1995), antibiotics (GOMPELS et al. 1993), the 
serotonin reuptake inhibitors (BAILEY et al. 1994), hyperemesis gravidarum 
(SULLIVAN et a1. 1996; GUIKONTES et al. 1993), uraemia (ANDREWS et a1. 1995) 
and neurological trauma (KLEINERMAN et al. 1993). 
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CHAPTER 17 

5-HT4 Receptors: An Update 

J. BOCKAERT, L. F AGNI, and A. DUMUIS 

A. Introduction: A Review 
SHENKER et al. (1987) showed, in guinea pig hippocampal membranes, that 
stimulation of adenylyl cyclase (AC) by 5-hydroxytryptamine (5-HT) involves 
two receptors: the 5-HT (RH) receptor, which displays a high affinity for 5-
HT, is characterized as a 5-HT1A-like receptor and is now recognized as a 5-
HT7 receptor (HOYER et al. 1994), and the 5-HT (RL) receptor, which has a low 
affinity for 5-HT and which has not been identified. A clear biphasic dose
activation curve was obtained only with 5-carboxamidotryptamine (5-CT). 
Indeed, this agonist had high (13nM) and low (3000nM) affinities for 5-HT 
(RH) and 5-HT (RL) receptors. respectively. 

One year later we found, in mouse colliculi neurons, a 5-HT receptor that 
stimulates AC and which has a pharmacology different from the well-known 5-
HT 1, 5-HT2 and 5-HT3 receptors (DUMUIS et al. 1988a). We proposed the name 
of 5-HT4 receptor, immediately recognizing that this receptor shared with the 
5-HT (RL) receptor defined by SHENKER et al. (1987) similar potencies for a 
series of agonists: 5-HT = 5-MeOT > bufotenine> 5-CT > tryptamine. Our 
conviction that the 5-HT4 receptor was different from the 5-HT1.23 receptors 
(BRADLEY et al. 1986) came from the observation that highly potent and 
specific 5-HTu3 antagonists were unable to inhibit the 5-HT4 receptors in 
colliculi neurons (DUMUIS et al. 1988b). Later we found a weak (millimolar 
potency) but competitive inhibitor of 5-HT4 receptors: tropisetron. Shortly 
after, we demonstrated that a series of gastrointestinal prokinetic benz amide 
derivatives, including metoclopramide, renzapride, cisapride and zacopride, 
act as agonists at 5-HT4 receptors (DUMUIS et al. 1989a. b). These observations 
immediately linked the 5-HT4 receptors described in colliculi neurons and an 
unclassified 5-HT receptor in the enteric nervous system which was postulated 
to mediate the gastrokinetic actions of these compounds (CRAIG and CLARKE 
1990; SANGER 1987; SCHUURKES et al. 1985). It was shown that? in guinea pig 
ileum, this non-5-HTl,2.3 receptor was located in neurons, had high affinity for 
5-methoxytryptamine (5-MeOT) and low affinity for 5-CT, was stimulated by 
benzamides and displayed low affinity for tropisetron (millimolar) (for review 
see BOCKAERT et al. 1992; CLARKE et al. 1989; FORD and CLARKE 1993). 

It became likely that this 5-HT receptor in guinea pig ileum was similar, if 
not identical. to the 5-HT4 receptor present in guinea pig hippocampus and 



"""
 

"""
 

0 

T
ab

le
 1

. 
5-

H
T

4
re

ce
pt

or
-m

ed
ia

te
d 

re
sp

on
se

s 

Sp
ec

ie
s 

T
ar

ge
t 

(o
rg

an
-t

is
su

e 
ce

ll)
 

M
ec

ha
ni

sm
s 

E
ff

ec
ts

 
R

ef
er

en
ce

s 

N
eu

ro
na

l 
tis

su
es

 
M

ou
se

 
C

ol
lic

ul
i 

ne
ur

on
s 

?c
A

M
P

 
\0

 
K

+ 
cu

rr
en

t 
D

U
M

U
IS

 e
t 

al
. 

(1
98

8a
) 

(l
on

g-
te

rm
 e

ff
ec

t)
 

FA
G

N
I e

t 
al

. 
(1

99
2)

 
AN

SA
NA

Y 
et

 a
l. 

(1
99

5)
 

G
ui

ne
a 

pi
g 

H
ip

po
ca

m
pu

s 
? 

cA
M

P 
BO

CK
AE

RT
 e

t a
l. 

(1
99

0)
 

H
um

an
 

F
ro

nt
al

 c
or

te
x 

? 
cA

M
P 

M
O

N
FE

RI
N

I e
t 

al
. 

(1
99

3)
 

R
at

 
H

ip
po

ca
m

pu
s 

(C
A

l)
 

? 
cA

M
P 

\0
 
K

+ 
cu

rr
en

t 
TO

RR
ES

 e
t 

al
. 

(1
99

5)
 

sl
ow

 d
ep

ol
ar

iz
at

io
n 

R
at

 
V

ag
us

 n
er

ve
 

D
ep

ol
ar

iz
at

io
n 

RH
O

D
ES

 e
t 

al
. 

(1
99

2)
 

CO
LE

M
AN

 a
nd

 R
H

O
D

ES
 (

19
95

) 
BL

EY
 e

t 
al

. 
(1

99
4)

 
G

ui
ne

a 
pi

g 
M

ye
nt

er
ic

 n
eu

ro
ns

 
? 

F
as

t 
E

PS
P 

(i
nd

ir
ec

t)
 

NE
M

ET
H 

an
d 

GU
LL

IC
KS

ON
 (

19
89

) 
TO

N
IN

I 
et

 a
l. 

(1
99

1)
 

R
at

 
C

N
S 

? 
E

E
G

 
BO

D
D

EK
E 

an
d 

KA
LK

M
AN

 (
19

90
) 

R
at

 
C

N
S 

\0
 
Sp

at
ia

l m
em

or
y 

de
fi

ci
t 

EG
LE

N
 e

t 
al

. 
(1

99
5a

) 
in

du
ce

d 
by

 a
tr

op
in

e 
R

at
 

C
N

S 
\0

 
In

 h
yp

ox
ia

-i
nd

uc
ed

 a
m

ne
si

a 
G

H
EL

A
RD

IN
I e

t 
al

. 
(1

99
4)

 
R

at
 

C
N

S 
? 

So
ci

al
 o

lf
ac

to
ry

 m
em

or
y 

LE
TT

Y 
et

 a
l. 

(1
99

6)
 

M
ic

e 
C

N
S 

A
na

lg
es

ic
 e

ff
ec

ts
 

G
H

EL
A

RD
IN

I 
et

 a
l. 

(1
99

6)
 

G
as

tr
oi

nt
es

ti
na

l t
ra

ct
 

~
 

G
ui

ne
a 

pi
g 

Il
eu

m
 

? 
A

ce
ty

lc
ho

lin
e 

re
le

as
e 

? 
C

on
tr

ac
ti

on
 

CR
AI

G 
an

d 
CL

AR
KE

 (
19

90
) 

t:t1
 

0 
? 

N
A

N
C

 r
el

ea
se

 
? 

Pe
ri

st
al

tic
 r

ef
le

x 
? 

R
IZ

ZI
 e

t 
al

. 
(1

99
2)

 
('

) 
~
 

? 
A

sc
en

di
ng

 
FO

RD
 a

nd
 C

LA
RK

E 
(1

99
3)

 
>

 
tn

 

ex
ci

ta
to

ry
 r

ef
le

x 
Y

U
A

N
 e

t 
al

. 
(1

99
4)

 
~ (1

) ... ~
 



'f
' :r: 

M
ye

nt
er

ic
 n

eu
ro

ns
 

F
as

t 
E

P
S

P
 (

in
di

re
ct

) 
N

EM
ET

H
 a

nd
 G

U
LL

IC
K

SO
N

 (
19

89
) 

.. -
l 

:;0;
:1 

TO
N

IN
I 

et
 a

1. 
(1

99
1)

 
('

0 
(
)
 

R
at

 
Il

eu
m

 
R

el
ax

at
io

n 
TU

LA
D

H
A

R 
et

 a
1. 

(1
99

1)
 

('
0 

'V
 

R
at

 
Il

eu
m

, 
co

lo
n 

/ 
S

ec
re

to
ry

 r
es

po
ns

e 
FR

A
N

K
S 

et
 a

l. 
(1

99
5)

 
0' '""' 

(n
eu

ro
na

l)
 

'" ;J;>
 

G
ui

ne
a 

pi
g 

Il
ea

l 
m

us
co

sa
 

/ 
cr

 se
cr

et
io

n 
(n

eu
ro

na
l 

an
d 

LE
U

N
G

 e
t 

al
. 

(1
99

5)
 

::J
 

no
n-

ne
ur

on
al

) 
SC

OT
T 

et
 a

1. 
(1

99
2)

 
C

 
'V

 
M

ic
e 

C
ol

on
 

5-
H

T
P

-i
nd

uc
ed

 d
ia

rr
ho

ea
 

H
ED

G
E 

et
 a

!. 
(1

99
4)

 
0

-
po

 

H
um

an
 

Il
eu

m
 

/ 
cr

 se
cr

et
io

n 
BO

RM
AN

 a
nd

 B
U

RL
EI

G
H

 (
19

93
) 

(;
 

Je
ju

nu
m

 
( n

on
-n

eu
ro

na
l)

 
BU

RL
EI

G
H

 a
nd

 B
OR

M
AN

 (
19

93
) 

G
ui

ne
a 

pi
g 

C
ol

on
 

C
on

tr
ac

ti
on

 (
ne

ur
on

al
) 

EL
SW

O
O

D
 e

t 
a!

. 
(1

99
1)

 
BR

IE
JE

R 
et

 a
1. 

(1
99

3)
 

W
A

RD
LE

 a
nd

 S
AN

GE
R 

(1
99

3)
 

H
um

an
 

C
ol

on
 

C
ir

cu
la

r 
m

us
cl

e 
re

la
xa

ti
on

 
TA

M
 e

t 
al

. 
(1

99
5)

 
G

ui
ne

a 
pi

g 
S

to
m

ac
h 

C
on

tr
ac

ti
on

 
BU

CH
H

EI
T 

an
d 

B
U

H
L 

(1
99

4)
 

R
at

 
S

to
m

ac
h 

G
as

tr
op

ro
ki

ne
ti

c 
H

ED
G

E 
et

 a
1. 

(1
99

5b
) 

(g
as

tr
ic

 e
m

pt
yi

ng
) 

R
IZ

ZI
 e

t 
al

. 
(1

99
4)

 
H

um
an

 
S

to
m

ac
h 

G
as

tr
op

ro
ki

ne
ti

c 
W

IS
EM

A
N

 a
nd

 F
A

U
LD

S 
(1

99
4)

 
(g

as
tr

ic
 e

m
pt

yi
ng

) 
D

og
 

S
to

m
ac

h 
5-

H
T

-i
nd

uc
ed

 
BI

N
G

H
A

M
 e

t 
a1

. 
(1

99
5)

 
co

nt
ra

ct
io

n 
G

U
LL

IK
SO

N
 e

t 
al

. 
(1

99
3)

 
R

at
 

O
es

op
ha

ga
l 

/ 
cA

M
P

 
R

el
ax

at
io

n 
BI

EG
ER

 a
nd

 T
RI

G
G

LE
 (

19
85

) 
sm

oo
th

 m
us

cl
e 

BA
X

TE
R 

et
 a

1. 
(1

99
1)

 
RE

EV
ES

 e
t 

a1
. 

(1
99

1)
 

FO
RD

 e
t 

al
. 

(1
99

2)
 

RO
N

D
E 

et
 a

!. 
(1

99
5)

 
FO

RD
 e

t 
al

. 
(1

99
2)

 

.j:
o.

 
.j:

o.
 

-
'
 



T
ab

le
 1

. 
C

on
ti

nu
ed

 

Sp
ec

ie
s 

T
ar

ge
t 

(o
rg

an
-t

is
su

e 
ce

ll)
 

M
ec

ha
ni

sm
s 

U
ri

na
ry

 b
la

dd
er

 
M

on
ke

y 
S

m
oo

th
 m

us
cl

e 
H

um
an

 
N

eu
ro

ns
 

A
dr

en
al

 g
la

nd
 

F
ro

g 
A

dr
en

oc
or

ti
ca

l 
ce

lls
 

(h
om

ol
og

ou
s 

to
 

gl
om

er
ul

os
a 

ce
lls

) 
H

um
an

 

H
ea

rt
 

Pi
g,

 p
ig

le
t 

A
tr

ia
 

H
um

an
 

A
tr

ia
 

l'
 
cA

M
P

 

l'
 
cA

M
P

 

E
ff

ec
ts

 

R
el

ax
at

io
n 

C
on

tr
ac

ti
on

 (
ne

ur
on

al
) 

l'
 
G

lu
co

rt
ic

oi
d 

se
cr

et
io

n 

l'
 
C

or
ti

so
l 

l'
 
A

ld
os

te
ro

ne
 (

in
 v

iv
o,

 
in

 v
it

ro
) 

l'
 
H

ea
rt

 r
at

e 

l'
 
A

tr
ia

 c
on

tr
ac

ti
le

 f
or

ce
 

l'
 
C

a2
+

 c
ha

nn
el

s 
(L

-t
yp

e)
 

In
du

ct
io

n 
of

 r
at

e-
de

pe
nd

en
t 

ar
rh

yt
hm

ia
 

R
ef

er
en

ce
s 

W
A

IK
A

R 
et

 a
l. 

(1
99

4)
 

CO
RS

I 
et

 a
l. 

(1
99

1)
 

TO
N

IN
I 

et
 a

l. 
(1

99
4)

 

ID
RE

S 
et

 a
l. 

(1
99

1)
 

CO
N

TE
SS

E 
et

 a
l. 

(1
99

4)
 

CO
N

TE
SS

E 
et

 a
l. 

(1
99

6)
 

LE
FE

BV
RE

 e
t 

al
. 

(1
99

2)
 

LE
FE

BV
RE

 e
t 

al
. 

(1
99

3)
 

LE
FE

BV
RE

 e
t 

al
. 

(1
99

4)
 

BO
M

 e
t 

al
. 

(1
98

8)
 

V
IL

LA
LO

N
 e

t 
al

. 
(1

99
0)

 
SC

HO
EM

AK
ER

 e
t 

al
. 

(1
99

2)
 

SA
XE

NA
 a

nd
 V

IL
LA

LO
N

 (
19

90
) 

K
A

U
M

A
N

N
 (

19
90

) 
K

A
U

M
A

N
N

 e
t 

al
. 

(1
99

0)
 

K
A

U
M

A
N

N
 e

t 
al

. 
(1

99
1)

 
SA

N
D

ER
S 

an
d 

K
A

U
M

A
N

N
 (

19
92

) 
O

U
A

D
ID

 e
t 

al
. 

(1
99

2)
 

JA
H

N
EL

 e
t 

al
. 

(1
99

2)
 

K
A

U
M

A
N

N
 a

nd
 S

AN
DE

RS
 (

19
94

) 

~ :-<
 

to
 

o (
j ~ ~ ('1
l .... ~
 



5-HTj Receptors: An Update 443 

mouse colliculi neurons (CLARKE et al. 1989; TONINI et al. 1991). In addi
tion to brain and gastrointestinal tract, 5-HT4 receptors are expressed in 
heart, adrenal gland and urinary bladder of several species including 
humans (Table 1). The pharmacology of 5-HT4 receptors now includes 
highly specific and potent antagonists but few specific agonists (Figs. 1,2). 
Since 1993, it has been possible to label the 5-HT4 receptors with selective 
ligands [3H]GR 113808 and r25I]SB 207710 (Fig. 3; BROWN et al. 1993; 
GASTER and SANGER 1994; GROSSMAN et al. 1993; WAEBER et al. 1993). Finally, 
the 5-HT4 receptor gene has now been cloned from rat brain (GERALD et al. 
1995). 

B. Structure of 5-HT4 Receptors 
Recently, molecular studies have provided primary amino acid sequence and 
signal transduction data for a great number of serotonin receptor SUbtypes. 
These include five 5-HTJ-like receptor subtypes (5-HTJA' 5-HTJB/IDh' 5-HTm,,, 
5-HTJF' 5-HTJF), all negatively coupled to AC, three 5-HT2 receptor subtypes 
(5-HT2A' 5-HT2H' 5-HT2d all coupled to phospholipase C, two 5-HT; receptor 
subtypes (5-HTsA' 5-HTsB) for which no signal transduction has been de
scribed, and a 5-HTb and a 5-HT7 receptor positively coupled to AC (for 
reviews see BOESS and MARTIN 1994; HOYER et al. 1994; LUCAS and HEN 1995; 
MARTIN and HUMPHREY 1994). For unclear reasons, but perhaps because of the 
low abundancy of the corresponding mRNA as well as low sequence similari
ties with the other 5-HT receptor types, cloning of the 5-HT4 gene was delayed 
until 1995. Using a strategy based on nucleotide homologies between trans
membrane domain III and V of 5-HT receptors. two cDNAs were isolated 
which likely corresponded to two splice variants of a G-protein-coupled 
receptor having seven putative membrane-spanning domains, the 5-HT4L and 
the 5-HT4s receptors. They differ in the second half of their C-termini at 
position 360 (GERALD et al. 1995) (Fig. 4). The 5-HT4s and 5-HT4L cDNAs 
encode 387 and 406 amino acids, respectively. The generation of alternative 
splicing in G-protein-coupled receptors as a source of functional diversity of 
coupling is particularly evident in pituitary adenylyl cyclase activating 
polypeptide (PACAP) receptors and prostaglandin EP3 receptors (NAMBA et 
al. 1993; SPENGLER et al. 1993). The possibility that each isoform of 5-HT4 
receptor is coupled to distinct G protein coupling remains to be demonstrated. 
Note that their sensitivity to GTPyS is slightly different (GERALD et al. 1995). 
The 5-HT4 receptor is typical of the first group of heptahelice receptors, which 
includes most of the receptors for small-sized neurotransmitters (with the 
exception of metabotropic glutamate receptors; BOCKAERT 1995; COUGHLIN 
1994). 5-HT 4 receptors have typical signatures of receptors belonging to group 
1 such as an aspartic acid (D) in the transmembrane domain II important in 
the coupling to G proteins and its regulation by Na+ (D66), the sequence DRY 
at the N-terminal end of the second intracellular loop and a putative S-S bridge 
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Most selective and potent 

5HT4 receptor antagonists used as radioligands 

r -'- . .., ":"; 
_ .. ~ ",..... • 4 t.l=.,. ' 

Fig. 3. Chemical structure of the most selective and highly potent 5·HT4 receptor 
radioligands. For each molecule the nature and the site at which the compound has 
been radiolabelled are indicated. The increase in affinity ratio indicates the selectivity 
for 5-HT4 receptor 

between the first and second extracellular loops (BOCKAERT 1991) (Fig. 4). An 
aspartic acid in the transmembrane domain III (DI00) is conserved in all 
neurotransmitter receptors having a cationic amino group, including the 5-HT4 
receptors, and which may serve as the primary counterion for this receptor 
group (BOCKAERT 1991). The 5-HT4L and 5-HT4s have three and four puta
tive protein kinase C phosphorylation sites (Fig. 4). Threonine 218 is also a 
putative casein-kinase II phosphorylation site. Cysteine 328 is a potential 
palmitoylation site. Many G-protein-coupled receptors carry a cysteine at a 
similar position, which may playa role in functional coupling (NG et al. 1993; 
O'DOWD et al. 1989). The 5-HT4L and 5-HT4s receptors possess, in their C
termini, 16 and 11 serines and threonines, respectively. Some of them may be 
putative phosphorylation sites for G-protein-coupled-receptor kinases 
(GRKs) involved in the well-described homologous desensitization of 5-HT4 
receptors (ANsANAY et al. 1992). The dendrogram obtained from amino acid 

Fig. 4. Schematic organization of the two splice variants of rat 5-HT4 receptor. The 
amino acid sequences were taken from GERALD et al. (1995). The positions for the 
putative phosphorylation sites by protein kinase C, G-protein-coupled receptor kinase 
(GRK) or casein-kinase II are indicated. Potential palmitoylation and glycosylation 
sites are also shown. Key amino acids present in all G-protein-coupled receptors of the 
first group (BOCKAERT 1995) are indicated 
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Rat5-HT 
receptor 

5-HT5A 

5-HT5B 

5-HT1Da 

5-HT18 

5-HT1E 

5-HT1F 

5-HT1A 

5-HT7 

5-HT2C 

5-HT2A 

5-HT2B 

5-HT4 

5-HT6 

Serotonin Receptor Relationships 

J. BOCKAERT et al. 

Fig. 5. Dendrogram of amino acid sequences of 13 rat G-protein-coupled 5-HT recep
tors cloned. The amino acid sequences corresponding to the transmembrane domains 
were compared and clustered according to sequence homology as reported by GERALD 
et al. (1995). Length of horizontal lines is inversely proportional to percentage homol
ogy between receptors or groups of receptors 

homologies within the transmembrane domains indicates a weak (60%-70%) 
overall homology between the 5-HT4 receptors and other 5-HT receptors, with 
some clustering with the 5-HT2 family (Fig. 5) (GERALD et al. 1995). 

c. Pharmacological Characterization 
I. Agonists and Antagonists 

Most 5-HT4 receptor ligands have been discovered using functional 
models (colliculi neurons, guinea pig ileum, rat oesophagus) due to the late 
availability of a binding assay as well as cDNA coding for this receptor. The 
chemical structures of several key agonists and antagonists are shown in Figs. 
1,2 and 3. 

1. 5-HT4Agonists 

There are six distinct classes of 5-HT4 agonists: 

1. Indole-based 5-HT analogues including the substituted tryptamines and the 
substituted indole carbazimidamides. Among the tryptamines, 5-MeOT is a 
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full agonist in all assays. It is also interesting because it lacks affinity for 5-
HT3 receptors. It has been used to discriminate between 5-HT3 and 5-HT4 
receptor-mediated responses (CRAIG et al. 1990), although it should be 
noted that it is also a potent agonist at 5-HT1 and 5-HT2 receptors. No 
selective tryptamine exists for the 5-HT4 receptors (BOCKAERT et al. 1992; 
FORD and CLARKE 1993). Recently, a new class of potent and selective 5-HT4 
receptor agonists, containing an indole linked to a carbazimidamide, has 
been described (Fig. 1; BUCHHEIT et al. 1995a, b). These compounds have 
been designed based on the putative pharmacophore of 5-HT4 receptors. 
They incorporate the aromatic ring of 5-HT, a basic nitrogen on the side 
chain, giving the possibility of the formation of a hydrogen bond between 
the indole NH of serotonin and the receptor. These compounds, including 
HTF 919 (compound 1a) (Fig. 1), incorporate near the basic nitrogen of 
serotonin and zacopride (which are 2 A apart in the pharmacophore) a 
guanidine function which can interact in a twin nitrogen-twin oxygen fash
ion with the putative carboxylic acid counterpart. HTF 919 is more potent 
than 5-HT (pD2 = 8.8 and 8.4, respectively) on 5-HT4 receptors and is 
the most selective agonist known so far. It has a moderate affinity (Ki = 
63nM) for 5-HT1A receptors and a very low affinity (Ki > 250nM) for the 
other 5-HT receptors. Addition of hydrophobic groups near the basic nitro
gen (where the pharmacophore predicts a hydrophobic pocket) such as 
a pentyl (compound I b) or a phenyl (compound 1d) (Fig. 1) increases 
the potency of the drug (pD2 = 9.3 and 9.1, respectively; BUCHHEIT et al. 
1995a,b ). 

2. The benzamides bearing the 2-methoxy-4-amino-5-chloro substitution are 
agonists (Fig. 1: DUMUIS et al. 1989b). The benzamides of the first genera
tion have antagonistic activity at 5-HT3 receptors (zacopride, renzapride, 
metoclopramide), 5-HT2 receptors (cisapride) and dopamine D2 receptors 
(metoclopramide). New compounds such as SB 205149 (quaternized 
renzapride; BAXTER et al. 1993) and SC 53116, the active isomer of the 
racemic mixture SC 49518, appear to be among the most selective 5-HT4 
receptor agonists (FLYNN et al. 1992; GULLIKSON et al. 1993). 

3. The benzoate (ML 10302) bearing the same substitution as the benzamide 
(2-methoxy-4-amino-5-chloro; LANGLOIS et al. 1994) (Fig. 1) is a potent, 
although partial agonist (nanomolar) at some 5-HT4 receptor-mediated 
responses. For example, ML 10302 is a potent agonist in inducing con
tractions of guinea pig ileum and relaxation of rat oesophagus (LANGLOIS et 
al. 1994) (pEC5U = 8.4), whereas it is a potent antagonist (Ki = lOnM) at 5-
HT4 receptors expressed in colliculi neurons (unpublished data). In ML 
10302, addition of a carbon between the benzoate and the piperidyl ring 
gives the potent 5-HT4 receptor antagonist RS 23597 (CLARK et al. 1994) 
(Fig. 2). 

4. Aryl ketones including RS 67333 and RS 67506 are new, selective 5-HT4 
agonists related to 2-methoxy-4-amino-5-chloro-substituted benzoate 
(EGLEN et al. 1995a,c). They exhibit similar high affinities to ML 10302 but 
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the replacement of the ester group by a ketone moiety gave to the aryl 
ketones (RS 67333 and RS 67506) an action duration significantly longer 
than that of the related benzoate ester. 

5. Azabicycloalkyl benzimidazolones were found to be 5-HT4 receptor ago
nists. Indeed, we thought that drugs which have gastrointestinal prokinetic 
activity, and for which a clear mechanism of action was not yet known, 
could be good candidates. The azabicycloalkyl benzimidazolone derivatives 
were of interest because the electrically stimulated guinea pig ileum was 
blocked by millimolar concentrations of tropisetron (a 5-HT4 characteris
tic) but not by ondansetron, a selective 5-HT3 antagonist (RIZZI et al. 1992; 
TONINI et al. 1991). Indeed, we found, in colliculi neurons, that BIMU 1 and 
BIMU 8, which are alkyl-substituted benzimidazolones at position 3 (Fig. 
1), were potent and efficacious agonists at 5-HT4 receptors in colliculi 
neurons (DUMUIS et al. 1991). Similar effects of this class of agonists were 
observed on other 5-HT4 receptor-mediated responses (BOCKAERT et al. 
1992). As with many benzamides, the benzimidazolones are also potent 5-
HT3 antagonists. Note that BIMU 1 is also a sigma-2ligand (BONHAUS et al. 
1993). 

6. 1, 8-Naphthalimides constitute a new class of potent in vivo and in vitro 
active 5-HT4 agonist: S-RS 56532 and RS 66331 (pECso === 7.9 and 7.6, 
respectively; EGLEN et al. 1994, 1995c). Interestingly, RS 56532 exhibits 
opposing enantiomery selectivity at 5-HT3 and 5-HT4 receptors, the (R)
enantiomer is a potent 5-HT3ligand whereas the (S )-enantiomer is a potent 
5-HT4 receptor agonist devoid of 5-HT3 activity. 

Table 2. 5-HT4 receptor antagonists: affinities and efficacies of 13 5-HT4 receptor 
antagonists. Their selectivities are indicated by their 5-HT3/ 5-HT4 affinity (nM) ratios 

Compounds Antagonistic Binding 5-HT/5-HT4 References 
activity (pKb) (pKJ affinity ratio 

(nM) 

Tropisetron 6 6.8 0.003 DUMUIS et al. (1988a) 
DAU 6285 6.8 7.5 3 DUMUIS et al. (1992) 
SDZ 205557 7.2 8.2 25 BUCHHEIT et al. (1992) 
LY 297524 7.7 KRUSHINSKI et al. (1992) 
SC 53606 7.91 7.82 21 YANG et al. (1993) 
RS 23597 8.4 7.8 BONHAUS et al. (1993) 
RS 67532 8.8 8.7 CLARK et al. (1994) 
SB 203186 9 50 PARKER et al. (1993) 
RS 39604 9.3 9.1 1000 HEDGE et al. (1995a) 
GR 113808 10.2 9.3 3000 GROSSMAN et al. (1993) 
GR 125487 10.2 10.42 >3000 GALE et al. (1994a) 
SB 204070 10.9 10.8 5000 GASTER and SANGER (1994) 
RS 100235 11.2 10 >5000 CLARK et al. (1995) 

For references see also EGLEN et al. (1995c), SCHIAVI et al. (1994) and ANSA NAY et al. 
(1996). 
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2. 5-HT4 Antagonists 

The chemical structures of the 5-HT4 antagonists are illustrated in Fig. 2. Their 
pKi' pKb and 5HT/5-HT4 receptor selectivity are shown in Table 2. They 
belong to five different classes: 

1. The indole carboxylate class includes the first-described 5-HT4 receptor 
antagonist, tropisetron. This is a weak antagonist (pKi = 6) and a potent 5-
HT3 antagonist (pKi = 9.4). This class also contains the most potent and 
selective 5-HT4 antagonists GR 125487 (GALE et a1. 1994a) and GR 113808 
(GALE et a1. 1994b; GROSSMAN et a1. 1993; Figs. 2, 3). Both compounds are 
esters with short half-lives; however, GR 125487 possesses an action of 
longer duration than GR 113808. 

2. The benzoates are also esters and potent but not selective 5-HT, over 5-HT4 
receptor antagonists (for a review see EGLEN et a1. 1995c) (Fig. 2, Table 2). 
In addition, the derivative RS 23597 is a potent sigma-1 ligand(pKi = 8.4; 
CLARK et a1. 1994; DOUGLAS et a1. 1994). The benzoate dioxane (SB 204070), 
which belongs to the same class, also presents an ester moiety but it is one 
of the most potent and selective antagonists (Table 2). SB 204070 is, when 
iodinated. an excellent radiolabelled ligand (BROWN et a1. 1993; GASTER and 
SANGER 1994) (under the name of SB 207710) (Figs. 2. 3, Table 2). 

3. The benzimidazolone class contains a single compound. DAU 6285. It 
exibits similar affinity at both 5-HT, and 5-HT4 receptors (Fig. 2, Table 2) 
but has the advantage of being stable in vivo (DUMUIS et a1. 1992). 

4. The imidazolpyridine class also contains a single compound: SC 53606. 
which does not discriminate well between 5-HT} and 5-HT4 receptors 
(Table 2) but has the advantage of being stable in vivo (YANG et a1. 1993). 

5. The aryl ketone class contains phenyl ketone compounds substituted at 
position 2 by an O-phenyl group: RS 67532 and RS 39604 (Fig. 2; EGLEN et 
al. 1995a; HEDGE et a1. 1995a), which are very potent and specific antago
nists orally active with relatively long half-lives. This class also contains a 
benzoate dioxanyl ketone, RS 100235, related to the benzoate dioxane (SB 
2(4070). It is to date the most potent and the most stable 5-HT4 receptor 
antagonist (half-life after an i.v. dose of 3mg/kg > 360min; CLARK et a1. 
1995). This drug gives unsurmountable antagonism. 

II. Are There 5-HT4 Receptor Subtypes? 

Correlation plots of agonist potencies in different assays often analysed in 
different species have revealed no evidence for 5-HT4 receptor heterogeneity 
(BOCKAERT et a1. 1992). Similarly, with the advent of specific radioligand bind
ing, no discrepancies have been observed between the pharmacology of 5-
HT4-binding sites labelled with eH]GR 113808 and [125I]SB 207710 and the 
pharmacology of 5-HT" receptors determined on functional pharmacological 
analyses (ANSANAY et a1. 1996; BROWN et a1. 1993; GROSSMAN et a1. 1993; 
W AEBER et al. 1993). However. several unexplained observations deserve 
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some comment. Benzamide and benzimidazolone derivatives, unlike many 
indoles, behave as partial agonists in guinea pig hippocampus (BOCKAERT et al. 
1990), rat oesophagus, guinea pig ileum, guinea pig distal colon and human 
right atria and as antagonists in rat hippocampal CAl neurons (ANDRADE 
and CHAPUT 1991; BAXTER et al. 1991; CHAPUT et al. 1990; KAUMANN et al. 
1990; OUADID et al. 1992; WARDLE and SANGER 1993). By contrast, in colliculi 
neurons, benzamides are full agonists and some of them, such as cisapride 
and renzapride, are super agonists (efficacy greater than that of 5-HT). A 
difference in coupling efficiency may explain these differences. It is surprising 
that benzamides are partial agonists in the most efficiently coupled systems 
(having high potency for 5-HT). For example, the ECso for 5-HT is 100 times 
lower in distal guinea pig colon than in rat oesophagus, while benz ami des 
are still partial agonists (WARDLE and SANGER 1993). Some difference in 
potency of a given drug was noted depending on the system. For example, 
5-MeOT is as potent as 5-HT in most preparations but a weak agonist in 
rat oesophagus and guinea pig ileum (ELSWOOD et al. 1991; REEVES et al. 
1991). Cisapride, which is the most potent agonist in colliculi neurons, is a 
relatively weak agonist in pig heart and rat oesophagus (for review see FORD 
and CLARKE 1993). Cloning has also revealed interesting differences between 
the ECso for several drugs depending on the nature of the splice variant 
studied (GERALD et al. 1995). The splice variants varied in their intracellular 
domains. Such an influence of the intracellular domains of G-protein
coupled receptors has already been reported (SPENGLER et al. 1993). Finally, 
several "5-HT4-like" receptors having non-orthodox 5-HT4 receptor pharma
cology have been described in bovine pulmonary artery and in isolated strips 
of the human urinary bladder detrusor muscle (BECKER et al. 1992; CORSI et al. 
1991). 

D. Transduction Mechanisms 
I. cAMP as the Second Messenger Mediating 5-HT4 Receptor Action 

5-HT4 receptors coupled to AC were first described in cultured colliculi neu
rons (DUMUIS et al. 1988a). The coupling of 5-HT4 receptors to AC has been 
reported in many tissues such as guinea pig hippocampus (BOCKAERT et al. 
1990), human cortex (MONFERINI et al. 1993), tunica muscularis mucosae 
(TMM) of oesophagus (FORD et al. 1992; RONDE et al. 1995) and human and 
piglet atria (KAUMANN 1990; KAUMANN et al. 1990, 1991). Such a preferential 
coupling of 5-HT 4 receptors to cAMP transduction systems has been confirmed 
when cloned 5-HT4S and 5-HT4L receptors could be expressed in COS-7 cells 
(GERALD et al. 1995). Many G-protein-coupled receptors can affect more than 
one signal transduction system. Therefore, it will not be surprising that some 
cellular functions of 5-HT4 receptors may involve other second messengers. 
Such a hypothesis has been proposed for the release of acetylcholine in guinea 
pig myenteric plexus (KILBINGER et al. 1995) and for 5-HT4-receptor-induced 
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vagus nerve depolarization (discussed in the review by FORD and CLARKE 
1993). However, in these two latter cases only indirect and preliminary data 
have been published. Following cAMP production, activation of protein ki
nase A (PKA) has been directly demonstrated in atrial tissues (SANDERS and 
KAUMANN 1992) and in neurons (ANSANAY et al. 1995; FAGNI et al. 1992). 

II. Control of K+ Channels 

Voltage-clamp experiments show that in colliculi neurons, 5-HT4 receptors 
inhibit a delayed rectifier voltage-dependent K+ current (ANSANAY et al. 1995; 
FAGNI et al. 1992). This effect was mimicked by cAMP and other agents able 
to increase cAMP (forskolin, isoproterenol, PACAP) and blocked by PKA 
inhibitors. In current clamp experiments, 5-HT4 receptors and cAMP have 
been shown to slow the falling phase of the action potential (Fig. 6A, C), to 
inhibit the afterhyperpolarization (AHP) which follows the action potential 
(Fig. 6A) and spike accommodation during a train of action potentials (Fig. 
6B; ANSANAY et al. 1995). All these effects can be explained by inhibition of K+ 
channels including Ca2+-activated K+ channels. In colliculi neurons a remark
able observation is that after a short application of 5-HT or 8-Br-cAMP (for a 
few seconds) all the effects described above slowly develop and remain stable 
for more than 30min (Fig. 6). Indeed, a complete recovery of the blockade 
occurs only after 2 h (Fig. 6F). The long-term effect of 5-HT4 receptor and 8-
Br-cAMP stimulations can be prolonged up to 4h in the presence of okadaic 
acid, an inhibitor of phosphatases 1 and 2A (ANSANAY et al. 1995). It is not due 
to a prolonged activation of PKA but to a prolonged inhibition of phos
phatases. The reduced phosphatase activity could result from a sustained 
activity of cAMP-regulated phosphatase inhibitors such as phosphatase inhibi
tor 1 or DARPP-32. How the sustained activity of these inhibitors could be 
maintained after the transient activation of PKA remains to be demonstrated. 
In addition to the reduction of phosphatase activity, a long-lived phosphoryla
tion of the K+ channels cannot be excluded. Figure 7 is a schematic represen
tation of the data in colliculi neurons. Also illustrated is the hypothesis that the 
long-lasting broadening of the action potential and reduction of the AHP may 
result in a prolonged increase in neurotransmitter release. 5-HT4 receptors are 
indeed implicated in stimulating: (1) acetylcholine release in gastrointestinal 
tract as well as in rat frontal cortex (CONSOLO et al. 1994; KILBlNGER et al. 1995; 
KILBINGER and WOLF 1992); (2) dopamine release in striatal slices and in vivo 
(BENLOUCIF et al. 1993; BON HOMME et al. 1995; GE and BARNES 1995b; 
STEWARD et al. 1995; STOWE and BARNES 1995); and (3) 5-HT release in rat 
hippocampus in vivo (GE and BARNES 1995a). 

In CAl neurons of hippocampus, activation of 5-HT4 receptors increases 
membrane excitability by reducing the Ca2+-activated potassium current re
sponsible for the slow AHP obtained in these cells. Although benzamides 
seem to be partial agonists or even antagonists in this preparation (see above), 
the 5-HT\ antagonists are very potent and the transduction pathway includes 
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cAMP-mediated events (ANDRADE and CHAPUT 1991; CHAPUT et al. 1990; 
TORRES et al. 1994, 1995). Interestingly, the effect of 5-HT4 receptor stimula
tion is modulated by short-term and long-term treatments with corticosterone 
and mineralocorticoids (BIRNSTIEL and BECK 1995). Whether or not the modu
lation of adrenal medulla steroid release by 5-HT4 agonists (see below) influ
ences central 5-HT4 receptor effects remains to be demonstrated. 

III. Control of Ca2+ Channels 

In atrial myocytes, a 5-HT4-receptor-induced increase in cAMP is followed by 
facilitation of the L-type Ca2+ current to the same extent as in catecholamines, 

Fig.6A-F. cAMP- and 5-HT-induced changes in action potential, AHP, accommoda
tion and K+ current in cultured mouse colliculi neurons. In A and B recordings were 
obtained in the whole-cell current-clamp mode. A Traces b are the expanded version 
of traces a (horizontal calibration bar is 100 ms for traces a and 10 ms for traces b). The 
superimposed traces I and 2 were recorded at 30-min intervals before a I-min applica
tion of I f.1M 5-HT. Traces 3 were recorded after a 30-min washout of the drug. Similar 
results were obtained with 100 f.1M 8-Br-cAMP. B Panel a represents two superimposed 
recordings obtained at a 30-min interval before a I-min application of 1 f.1M 5-HT. 
Trace b was recorded after 30-min washout of the drug. Similar results were obtained 
with 100 f.1M 8-Br-cAMP. C Spike duration measured from the beginning of the EPSP 
to the time at which the resting potential was restored (just before the beginning of 
AHP) and expressed as percentage of the control value, under different conditions: 
without drug application (control, filled circles) and after 1 min application of 100 f.1M 8-
Br-cAMP or 100 f.1M 5-HT. Arrow indicates the time at which drug was applied and 
therefore does not apply for the control condition. D In this and the following figures, 
recordings were obtained in the voltage-clamp mode. K+ currents evoked by successive 
depolarizing pulses before (a) and 30min after a brief application of IOOf.1M 8-Br
cAMP (b), in a similar cell. Traces in c represent the 8-Br-cAMP-inhibited currents 
obtained by subtracting those of b from those of a. Similar results were obtained with 
lOOf.1M 5-HT. The voltage traces in a apply also for panels band c and represent 
voltage steps from - 60mV (holding potential) to -50, -30, -10, +10, +30 and +50mV. 
E Potassium current amplitude measured after a I-min application of either 5-HT 
(1 f.1M; n = 7) or 8-Br-cAMP (lOOf.1M, n = 9; mean ± SEM) and during washout of the 
drugs, and expressed as percentage of the K+ current measured before each drug 
application. Stable control recordings were taken for 15 min before drug application 
(not shown). Arrow indicating the time of the drug applications does not apply to the 
control curve (n = 7). F In these experiments, after a first application of 8-Br-cAMP 
(100 f.1M), which inhibited K+ current, subsequent applications of this drug or 5-HT 
(1 f.1M) in the same cell did not induce further inhibition of the current, at least within 
a 30-min period, probably because of a long-lasting and full inhibition of the current by 
the agonists. We took advantage of this particular characteristic to measure the period 
necessary for the K+ current to recover from the 5-HTicAMP-induced inhibition 
(recovery period; x-axes). Thus, colliculi cultures underwent a I-min conditioning 
treatment with 8-Br-cAMP (100f.1M) and the effect of an identical application of the 
drug (test application) was measured 30min to 2h later in several neurons (n = 9). 
Indeed, current amplitude was measured before (a) and 20min after (b) the test 
application. The y-axis is the percentage inhibition of the K+ current calculated as 
follows: [(a-b)/a] x 100]. Shaded area represents K+ current inhibition achieved by 
cAMP stimulation in naive cells. Note that the inhibitory effect of cAMP lasted for up 
to 2 h, in the absence of drug 
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Fig.7A,B. Tentative hypothesis relative to the effect of 5-HT4 receptor stimulation on 
neurotransmitter release. A Action potential opens voltage-dependent Ca2+ channels. 
The resulting Ca2+ influx will trigger neurotransmitter exocytosis. The AHP that fol
lows action potential results from activation of voltage-dependent K+ channels and 
shuts off the Ca2+channels. This will stop neurotransmitter exocytosis. B Activation of 
5-HT4 receptors and consequent phosphorylation of voltage-activated K+ channels will 
block AHP. As a consequence, the action potential is significantly prolonged. This 
should increase the Ca2+ influx and neurotransmitter release. This synaptic modulation 
should last as long as K+ channels remain phosphorylated: 2h in our model. Such a 
prolonged phosphorylation state of K+ channels in colliculi neurons might result from 
PKA-mediated sustained activation of protein phosphatase inhibitors or sustained 
inhibition of phosphatases 
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an effect involving PKA activation (JAHNEL et al. 1992; OUADID et al. 1992). A 
similar cAMP, PKA-mediated pathway is involved in activation of T-type Ca2+ 

channels in frog adrenocortical cells (CONTESSE et al. 1996). 

IV. Desensitization 

5-HTl receptors desensitize very rapidly in various preparations (CRAIG et al. 
1990; DUMUIS et al. 1989b, 1991; RONDE et al. 1995). In colliculi neurons and 
rat oesophagus, we have analysed the molecular mechanisms of this desensiti
zation (ANSANAY et al. 1992; RONDE et a1. 1995). More than 50% of desensiti
zation occurred following 5-min exposure to 5-HT. This rapid desensitization 
was not mediated or produced by cAMP or other agonists that increase cAMP 
in these cells. This suggested that the desensitization was homologous. In the 
fi-adrenergic system. homologous desensitization is dependent upon phospho
rylation of the agonist-occupied receptor by a specific kinase: the fiARK 
(BENOVIC et al. 1989). A good correlation is observed between the affinities 
(pECso) of a series of agonists and the percentage of desensitization they are 
inducing. No correlation was obtained between the efficacies (EllI",) of 5-HT4 
agonists and their abilities to desensitize 5-HT.j receptors (ANSANAY et a1. 
1992). This indicates that homologous desensitization is a function of mean 
time of receptor occupancy by the agonist. This is consistent with the fact that 
receptor kinases (such as fiARK) phosphorylate only occupied receptors. One 
consequence of this observation is that following activation with agonists 
having a low potency (such as metoclopramide) the receptor desensitization 
has a much slower time course than in the presence of potent agonists (such as 
cisapride). TURCONI et a1. (1991) reported that low desensitizing properties of 
the partial agonist BIMU 1 may explain its good clinical efficacy in the alimen
tary tract compared to BIMU 8, which induces rapid desensitization. This may 
have important therapeutic consequences. 

During rapid desensitization (5-HT stimulatory period shorter than 
30min), the homologous desensitization is not associated with any loss in 5-
HT4-binding sites labelled with [3H]GR 113808 (ANSANAY et a1. 1996). How
ever, if the 5-HT.j receptor stimulation is prolonged over 30min, a loss of 
binding sites is apparent (ANSANAY et a1. 1996). 

In vivo, lesions of 5-HT neurons induced an upregulation of 5-HT4 recep
tor expression in caudate putamen, nucleus accumbens and hippocampus 
(COMPAN et al. 1996). This suggests that 5-HT.j receptor density is regulated 
by a tonic activation by 5-HT in these brain areas. A tonic activation of 5-
HT4 receptors is also suggested by the inhibition of basal 5-HT and do
pamine release by the 5-HT4receptor antagonist GR 113808 (GE and BARNES 
1995a, b). 

Contraction of guinea pig ileum by 5-HT is due to activation of both 5-HT, 
and 5-HT4 receptors. In order to study separately the effect of these two 
receptors, it is possible to desensitize either 5-HT3 or 5-HT4 receptors. Indeed, 
5-MeOT is able to completely desensitize 5-HT.j responses without affecting 
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5-HT3 responses, whereas 2-Me-5-HT desensitizes 5-HT3 responses without 
affecting the.5-HT4 responses (CRAIG et al. 1990). A potent desensitization of 
5-HT 4 receptors following prolonged exposure to 5-HT and zacopride has also 
been observed in frog and human adrenocortical tissues (IDRES et al. 1991; 
LEFEBVRE et al. 1992), whereas 5-HT4 receptors in heart seem to be less 
susceptible to desensitization (KAUMANN 1994). 

E. 5-HT4 Receptor Distribution and Functions 
I. Central Nervous System 
The precise regional distribution of 5-HT4 receptors has only been obtained 
recently, using radioligand and autoradiographic analysis of [3H]GR 113808 
and [lZ5I]SB 207710 binding (Fig. 8). They have been performed in rat 
(GROSSMAN et al. 1993; JAKEMAN et al. 1994; WAEBER et al. 1994), mouse 
(WAEBER et al. 1994), guinea pig (DOMENECH et al. 1994; GROSSMAN et al. 1993; 
JAKEMAN et al. 1994; WAEBER et al. 1993,1994), pig (SCHIAVI et al. 1994), calf 
(DOMENECH et al. 1994), monkey (JAKE MAN et al. 1994) and humans 
(DOMENECH et al. 1994; REYNOLDS et al. 1995; W AEBER et al. 1993). The main 
finding is a heterogeneous and comparable distribution in adult brain of 
different species (Fig. 8) with few interspecies differences in globus pallid us, 
substantia nigra and interpeduncular nucleus (WAEBER et al. 1994). The high
est densities (100-400fmol/mg protein) are found in several regions belonging 
to the limbic system (islands of Calleja, olfactory tubercle, fundus striati, 
ventral pallidum, septal region, hippocampus, amygdala) or known to be 
components of different pathways, such as hippocampo-habenulo
interpeduncular and striato-nigro tectal pathways (Fig. 8). All brain regions 
express the 5-HT4L form of the receptor whereas the 5-HT4S form is mainly 
expressed in striatum (GERALD et al. 1995). Lesion studies in rat as well as 
postmortem studies of patients suffering from Parkinson's disease indicate 
that in the striato-nigral pathway the 5-HT4 receptors are not located on 
dopaminergic neurons (COMPAN et al. 1996; MENGOD et al. 1995; PATEL et al. 
1995; REYNOLDS et al. 1995). In contrast, lesions of neurons having their cell 
bodies in striatum (with kainic acid or ibotenic acid) result in a loss of 5-HT4 
receptors in striatum. In addition, following kainic acid lesions, a loss of 
binding sites in the dorsolateral part of the substantia nigra has been found 
(COMPAN et al. 1995; PATEL et al. 1995). In addition, COMPAN et al. (1996) have 
found a loss of [3H]GR 113808-binding sites in globus pallidus which was not 
found by PATEL et al. (1995). This indicates a localization of 5-HT4 receptors in 
cell bodies of striatal neurons that project to the substantia nigra and/or globus 
pallidus. 

Such a localization is in agreement with a subtantialloss of 5-HT4 recep
tors in putamen of patients suffering from Huntington's disease (REYNOLDS 
et al. 1995). In vitro studies using rat striatal slices or in vivo microdialysis 
experiments also suggest that 5-HT4 receptors facilitate dopamine release 
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Fig. SA-J. Autoradiographic localization of [3H]GR 113808-binding sites at different 
levels of human, guinea pig and rat brain. Pictures from autoradiograms generated by 
incubating human (A-D) guinea pig (E-G) or rat (H-J) brain sections in the presence 
of the 5-HT4 receptor antagonist: [3H]GR 113808. The distribution of 5-HT4-binding 
sites is comparable in all species: high densities of sites being found in the caudate (Cd), 
caudate-putamen (CPu), hippocampal formation (CAl' CAl, CA, subfields of 
Ammon's horn), dentate gyrus (DC) and substantia nigra (SNr or SN,) while lower 
densities are observed in cortical areas [frontal cortex (FrCx), frontoparietal cortex 
(FrPa)]. Some species differences are nevertheless noteworthy. The labelling in the 
substantia nigra is concentrated over the reticular part in human and guinea pig, in the 
lateral part in rat. The interpeduncular nucleus (IP) contains high densities of sites in 
rats, but not in guinea pig (this region has not been studied in humans). Tu, olfactory 
tubercle; JCj, islands of Calleja; Ent, entorhinal cortex; MHb, medial habenula; SuC, 
superficial grey layer of the superior colliculus; CC, periaqueductal central grey. (Data 
taken from WAEBER et al. 1993, 1994) 

(BENLOUCIF et al. 1993; BONHOMME et al. 1995; GE and BARNES 1995b; 
STEWARD et al. 1995; STOWE and BARNES 1995). In vivo, intrastriatal injections 
of GR 113808 reduced basal dopamine release in one study (GE and BARNES 
1995b) but not in another (POZZI et al. 1995). One report shows that blockade 
of 5-HT4 receptors in substantia nigra attenuate morphine-stimulated but not 
basal dopamine release in rat striatum. Since 5-HT4 receptors are not localized 
on dopamine neurons, the mechanisms by which 5-HT4 ligands regulate 
dopamine release in striatum remain unexplained. 
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It is tempting to propose that 5-HT4 receptors might be localized on 
cholinergic nerve endings in the interpeduncular nucleus arising from 
habenula since we have found that ontogenic expression of [3H]GR 113808-
binding sites in the interpeduncular nucleus is concomitant with activity of 
choline acetyltransferase in this nucleus (CONTESTABILE et al. 1987). The pos
sibility that 5-HT4 receptors control cholinergic neuron activity is also sug
gested by the observation that stimulation of the 5-HT4 receptor increases 
acetylcholine release in rat frontal cortex and guinea pig myenteric plexus 
(KILBINGER et al. 1995; KILBINGER and WOLF 1992). In addition, there is evi
dence for clear neuroanatomical substrates of a serotoninergic/cholinergic 
interaction in brain (CASSEL and JELTSCH 1995). Finally, 5-HT4 receptor 
agonists such as zacopride and renzapride reverse decreases in electro
encephalographic energy induced by scopolamine (BODDEKE and KALKMAN 
1990). A problem of unambiguously attributing these effects to 5-HT4 recep
tors was the lack of stereospecificity of (S)- and (R)-zacopride (BODDEKE and 
KALKMAN 1992). 

We have discussed above the long-term blockade of K+ channels in 
colliculi neurons triggered by a brief stimulation of 5-HT4 receptors (ANSANAY 
et al. 1995). This process mirrors the one seen in Aplysia calif ornico in which 
5-HT-induced cAMP generation inhibits K+ currents, resulting in a persistent 
facilitation of evoked transmitter release. These events provide a mechanistic 
basis for the gill withdrawal reflex in Apiysia, an elementary model of learning 
(HoeHNER and KANDEL 1992; KANDEL and SCHWARTZ 1982). For this reason 
we proposed several years ago that 5-HT4 receptors might playa role in 
memory of vertebrates (BOCKAERT et al. 1992, 1994). Recently the important 
role of cAMP in invertebrate and vertebrate learning has been recognized 
(BOURTCHULADZE et al. 1994; KANDEL and ADEL 1995; YIN et al. 1994; ZHONG 
1995). The direct role of 5-HT4 receptors in cognition has recently been inves
tigated. Preliminary data indicate that RS 67333, a potent and selective 5-HT4 
agonist (Fig. 1), reverses the rat performance deficit induced by atropine in the 
Morris Water Maze learning test, an effect reversed by the selective 5-HT4 
receptor antagonist RS 67532 (EGLEN et al. 1995a, c). None of these drugs have 
any effect on the performances of rats not treated with atropine (EGLEN et al. 
1995a). Similarly, BIMU 1 and BIMU 8 improve performance after hypoxia
induced amnesia in mice (GHELARDINI et al. 1994). We have also demonstrated 
that BIMU 1, a mixed 5-HT3 receptor antagonist/5-HT4 receptor agonist, 
improves short-term olfactory memory. This effect was mediated by 5-HT4 
receptors since it was blocked by doses of GR 125487 necessary for blocking 
central 5-HT4 receptors. Ondansetron, a specific 5-HT3 antagonist, was inac
tive in inhibiting the BIMU 1 effect. A role of acetylcholine in this 5-HT4-
mediated effect was suggested because arecoline, a muscarinic agonist, 
mimicked the BIMU 1 effect and scopolamine, a muscarinic antagonist, 
blocked both BIMU 1 and arecoline effects (LETTY et al. 1996). Three other 
functions of 5-HT4 receptors possibly mediated by central effects have been 
reported but need further confirmation: (1) an anti-anxiolytic effect of the 5-
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HT4 receptor antagonist SDZ 205557 observed under high serotoninergic tone 
(COSTALL and NAYLOR 1993), (2) an analgesic response (GHELARDINI et al. 
1990, 1996) mediated by 5-HT4 agonists and (3) a reduction in ethanol intake 
observed in alcohol-preferring rats (PANOCKA et al. 1995). The BIMU 1- and 
BIMU 8-induced analgesic effects are blocked by anticholinergic drugs such as 
atropine and hemicholinium but not by naloxone. Morever, analgesic effects 
are obtained by intracerebroventricular injection of BIMU 1 at doses which 
are ineffective following parental routes (GHELARDINI et al. 1996). This sug
gests a central-mediated effect. Developmental studies in rodent indicate that 
expression of 5-HT4 receptors is essentially prenatal in the pons area and 
postnatal in most other brain areas. Although the density of 5-HT4 receptors is 
stable during postnatal life, a decline is observed in globus pallidus and pons 
(W AEBER et al. 1994). 

II. Peripheral Nervous System 

The 5-HT4-receptor-induced contraction of guinea pig ileum is blocked by 
atropine as well as tetrodotoxin (BUCHHEIT et aJ. 1985; CRAIG and CLARKE 
1990). In this preparation, 5-HT4 receptors stimulate acetylcholine release 
(KILBINGER et al. 1995; KILBINGER and WOLF 1992). These results indicate 
involvement of presynaptic cholinergic neurons on which 5-HT4 receptors are 
presumably localized (FORD and CLARKE 1993; TONINI et al. 1991). A role for 
nonadrenergic, noncholinergic (NANC) neurotransmission as well as 
neurokinin B (RAMIREZ et al. 1994) in 5-HT4 receptor-mediated prokinesis has 
also been proposed (FORD and CLARKE 1993). In alimentary tract, some other 
5-HT4 receptor-mediated responses are also likely to be mediated by an in
crease in neurotransmitter release. There is contraction of guinea pig ascend
ing colon (BRIEJER et al. 1993; ELSWOOD et al. 1991; WARDLE and SANGER 1993) 
and stimulation of cr secretion in guinea pig ileal mucosa (LEUNG et al. 1995). 
In guinea pig myenteric neurons, 5-HT4 receptor agonists potentiate the nico
tinic fast excitatory postsynaptic potential (EPSP) via an increase in acetylcho
line release (NEMETH and GULLICKSON 1989: TONINI et aJ. 1991), which 
facilitates cholinergic transmission between myenteric neurons (RIZZI et al. 
1992). Rat vagus nerve depolarization can be triggered by 5-HT4 receptor 
activation (BLEY et al. 1994; COLEMAN and RHODES 1995; RHODES et al. 1992). 
Enterochromaffin cells express a 5-HT4 receptor which inhibits 5-HT release 
(GEBAUER et al. 1993). In human urinary bladder. 5-HT4 receptors facilitate a 
cholinergic-mediated contractile response to electrical stimulation (CORSI et 
aJ. 1991). 

III. Alimentary Tract 

More than 80% of the 5-HT cell bodies is present in enterochromaffin cells or 
enteric neurons and therefore one would expect an important role of this 
amine in alimentary tract (COSTA et al. 1982: ERSPAMER 1966). One character-
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istic of the cellular distribution of 5-HT4 receptors in different parts of the 
alimentary tract is the high species variation. Table 1 gives the different effects 
of 5-HT4 receptors according to the species and organ considered. 

1. Excitatory Responses 

We have already discussed the discovery by CRAIG and CLARKE that 5-HT4 
receptors mediate, together with 5-HT3 receptors, the 5-HT-induced stimula
tion of guinea pig ileum contraction and how they have studied each receptor 
separately by inducing receptor-specific desensitization (CRAIG et al. 1990). 
Soon after, it was demonstrated that 5-HT4 receptor stimulation facilitates the 
peristaltic reflex in isolated segments of guinea pig ileum (BUCHHEIT and BUHL 
1991; CRAIG and CLARKE 1991). It seems, however, that 5-HT4 receptors are 
not tonically active on the endogenous ascending and descending reflex path
ways (YUAN et al. 1994). 5-HT4 receptor-mediated contractions have also been 
demonstrated in guinea pig colon, in which the sensitivity to 5-HT is 100 times 
greater than in rat oesophagus (see the discussion on 5-HT4 receptor subtypes; 
BRIEJER et al. 1993; ELSWOOD et al. 1991; WARDLE and SANGER 1993). In guinea 
pig, rat, human and dog stomach, 5-HT4 receptors induce gastroprokinetic 
effects and gastric emptying (BINGHAM et al. 1995; BUCHHEIT and BUHL 1994; 
GULLIKSON et al. 1993; HEDGE et al. 1995b; RIZZI et al. 1994). 

2. Inhibitory Responses 

One of the most-studied 5-HT4 receptor effects is certainly the relaxation of 
rat oesophagus (for a review see FORD and CLARKE 1993). After the pioneering 
work of BIEGER and TRIGGLE (1985), several groups unequivocally demon
strated that 5-HT-induced relaxation of the rat oesophagus was mediated via 
5-HT4 receptors displaying the same pharmacology as those described in 
colliculi, hippocampal neurons and guinea pig ileum (see above; BAXTER et al. 
1991; REEVES et al. 1991). 5-HT4 receptors are expressed by the smooth muscle 
itself and their relaxing effect is mediated via cAMP accumulation (see 
above). It seems that guinea pig, rabbit and dog oesophagal smooth muscles 
do not express 5-HT4receptors (COHEN et al. 1994). It is possible that many 
parts of the gastrointestinal tract relax in the presence of 5-HT via 5-HT4 
receptors present in smooth muscle. Of these, we can cite the rat ileum (Mc 
LEAN et al. 1995; TULADHAR et al. 1991) and human colon (McLEAN et al. 1995; 
TAM et al. 1995). 

3. Secretory Responses in the Alimentary Tract 

5-HT is a potent secretagogue. In some species, 5-HT increases, in several 
regions of the alimentary tract, short-circuit current (IsJ due to an increase in 
CI- secretion. In guinea pig ileum, the receptors involved appear to be 5-HT3 
and 5-HT4 receptors (LEUNG et al. 1995; SCOTT et al. 1992). They are localized 
on neuronal and non-neuronal elements. In rat, 5-HT4 receptors do not make 



5-HT" Receptors: An Update 463 

any contribution to the electrically neuronal-mediated 5-HT intestinal secre
tory response in jejunum in vivo, but may playa role in the ileum and colon 
(FRANKS et a1. 1995). In human ileum and jejunum, a 5-HT4 receptor mediates 
a non-neuronal increase in secretory response (BORMAN and BURLEIGH 1993; 
BURLEIGH and BORMAN 1993). In mice, 5-hydroxytryptophane (5-HTP), the 
endogenous precursor of 5-HT, increases faecal pellet output and sustained 
diarrhoea. In both cases, inhibition of 5-HT4 receptors with specific 5-HT4 
antagonists greatly reduces the 5-HPT effect (BANNER et a1. 1993; HEDGE et a1. 
1994). 

IV. Urinary Bladder 

In isolated strips of rhesus and cynomolgous monkey urinary bladder, and 
under conditions designed to favour pharmacological isolation of 5-HT4 recep
tors, 5-HT4 agonists inhibit electrical and cholinergic-stimulated contractions. 
The inhibitory 5-HT4 receptor-mediated effect appears to be located 
postjunctionally on smooth muscles (FORD and CLARKE 1993; WAIKAR et a1. 
1994). In contrast, "atypical" 5-HT4 receptors (see above), likely present in 
neurons, stimulate contractions of the detrusor muscle of human urinary blad
der. Further work is needed to fully characterize the receptor involved. 

V. Adrenal Gland 

In frog adrenal gland, 5-HT4 receptors stimulate both corticosterone and 
aldosterone release (CONTESSE et al. 1994; IDRES et a1. 1991). This effect 
appears to be mediated by cAMP production. PKA activation and stimulation 
of Ca2+ channels of the T type (see above; CONTESSE et al. 1996). In human 
adrenocortical slices, 5-HT most likely released from intra-adrenal mast-like 
cells stimulates cortisol secretion (LEFEBVRE et al. 1992). In vitro, zacopride, a 
5-HT4 receptor agonist. mimicked this effect, but this drug was much more 
potent at stimulating aldosterone release (LEFEBVRE et al. 1993). In healthy 
volunteers, metoclopramide, zacopride and cisapride stimulate aldosterone 
release but are much less potent stimulators of cortisol release (LEFEBVRE et a1. 
1993,1994). This effect appears to be direct on glomerulosa cells rather than 
centrally mediated. Such an effect on aldosterone release is expected to induce 
hypertension in patients chronically treated with 5-HT4 agonists. However, 
such a hypertension has never been reported. A more rapid desensitization of 
this 5-HT4 response compared to the gastrointestinal response may explain 
this result (LEFEBVRE et a1. 1993). 

VI. Heart 

Tachycardia is induced by 5-HT in many species including man. However, the 
5-HT receptors involved are almost as diverse as the species investigated 
(SAXENA and VILLALON 1991). SAXENA and coworkers reported that 
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tachycardia induced by 5-HT in pigs was mediated by a receptor different from 
5-HTj, 5-HT2 and 5-HT3 receptors and subsequently demonstrated its identity 
with the 5-HT4 receptors (BoM et al. 1988; VILLALON et al. 1990). Recently, 
they demonstrated that 5-HT4 receptors are located solely in the atria, where 
they have a stimulatory effect on heart rate (SAXENA et al. 1992; SCHOEMAKER 
et al. 1992). In parallel with those studies, KAUMANN and coworkers demon
strated, in right atrial appendages obtained from patients undergoing open 
heart surgery, that 5-HT4 receptors increase contractile force and arrhythmias 
(KAUMANN 1993; KAUMANN and SANDERS 1994; KAUMANN et al. 1990,1991). 
Interestingly, the arrhythmias induced in vitro were more severe in strips 
obtained from patients treated with ,B-adrenergic-blocking agents (KAUMANN 
and SANDERS 1994; KAUMANN 1990; KAUMANN et al. 1990; OUADID et al. 1992). 
As in pig, 5-HT4 receptor expression in human heart is restricted to the atria 
and they are not present in ventricular muscles (JAHNEL et al. 1992). In piglet 
atria, as well as in human atria, the 5-HT4 effects are mediated by cAMP 
accumulation, PKA activation and increase in L-type Ca2+ current (see above; 
KAUMANN 1990; KAUMANN et al. 1990; OUADID et al. 1992). 

F. Present and Future Therapeutic Drugs Acting 
at 5-HT4 Receptors 
I. Alimentary Tract 

Metoclopramide and cisapride have been widely used in the treatment of 
dyspepsia, gastro-oesophageal reflux disease and, to some extent, gastro
paresis (BOCKAERT et al. 1994; FORD and CLARKE 1993). The mechanism of the 
therapeutic effects of these drugs is not fully understood. It certainly includes 
oesophageal relaxation combined with gastrokinesis and enhanced gastric 
emptying (see above). The putative use of 5-HT4 agonists in the treatment of 
constipation is not well established since metoclopramide and cisapride also 
have a 5-HT3 antagonistic activity known to cause constipation. However, 
cisapride has been shown to overcome the colonic stasis that occurs during 
constipation and to cause diarrhoea in healthy volunteers (MULLER-LISSNER 
1987; SANGER and GASTER 1994). The observations that 5-HT induces diar
rhoea in humans, and secretory responses in human jujenum and ileum, 
suggest that 5-HT4 receptor antagonists could be useful in treatments of 
specific diseases created by an abnormally high turnover of endogenous 5-
HT (e.g. in diarrhoea predominant irritable syndrome, IBS). The fact that 
5-HT4 antagonists inhibit 5-HTP-induced diarrhoea in mice is also en
couraging for such a therapeutic action (HEDGE et al. 1994; SANGER and 
GASTER 1994). The presence of 5-HT4 receptors in the vagus nerve (see above) 
could be at the origin of the emetic action of copper sulphate and of zacopride 
in ferret and dog (ANDREWS et al. 1988; BHANDARI and ANDREWS 1991; FUKUI 
et al. 1994). 
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II. Central Nervous System 

For reviews on possible therapeutic usefulness of 5-HT4 ligands see EGLEN et 
al. (1995c) and SANGER and GASTER (1994). We have discussed evidence for a 
role of 5-HT4 receptors in memory and in reversing some deficits in memory 
performance in rodents. Thus, 5-HT4 agonists may provide a novel therapeutic 
approach for cognitive disorders. 5-HT4 antagonists may be useful as 
anxiolytics. Finally, a central reduction in pain perception may be obtained 
with 5-HT4 agonists (GHELARDINI et al. 1990,1996). 

III. Cardiovascular System 

Cisapride, a weak partial agonist at human atrial 5-HT4 receptors, has been 
shown to generate supraventricular arrhythmias and tachycardia in humans 
(OLSSEN and EDWARDS 1992; for a review see KAUMANN 1994). It has been 
proposed by KAUMANN that 5-HT, released from platelet aggregation follow
ing stagnant circulation (observed for example in elderly patients), can induce 
atrial fibrillation. Chronic atrial fibrillation may then facilitate intra-atrial 
blood clotting, which in turn would generate more 5-HT, inducing a self
perpetuation of the arrhythmia. 5-HT4 antagonists may therefore be able to 
brake this positive feedback cycle and attenuate thromboembolic events asso
ciated with atrial arrhythmia KAUMANN (1994). 

IV. Urinary System 

Cisapride and metoclopramide have been shown to increase urinary inconti
nence in humans (PILLANS and WOOD 1994). If tonic 5-HT4-receptor-mediated 
contractions of the urinary bladder exist, 5-HT4 receptor antagonists may be of 
interest for the treatment of incontinence. 

G. Conclusion 
Within less than 10 years, 5-HT4 receptors have gained a birth certificate, 
pharmacological legitimacy and a gene structure. Numerous specific ligands 
have been synthesized, although more specific agonists crossing the blood
brain barrier are still needed. 5-HT4 receptor agonists were introduced to 
gastrointestinal therapeutics before the identification of their target. New 5-
HT4 agonists and antagonists should soon be introduced for the treatment of 
other peripheral and central diseases. 
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CHAPTER 18 

Molecular Biology and Potential Functional 
Role of 5-HT 5' 5-HT 6' and 5-HT 7 Receptors 
T.A. BRANCHEK and 1.M. ZGOMBICK 

A. Introduction 
The supposition that multiple receptor subtypes mediate the numerous physi
ological actions of 5-HT has been elegantly substantiated by molecular clon
ing, including the discovery of "novel" receptor subtypes such as 5-HT5A, 
5-HT5B, 5-HT6' and 5-HT7 • All four subtypes are members of the G-protein
coupled receptor (GPCR) superfamily. Detailed characterization of the 
pharmacological profiles of these cloned receptor subtypes facilitates the in
terpretation of complex binding data as well as in vitro and in vivo responses 
to 5-HT in native systems. This review focuses on the structural features, 
binding properties, and mRNA distribution of these novel 5-HT receptor 
subtypes. as well as an evaluation of the tool sets available to link these cloned 
receptors to function and therapeutic potential. 

B. Molecular Biology of the 5-HTs, 5-HTM 

and 5-HT 7 Receptors 
I. 5-HTs Receptors 

The 5-HT5 receptor subfamily includes the 5-HT"A and 5-HT"B subtypes in 
mouse (PLASSAT et al. 1992; MATTHES et al. 1993) and rat (ERLANDER et al. 
1993; WrsDEN et al. 1993). The deduced amino acid sequences of the rat 
receptors indicate that they encode proteins containing 357 and 371 amino 
acids, respectively (Fig. 1). They display >75% amino acid identity to each 
other in the transmembrane (TM) regions and lower TM identities «50%) to 
5-HT6 and 5-HT7 receptors (Fig. 2). Their sequences are not closely related to 
any other known member of the 5-HT receptor family; the closest relationship 
is to the Drosophila cyclase inhibitory receptors 5-HT Dro2 (SAUDOU et al. 1992). 
Analysis of the genomic structure of the mouse sequences indicates that they 
are interrupted by an intron between TM V and TM VI, in the middle of the 
third intracellular loop, at the same position in the two genes (MATTHES et al. 
1993). Chromosomal localization of the mouse genes reveals a single locus for 
each found on chromosomes 5 (position 5B) and 1 (position IF), respectively 
(MATTHES et al. 1993). The mouse 5-HT5A receptor sequence contains two sites 
for potential N-linked glycosylation in the amino terminus and it has several 
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sites for protein kinase A and C phosphorylation in the intracellular domains. 
The mouse 5-HTsB receptor sequence contains a single site for N-linked 
glycosylation and multiple phosphorylation sites. Both receptors have modest 
size third intracellular loops ( -60 amino acids) and short carboxylterminal tails 
( -15 amino acids). Functional coupling to a signal transduction system has not 
yet been reported. 

A cDNA encoding a 5-HTsA receptor has been cloned from the human 
(REES et al. 1994) and it has 84% overall amino acid identify to its murine 
homologue. The human 5-HTsA receptor is also 357 amino acids and the 
sequence contains an intron at the same position as in the rodent. The human 
5-HTsA gene is located on chromosome 7 at position 7q36 (MATTHES et al. 
1993). In contrast to the mouse and rat, only an untranscribed fragment (one 
of the two exons) of the human 5-HTsB receptor has been detected (REES et al. 
1994) and its locus was mapped to human chromosome 2 (position 2qll-13) 
(MATTHES et al. 1993). Quite recently, the second exon of the human sequence 
has been sequenced and was found to be interrupted by several stop co dons 
(GRAILHE et al. 1995). Both Southern blot and polymerase chain reaction 
(PCR) experiments indicate that this is the only homologue of the rodent 5-
HTsB gene and, thus, there will be no functional5-HTsB receptor in man. This 
appears to be the first GPCR found in lower mammalian species but which is 
absent in man. 

II. 5-HT6 Receptors 

The rat 5-HT6 receptor has been reported to encode a protein of 436 amino 
acids (MONSMA et al. 1993; RUAT et al. 1993a). However, this has recently been 
reevaluated and it is now deduced to form a protein of 438 amino acids (Fig. 
1) while the human homologue contains 440 amino acids (KOHEN et al. 1996). 
The human sequence is 89% identical to the rat amino acid sequence. No 
additional subtypes have been cloned. Key structural elements of this receptor 
sequence include a short third intracellular loop (50 amino acids, rat; 57 amino 
acids, human) and a long carboxyl tail (-120 amino acids), common to some 
other GPCRs which couple to adenylate cyclase stimulation (LEFKOWITZ and 
CARON 1988). The 5-HT6 receptor is characterized by a single glycosylation site 
in the amino terminus, and by multiple potential phosphorylation sites for 
protein kinase C (PKC) in the cytoplasmic domains. The sequence also con
tains a consensus "leucine zipper" motif in TM III (RUAT et al. 1993a). The 
sequence has the highest identity (37%) to the Drosophila cyclase stimulatory 
serotonin receptor (5-HT DROl' WITZ et al. 1990) and the histamine H2 receptor 
(RUAT et al. 1991); lower identities are observed with 5-HT5 and 5-HT7 recep
tors (Figs. 1,2). Both the rat and human sequences contain two introns, one in 
the third intracellular loop and the other in the third extracellular loop 
(KOHEN et al. 1996). The intron in the third cytoplasmic loop appears at the 
same location as that described for the 5-HTsA and 5-HTsB receptors, as well as 
the dopamine D2 and D3 receptors (see KOHEN et al. 1996). The gene for the 
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Fig. 2. Structural relationship of the transmembrane domains of recombinant rat 5-
HT'A' 5-HT'H' 5-HT", and 5-HT7 receptor sUbtypes. Identical amino acids are denoted 
by solid symbols. The deduced amino acid sequence of the recombinant rat 5-HT7 
receptor served as the structural template for comparisons 

human 5-HT" receptor maps to chromosome region Ip35-p36, thus overlap
ping with the gene locus for the 5-HTID receptor (KOHEN et a1. 1996). The 5-
HT" receptor sequence contains an Rsal restriction length polymorphism in 
the first extracellular loop, The 5-HT6 receptor couples to the stimulation of 
adenyl ate cyclase activity, although no detailed functional analysis has been 
reported. 

III. 5-HT7 Receptors 

The human 5-HT7 receptor sequence encodes a protein of 445 amino acids 
(BARD et a1. 1993). 5-HT7 cDNAs have also been cloned from mouse (PLASSAT 
et al. 1993), rat (LOVENBERG et a1. 1993; SHEN et al. 1993; RUAT et a1. 1993b; 
MEYERHOF et al. 1993), guinea pig (Tsou et al. 1994), and Xenopus (NELSON et 
al. 1995). Pseudogenes for the 5-HT7 have been observed (SHEN et al. 1993; 
BARD et al. 1993; R. Hen, personal communication), Key structural features 
which distinguish this subtype include a relatively short third intracellular loop 
(55 amino acids) and a moderately long carboxyl terminus (58 amino acids), 
There are two potential sites for N-linked glycosylation in the amino terminus 
and multiple sites for protein kinase A and C phosphorylation in the intracel
lular domains, The amino acid sequence of the rat 5-HT7 receptor (Fig, 1) 
displays the highest identity to the 5-HT Orol (57% TM identity) and lower TM 
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Fig.3. Structural relationship of the transmembrane domains of recombinant mamma
lian and Xenopus 5-HT7 receptors. Nonconserved amino acids are denoted by solid 
symbols. The deduced amino acid sequence of the recombinant rat 5-HT7 receptor 
served as the structural template for comparisons 

identities «50%) to 5-HTs and 5-HT6 receptors (Fig. 2). The 5-HT7 receptor 
couples to the stimulation of adenylate cyclase activity (BARD et al. 1993), 
although it lacks any homology to the other cloned 5-HT stimulatory receptors 
(only 39% TM identity to the 5-HT6 receptor and only 46% TM identity to the 
5-HT4 receptor, GERALD et al. 1995). No inhibition of adenylate cyclase activ
ity or coupling to phospholipase C has been demonstrated for the 5-HT7 
receptor. 

Sequences of mammalian 5HT7 receptors range in size from 435 to 448 
amino acids due to differences in the size of their carboxyl termini. Xenopus 
receptors are the shortest at 425 amino acids due to a shorter smaller amino 
terminus. In addition, varying lengths have been reported for the rat sequence 
by different groups. Such differences appear to be due to alternative Kozak 
consensus sequences for the initiating methionine as well as to possible splice 
sites in the carboxyl terminus. In general, there is a high conservation of amino 
acid identities in the TM regions (99%) of mammalian 5-HT7 receptors (Fig. 
3). A nonconservative substitution of leucine for proline in TM IV of the 
mouse sequence may account for the >tenfold lower binding affinities of 
methiothepin, 5-methoxytryptamine (5-MeOT), and 8-hydroxy-2-(di-n
propylamino )tetralin (8-0H-DPAT) for the mouse relative to the rat homo
logue. Site-directed mutagenesis experiments to evaluate these possible 
interactions have not been reported. In contrast, the Xenopus 5-HT7 receptor 
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displays lower TM amino acid identities (84%) to mammalian sequences. 
However, a direct comparison of mammalian pharmacology to the Xenopus 
receptor is not possible since binding affinities were not reported. 

c. Molecular Pharmacology of the 5-HTs, 5-HTM 

and 5-HT 7 Receptors 
I. 5-HTs Receptors 

The discriminating properties of the pharmacology of the 5-HTsA and 5-HTsB 

receptor subtypes include a rank order of ligand affinities from binding 
assays: 5-carboxamidotryptamine (5-CT) > 5-HT > 8-0H-DPAT > 
sumatriptan (Table 1). No compounds have been reported which can discrimi
nate effectively (>tenfold) between the closely related 5-HTs subtypes 
(ERLANDER et al. 1993: MATTHES et al. 1993). Both C25I]LSD (ERLANDER et al. 
1993; MATTHES et al. 1993) and ['H]5-CT (WISDEN et al. 1993; GRAILHE et al. 
1994) have been used to determine the binding properties of the 5-HTs recep
tors. Competition experiments using C25I]LSD have yielded biphasic curves 
for compounds which traditionally behave as agonists in systems expressing 
native or recombinant 5-HT receptors including 5-HT, 5-CT, 8-0H-DPAT, 
and sumatriptan (PLASSAT et al. 1992). These results would imply that 
C25I]LSD is an antagonist at the 5-HTs receptors. The high-affinity site was 
guanine nucleotide-sensitive, indicating coupling of 5-HTs receptors to G 
protein(s). Interestingly, the KL value of these compounds determined from 
[ 12S I]LSD competition experiments displayed better correspondence with the 
K;value determined from ['H]5-CT displacement studies, consistent with the 
small proportion (25°/,,) of receptors existing in the high-affinity state. Few 
significant differences in binding properties have been observed among the 
rat, mouse, and human 5-HTs receptors with the exception of methiothepin, 
which exhibits significantly higher affinity (71-fold) for the human 5-HTsA 

receptor relative to the mouse homologue: the rat subtype has intermediate 
affinity for this compound. 

II. 5-HT6 Receptors 

The discriminating properties of the pharmacology of the cloned rat 5-HT6 
receptor are the high affinity for a series of antipsychotic compounds, includ
ing clozapine and loxapine, as well as affinity for a number of tricyclic antide
pressants such as amoxapine, clomipramine, and amitriptyline (MoNsMA et al. 
1993; ROTH et al. 1994). Analysis of competition binding studies using 
C2SI]LSD as a radioligand gives the rank order of binding affinities: 
methiothepin > 5-MeOT > 5-HT > tryptamine> 5-CT > sumatriptan» 8-0H
DPAT (Table 1). A detailed functional analysis has not been reported for the 
cloned 5-HT6 receptor. However, a similar but native receptor in N8TG2 cells, 
a neuroblastoma line. displays a rank order of agonist potency in both 
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radioligand binding and cAMP assays: 5-MeOT > 5-HT > tryptamine> 2-Me 
tryptamine> 5-CT > a-methyl-5-HT (UNSWORTH and MOLINOFF 1994). Re
sponses to 5-HT in this cell line are also antagonized by clozapine. Affinities of 
compounds for the human cloned 5-HT6 receptor are similar to those deter
mined for the rat, with the exception of four compounds. Methiothepin exhib
its a fourfold higher affinity for the human receptor, while metergoline and the 
atypical antipsychotics tiopyrone and amperozide display > tenfold higher 
affinity for the rat receptor. Clozapine acts as a high-affinity antagonist at both 
human and rat 5-HT6 receptors. The rank order of antagonist binding affinities 
is: methiothepin > clozapine = olanzapine > ritanserin » risperidone. A 
nonconserved amino acid substitution of threonine (rat) for leucine (human) 
in TM III may contribute to the differences in binding affinities observed 
between the species homologues. 

III. 5-HT 7 Receptors 

The discriminating properties of the molecular pharmacology of the 5-HT7 
receptor include a rank order of agonist affinities in binding assays: 5-CT > 5-
HT 2': 5-MeOT > 8-0H-DPAT > sumatriptan (Table 1). Agonist potencies 
determined from studies of the activation of adenylate cyclase activity gener
ally displayed a tenfold lower activity than those derived from competition 
binding studies (PLASSAT et al. 1993: ZGOMBICK et al. 1995), without a change 
in their rank order. Antagonists for this subtype are methiothepin, meter
goline, mesulergine. methysergide, ritanserin, clozapine, and LSD. In addi
tion, a series of antipsychotic and tricyclic antidepressant compounds have 
high affinity for 5-HT; (ROTH et al. 1994). However, specific compounds pos
sess unique 5-HT6 and 5-HT7 receptor profiles and discriminate between these 
two SUbtypes. For example, olanzapine displays significant 5-HTf, selectivity 
(40-fold) while pimozide, risperidone, and spiperone exhibit marked 5-HT7 
selectivity (>150-fold: ROTH et al. 1994). 

D. Distribution of 5-HTs, 5-HT6' and 5-HT7 Receptors 
I. 5-HTs Receptors 

In the mouse, the distribution of mRNA for the 5-HT"A receptor sequence has 
been evaluated by multiple techniques (PLASSAT et al. 1992). Using Northern 
analysis, three transcripts were detected in the brain and cerebellum. These 
multiple transcripts may indicate different polyadenylation lengths, possible 
pseudogenes, or even homologous genes not yet cloned. No signal was ob
served in the liver or kidney. By RT-PCR (reverse transcription polymerase 
chain reaction), a more sensitive detection method, a similar pattern was 
observed with labeling of the spinal cord and brain. No signal was amplified 
from mRNA derived from spleen, liver, heart, kidney, or lung. Therefore, the 
eNS distribution was more carefully mapped using in situ hybridization his-
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Table 2. Localization of 5-HTs, 5-HT6' and 5-HT7 receptor mRNA by in situ 
hybridization histochemistry 

Region 

Olfactory bulb 

Cortex 
Septal area 
Hippocampus: 

CAl 
CA2 
CA3 
Dentate gyrus, 

Granule cell 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

Amygdala + 
Basal ganglia: 

Caudate putamen 
Nucleus accumbens 
Olfactory tubercle 

Thalamus + 
Habenula + 
Hypothalamus 

Superior colliculus 
Dorsal raphe 
Periaquaductal gray 
Pontine nucleus 
Dorsal tegmental nucleus 
Nucleus of solitary tract 
Cerebellum: 

Granule cell layer + 
Spinal cord 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 
+ 

5-HTsA data sketchy 
for many regions 

Some see 5-HT7 
signals here but 
AS =S 

5-HT7» 5-HTo 

5-HT7 most widely 
distributed 

5-HT6 sense high 

a ERLANDER et al. 1993; b MATIHES et al. 1993;' PLASSAT et al. 1992; d WISDEN et al. 1993;' RUAT et 
al. 1993a; f WARD et al. 1995; g LOVEN BERG et al. 1993; h RUAT et al. 1993b; i GUSTAFSON et al. 1996. 
Detectable levels of receptor subtype mRNA are denoted by plus (+); undetectable levels of 
receptor subtype mRNA are denoted by minus (-). 

tochemistry (Table 2). The predominant localization of 5-HTsA transcripts was 
detected in the hippocampus (CAl, CA2, CA3), cerebral cortex, habenula, 
olfactory bulb, and granule layer of cerebellum. These data suggest overlap 
with radiolabeled binding sites previously attributed to 5-HTJD sites in the 
mouse cortex, cerebellum, and hippocampus (PLASSAT et al. 1992). The distri
bution of message for the 5-HTsB was studied using Northern analysis and in 
situ hybridization histochemistry (MATTHES et al. 1993). By Northern analysis, 
no signal was detected in brain, heart, kidney, lung, liver, or intestine. In 
contrast, signals were detected in very discreet and limited brain regions which 
included the CAl region of the hippocampus, the habenula, and dorsal raphe 
nucleus by in situ hybridization histochemistry. Although the distribution of 
the proteins encoding 5-HTsA and 5-HTsB receptors has not been studied 
directly; it is possible that some 5-HTs binding sites have been embedded in 
the study of other 5-HT receptor binding sites. For example, [3H]5-CT 
binding sites have been identified in guinea pig frontal cortex (MAHLE et al. 
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1991). Some of these CH]5-CT-labeled sites may be related to 5-HTs receptor 
subtypes since sumatriptan displacement curves were clearly biphasic. The 
high-affinity component is due to interaction with 5-HT1B/lD subtypes while the 
low-affinity component may comprise 5-HTs and/or 5-HT7 receptors. 

In the rat (ERLANDER et al. 1993), 5-HTsA transcripts were detected by 
Northern analysis, with the hippocampus giving the strongest signal followed 
by the cortex, thalamus, pons, striatum, and medulla. No signal was obtained 
from the heart, kidney, or liver. Using in situ hybridization histochemistry, 5-
HTsA mRNA was detected in the piriform cortex, hippocampus, amygdala, 
septum, and several thalamic nuclei. Transcripts for the 5-HTsB (ERLANDER et 
al. 1993) were detected by Northern analysis only in the hippocampus. Al
though the 5-HTsB cDNA was derived from a hypothalamic library, no tran
script was detected in the hypothalamic mRNA source. In addition, signals 
were absent in heart, kidney, and liver. This absence of peripheral distribution 
was confirmed by WISDEN and colleagues (1993) for liver, heart, and kidney 
and extended to include muscle, lung, and spleen. Using in situ hybridization, 
5-HT'1l mRNA was found in pyramidal cells of the CAl region of the hippoc
ampus and subiculum, in the medial and lateral habenular nuclei, and in the 
median raphe nucleus. A weak signal was obtained in the piriform cortex and 
supraoptic nucleus (ERLANDER et al. 1993; WISDEN et al. 1993). Localization in 
the hippocampus suggests a possible role for the 5-HT, receptors in learning 
and memory consolidation while the habenular locus may implicate the 5-HT, 
receptor in the acquisition of adaptive behavior under stressful situations 
(THORNTON and DAVIES 1991). 

Studies of localization of the human 5-HTsA receptor have been accom
plished by RT-PCR (REES et al. 1994). Sites of representation included the 
amygdala, caudate, hypothalamus, cerebellum, substantia nigra, and thalamus. 
No signal was detected from aorta, kidney, heart, liver, small intestine, spleen, 
or uterus. There was only a low level of expression in the fetal brain. These 
data are consistent with the mouse and rat receptor distribution. In genera\' 
the 5-HTs subtypes appear to have an exclusive, or at least predominate, CNS 
distribution. 

II. 5-HT6 Receptors 

The distribution of mRN A encoding the 5-HT6 receptor has been determined 
by Northern analysis in the rat brain and peripheral tissues (MONSMA et al. 
1993). The region with highest expression was the striatum, with lower density 
signals detected in the amygdala, cerebral cortex, and olfactory tubercle. Tis
sues in which mRNA was undetectable included cerebellum, hippocampus, 
hypothalamus, medulla, olfactory bulb, pituitary, retina, thalamus, heart, lung, 
kidney, liver, spleen, pancreas, skeletal or smooth muscle, stomach, ovary, 
prostate. and testes. A second group observed 5-HTr, mRNA in the hippocam
pus, hypothalamus, stomach, and adrenal (RUAT et al. 1993a). Initial in situ 
hybridization studies in the rat brain detected a high level of mRNA in the 
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striatum and olfactory tubercles (RUAT et al. 1993a). Other positive structures 
included the nucleus accumbens, olfactory bulb, and hippocampus. A compre
hensive examination of the mRNA distribution for the 5-HT6 receptor in the 
rat brain using in situ hybridization (WARD et al. 1995) has confirmed the 
highest abundance of message in the olfactory tubercle, striatum, nucleus 
accumbens, dentate gyrus, and CAl, CA2, and CA3 fields of the hippocampus. 
Lower intensity labeling was obtained in the cerebellum, some diencephalic 
nuclei, amygdala, and several cortical layers (2,3,4, and 6; see Table 2). In the 
rat brain, GLATT and colleagues (1995) have employed [3H]clozapine as a label 
for 5-HT6 receptors using rat brain membranes. They have reported that 40% 
of the sites which they detected exhibit a 5-HT6 profile. No apparent differ
ences in the density of these sites were detected when comparisons were made 
between cerebral cortex, striatum, and hippocampus. Thus the [3H]clozapine 
binding is consistent with data from in situ hybridization studies. Perhaps 
future studies using [3H]clozapine for receptor autoradiography will provide a 
detailed map of 5-HT6 receptors. Methiothepin is another ligand which has 
even higher affinity for the 5-HT6 receptor. It has previously been radiolabeled 
with tritium, but it has not been found to be a suitable radioligand in the brain 
(NELSON et al. 1979) due to its physico-chemical properties (e.g., lipophilicity) 
and low receptor subtype selectivity. 

Recently, the distribution of the human 5-HT6 mRNA has been evaluated 
by Northern blot analysis (KOHEN et al. 1996). It parallels the distribution in 
the rat, with the highest expression detected in the caudate nucleus. In the 
human brain, lower expression of 5-HT6 mRNA was found in the hippocam
pus, amygdala, and thalamus. 

III. 5-HT7 Receptors 

The distribution of mRNA for the 5-HT7 receptor has been evaluated by 
several methods (LOVENBERG et al. 1993; MEYERHOF et al. 1993; PLASSAT et al. 
1993; BARD et al. 1993; Tsou et al. 1994; GUSTAFSON et al. 1996). Using 
Northern analysis, LOVENBERG and colleagues (1993) detected transcripts with 
a predominant distribution in the rat thalamus and hypothalamus, with low 
levels detected in the hippocampus, cortex, and medulla. 5-HT7 mRNA was 
not detected in the cerebellum, striatum, heart, liver, kidney, adrenal, spleen, 
testes, or ovaries. Similar results were obtained by SHEN and colleagues (1993), 
with the notable exception that they detected a robust transcript in the spleen. 
In the guinea pig (Tsou et al. 1994), a strong signal was observed in hippocam
pus and cortex but not in the cerebellum. The ileum and spleen were weakly 
positive but other peripheral tissues such as lung, liver, and adrenal were 
negative. 

In the mouse, transcripts for the 5-HT7 gene were undetectable by North
ern analysis and the distribution was determined by RT-PCR (PLASSAT et al. 
1993). In this species, positive signals were obtained in the brainstem, fore-
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brain, cerebellum, embryonic collicular neurons, heart, and intestine. In the 
human, 5-HT7 mRNA was detected, also by RT-PCR, at relatively high levels 
in total brain, coronary artery, and gastrointestinal tract and at low levels in 
kidney, liver, pancreas, and spleen. The peripheral distribution is consistent 
with the pharmacological relationship of the 5-HT7 subtype to 5-HT-induced 
relaxation responses of several smooth muscle preparations (BARD et al. 1993; 
see Sect. E). 

In situ hybridization studies in the adult rat brain (LOVENBERG et al. 1993) 
displayed intense labeling of the anterioventral and paraventricular thalamic 
nuclei, and less intense labeling in the hippocampal pyramidal cells in layers 
CA2 and CA3. Relatively weak levels of message were detected in the 
piriform and retrosplenial cortices and in the neocortex in layers 2 and 3. In 
the hypothalamus, sites of labeling included the arcuate and anterior nuclei 
(Table 2). Expression in the suprachiasmatic nucleus (SCN) was not definitive 
by either in situ hybridization or by PCR analysis, in spite of the proposed 
functional link of this subtype to the control of circadian rhythms (LOVENBERG 
et al. 1993). In the guinea pig CNS, the expression pattern was similar to that 
described in the rat (Tsou et al. 1994). The predominant loci of 5-HT7 mRNA 
were the hippocampus. peri ventricular nucleus of the thalamus, and superficial 
layers of the cortex. These brain regions receive a diffuse projection from 
serotoninergic fibers from the midbrain and dorsal raphe nuclei (which do not 
appear to contain this transcript). The distribution of these signals indicates a 
potential role in information processing in the hippocampus and modulation 
of the corticothalamolimbic system (Tsou et al. 1994). 

The distribution of the 5-HT7 receptor protein in the rat and guinea pig 
brain has been studied using [JH]5-CT as a radioligand (in the presence of 
various sets of compounds to mask other subtypes labeled by this ligand), 
including 5-HTIA' 5-HTI13 (rat), 5-HTID' and 5-HT, (GUSTAFSON et al. 1996; 
To et al. 1995; RAURICH et al. 1995; WAEBER and MOSKOWITZ 1995). The 
distribution of the receptor binding sites using this method was largely consis
tent with that reported for in situ hybridization studies and included labeling of 
septum, anterior thalamic nuclei, hypothalamus, and medial amygdala. This 
predominantly limbic distribution is consistent with suggestions of a role for 
this receptor subtype in emotion and in sensory processes (MEYERHOF et al. 
1993). Regions in which receptor binding but no in situ hybridization 
signal was obtained were the globus pallidus, substantia innominata, and 
substantia nigra. The binding in the globus pallidus and substantia nigra was 
resistant to methiothepin and thus is probably not due to 5-HT7 sites 
(GUSTAFSON et al. 1996). In the guinea pig brain, To and colleagues (1995) 
have also observed residual binding in these brain regions. It is possible that 
these are sites of 5-HT, binding since the 5-HT, subtypes have lower affinity 
for methiothepin than does the 5-HT7 receptor. In general, the guinea pig 
and rat had very similar distributions of both mRNA and binding for 5-HT7 
receptors. 
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E. Potential Functional Roles of the 5-HTs, 5-HT6' and 
5-HT, Receptors 
I. 5-HTs Receptors 

At the present time there are no selective ligands to evaluate 5-HTs function. 
Possible functions of the 5-HTs receptors can be projected based on localiza
tion studies. For example, the similarity in the molecular pharmacology of 5-
HTs sites in the brain to 5-HTlB/lD sites indicates a possible involvement of the 
5-HTs receptor in motor control, feeding, anxiety, and depression (PLASSAT et 
al. 1992; WILKINSON and DOURISH 1991). In addition, the limbic distribution in 
the mouse brain indicates a possible role in learning and in mood (PLASSAT et 
al. 1992) while the distribution of 5-HTsA mRNA in the cerebellum may 
suggest a role in the coordination of fine motor skills. 

The distribution of 5-HTs message in the habenula is interesting. This 
region is a relay between the limbic system and midbrain and projects to 
the interpeduncular nucleus, raphe nuclei, substantia nigra, and ventral teg
mental areas. The stimulation of GABAergic neurons in the lateral habenula 
inhibits both 5-HT neurons in the raphe and dopamine neurons in the substan
tia nigra and ventral tegmentum. Therefore, it is possible that modulation of 5-
HT and dopamine release through 5-HTs receptors may have behavioral 
consequences. Habenular lesions have been shown to lead to enhanced ex
ploratory behavior. Together, these data indicate a possible role for the 5-HTs 
receptors in the inhibition of behaviors related to emotional states. Addition
ally, since the habenular-raphe pathway is implicated in sleep cycle and in 
perception of pain, 5-HTs receptors may be involved in these activities. 
These are possible areas for assessment using transgenic mice with targeted 
disruption of the 5-HTs genes. Such knock-out mice have been made for the 5-
HTs receptor, but no behavioral data have been reported (GRAILHE et al. 
1995). 

A possible functional correlate of 5-HTs activity may be embedded in 
earlier reports of adenyl ate cyclase stimulatory responses from the rat cortex 
(FAYOLLE et al. 1988). The high-affinity portion of the response to antagonists 
somewhat matches the rank order for 5HTs sites: dihydroergotamine (DHE) > 
methiothepin > methysergide » ketanserin (inactive). However, the agonist 
rank order did not match: 5-CT was not active and bufotenin was more active 
than 5-HT. In the guinea pig airway, activation of an atypical 5-HT receptor 
mediates inhibition of a non-cholinergic, non-adrenergic bronchoconstriction 
(WARD et al. 1994). In general the rank order of agonist potency of this 
response is consistent with a 5-HTs receptor profile: 5-CT > 5-HT » 8-0H
DPAT > a-Me-5-HT; sumatriptan and 2-Me-5-HT are inactive. The only 
inconsistency is that 5-MeOT was inactive in the guinea pig but similar in 
affinity to 5-HT in the cloned receptor systems, although the guinea pig 5-HTs 
receptors may display species variations in pharmacology due to potential 
differences in their deduced amino acid sequences. 
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II. 5-HT6 Receptors 

Possible in vivo roles of the 5-HT6 receptor may involve neuropsychiatric 
functions, based on the high affinity of atypical antipsychotic drugs and several 
tricyclic antidepressants for this receptor (MONSMA et al. 1993; ROTH et al. 
1994). Analysis of the clinical profiles of atypical anti psychotics underscores 
the potential impact of 5-HT6 activity. Risperidone, a mixed 5-HT2A/D2 an
tagonist with low 5-HT6 activity, has been shown to have a substantial trend 
toward causing extrapyramidal symptoms whereas olanzapine and zotepine, 
which have similar affinities at 5-HT2A and 5-HT6' do not (KOHEN et al. 1996). 
Thus 5-HT6 receptor antagonism may have a beneficial effect on the clinical 
profile of atypical antipsychotics. The distribution of 5-HT6 mRNA in limbic 
pathways (WARD et al. 1995) also indicates that the 5-HT6 receptor may 
modulate the affective state. The localization of mRNA for the 5-HT6 receptor 
in the nucleus accumbens may also suggest a role in reinforcementlreward. 
The ability of 5-HT6 receptors to modulate the mesolimbic dopaminergic 
projections to the nucleus accumbens remains to be evaluated experimentally. 
Preliminary data indicate that mRNA for the 5-HT6 receptor is preferentially 
downregulated in rats in certain brain regions after a 2-week treatment with 
clozapine or haloperidol (FREDERICK et al. 1995). 

The first behavioral studies of possible 5-HT6-mediated function have 
been attempted using antisense oligonucleotides targeted to the 5-HT6 recep
tor subtype (BOURSON et al. 1995). In these studies, the rats exhibited a behav
ioral phenotype consisting of an increased number of yawns and stretches. 
This behavior was blocked by atropine, suggesting a role of the 5-HT6 receptor 
in the control of cholinergic neurotransmission. If so. then a 5-HT6 antagonist 
might be useful in the treatment of depression, anxiety. and/or memory disor
ders (BOURSON et al. 1995). Further developments in this area await additional 
antisense studies. knock-out mice. or the development of selective agonists 
and antagonists for this receptor subtype. 

Functional correlates of possible effects of 5-HT6 receptors have also been 
ohserved in vitro (QUACH et al. 1982). A study of glycogenolysis in rat cortical 
slices may reflect a 5-HT6-like profile. In this slice preparation. 5-HT. 5-MeOT. 
and tryptamine stimulated glycogen hydrolysis; tricyclic antidepressants 
were among the best competitive antagonists of the response. However. 
methiothepin was weak in antagonizing the response although physico
chemical properties of the compound may have limited its efficacy. N,N
Dimethyltryptamine (N,N-DMT) was an antagonist of this response with 
greater efficacy than methiothepin. At the human 5-HT6 receptor, N,N-DMT 
was equal in effect to 5-HT (pKj = 7.2). 

There have been several early reports of cyclase-stimulatory serotonin 
receptors in cells lines, particular NCB.20 cells. This cell line is a fusion 
between a mouse neuroblastoma line, N18TG2, and an embryonic hamster 
brain explant (BERRY-KRAVITZ and DAWSON 1983). In this hybrid cell line, 
cAMP accumulation was stimulated by 5-HT, 5-MeOT. and methysergide. 
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The response was antagonized by clozapine as well as by spiperone, although 
at much higher concentrations. This response was reinvestigated using more 
recently available tools for characterization (CONNOR and MANSOUR 1990; 
COSSERY et al. 1990). The response was inhibited by metergoline (Kb = 50nM), 
but not by ICS 205,930 (COSSERY et al. 1990), consistent with a 5-HT6, but not 
a 5-HT4 or 5-HT7, response profile. The parental mouse cell line, N18TG2, has 
also been evaluated for 5-HT-stimulated cAMP responses. It appears to dis
playa pharmacology similar to the cloned 5-HT6 receptor based on evaluation 
of the rank order of agonist potency in both radioligand binding and second 
messnger assays: 5-MeOT > 5-HT > tryptamine> 2-Me-5-HT» 5-CT > a-Me-
5-HT (UNSWORTH and MOLIN OFF 1994). In binding assays methiothepin dis
played higher affinity than clozapine while in second messenger assays 
methiothepin, clozapine, and mianserin exhibited similar antagonistic poten
cies (pA2 - 6.5). A molecular analysis of the N18TG2 cells to evaluate the 
presence of mRNA for serotonin receptor subtypes has not been reported. 

Stimulatory cyclase responses mediated via a 5-HT6-like receptor in 
striatal neurons have been described (SCHOEFFTER and W AEBER 1994; SEBBEN 
et al. 1994). In cultured mouse striatal neurons, that rank order of agonist 
potencies to stimulate cAMP production was: 5-HT > LSD> 5-MeOT > 5-CT; 
8-0H-DPAT, sumatriptan, and cisapride were inactive. Antagonists of this 
response included methiothepin, nortriptyline, clozapine, and amitriptyline. In 
pig caudate membranes, a similar rank order of agonist potencies was ob
served: 5-HT ;:0: 5-MeOT > 5-CT; 8-0H-DPAT, sumatriptan, and renzapride 
were also not active. The antagonist rank order in this preparation was: 
methiothepin > clozapine » ketanserin. No 5-HT4 receptor responses were 
detected, although receptor auto radiographic studies (GROSSMAN et al. 1993), 
as well as mRNA distribution (GERARD et al. 1995), indicate a strong represen
tation of 5-HT4 in the striatum in rat, guinea pig, and human. Neither of these 
receptor profiles derived from striatal preparations matches the rank order of 
potencies in either the N18TG2 cell line or the rank order of binding affinities 
from the cloned rat receptor. However, it is possible that cross-species com
parisons or methodological differences may obscure the true relationships. 
These reports argue for a strong similarity of the striatal responses to the 
cloned 5-HT6 receptor, but corroborative evidence of the presence of mRNA 
encoding this subtype in these preparations, cloning and characterization of 
mouse and pig 5-HT6 receptors, and/or receptor-selective antibodies or com
pounds is required before these responses can be characterized definitively. 

III. 5-HT7 Receptors 

There are no selective ligands available to study the 5-HT7 receptor. However, 
based on the activity profiles of a set of clinically useful compounds (which 
have activity at several other receptor subtypes), the 5-HT7 receptor may play 
a role in antipsychotic or antidepressive therapy (SLEIGHT et al. 1995; ROTH et 
al. 1994). Like the 5-HT6 receptor, the 5-HT7 subtype has high affinity for 
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several antipsychotic compounds and antidepressants such as pimozide and 
clozapine, suggesting that the therapeutic actions of these drugs may be ex
erted partially via this receptor (RoTH et a1. 1994). Chronic antidepressant 
treatment with the 5-HT uptake inhibitor fluoxetine substantially reduces the 
binding of [3H]5-HT to 5-HT7 receptors in the hypothalamus (SLEIGHT et a1. 
1995), suggesting a potential role for the 5-HT7 receptor in depression. Predic
tions of possible receptor function based on studies of the localization of both 
mRNA and protein for the 5-HT7 receptor in the septum, hypothalamus, and 
amygdala further include a role in so-called limbic processes. Additional brain 
regions with 5-HT7 binding sites including layers 1-3 of cortex, thalamus, and 
periaquaductal gray indicate the potential for roles of the 5-HT7 receptor in 
pain processing. It has been suggested that the 5-HT7 receptor may playa role 
in circadian function (see below). However, neither the 5-HT7 receptor nor its 
mRNA has been localized to the SCN (LOVENBERG et a1. 1993; GUSTAFSON et 
a1. 1996). The distribution of 5-HT7 mRNA in the anterior hypothalamic area, 
immediately lateral and dorsal to the SCN, suggests the possibility that the 
receptor may be localized on neurons whose dendritic fields extend into the 
SCN, and/or that the anterior hypothalamic neurons may have axonal projec
tions into the SCN. Similar observations have been made in the guinea pig (To 
et a1. 1995). 

The regulation of mammalian circadian rhythms by the 5-HT7 receptor 
was initially suggested by LOVENBERG and colleagues (1993). This suggestion 
was based on the observation that 5-CT and 8-0H-DPAT, compounds with 
affinity for both 5-HT 1A and 5-HT7 receptor subtypes, are able to phase ad
vance neuronal firing activity in rat hypothalamic slices in vitro (MEDANIC and 
GILLETTE 1992) and to inhibit spontaneous activity and photic responses in the 
hamster SCN in vivo (YING and RUSAK 1994). Ritanserin, an antagonist with 
moderate affinity for the 5-HT7 subtype, but not pindolol, a 5-HT1A antagonist, 
reverses the phase advance induced by 8-0H-DPAT in the hypothalamic slice 
preparation (LOVENBERG et a1. 1993). Additional evidence implicating the 5-
HT7 receptor in circadian function has been provided using whole cell voltage 
clamp recordings from rat SCN neurons in vitro (KAWAHARA et a1. 1994). 5-
HT, 5-CT, and 8-0H-DPAT all inhibited the GABAA currents and this effect 
was blocked by ritanserin, but not by pindolo1. The inhibition of the GABA 
current could be mimicked by agents that directly elevate cAMP, such as 
forskolin and 8-Br-cAMP. In the isolated rat SCN, 8-0H-DPAT-mediated 
phase shifts are blocked by cAMP-dependent protein kinase inhibitors, sup
porting a role for a Gs-coupled receptor (PROSSER et a1. 1994). These authors 
demonstrated that potassium channel blockers antagonize, while potassium 
channel activators mimic, the 8-0H-DPAT response, suggesting the 5-HT7 
receptor may also couple to potassium channels in addition to adenyl ate 
cyclase stimulation. Taken together, these results are consistent with the in
volvement of the 5-HT7 receptor in circadian processes. However, definitive 
proof of the role of 5-HT7 receptors awaits the development of subtype
selective compounds. 
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Additional functional correlates of 5-HT7 receptor activity can be found in 
the modulation of vasculature tone. Serotonin-induced smooth muscle relax
ation has been reported for a variety of isolated tissue preparations including 
the porcine vena cava (TREVETHICK et al. 1984, 1986; SUMNER et al. 1989), cat 
saphenous vein (FENIUK et al. 1983), guinea pig ileum (FENUIK et al. 1983; 
CARTER et al. 1995), canine coronary artery (CUSHING and COHEN 1992), por
cine pial veins (LEE et al. 1994; UENO et al. 1995), guinea pig stomach fundus 
(KOJIMA et al. 1992), and guinea pig trachea (PYPE et al. 1994). In most of these 
tissues, elevations of intracellular cAMP levels have been detected. The relax
ant response is resistant to tetrodotoxin, suggesting a post junctional receptor 
localization except in the guinea pig trachea, in which a prejunctional 5-HT7 
receptor mediates relaxation (PYPE et al. 1994). Pharmacological properties 
characteristic of these preparations include a high sensitivity to 5-CT with a 
rank order of agonist potencies: 5-CT > 5-HT ;::: 5-MeOT > 8-0H-DPAT 
» sumatriptan (inactive). The relaxant responses are antagonized by 
methiothepin, methysergide, mesulergine, spiperone, and clozapine. Antago
nists selective for other 5-HT receptor subtypes are inactive (e.g., ketanserin, 
GR 113808, ondansetron). Further evidence for the mediation of this response 
via the 5-HT7 receptor is provided by the localization by RT-PCR of mRNA 
encoding the 5-HT7 receptor in many of these blood vessels (ULLMER et al. 
1995). Taken together, these data indicate that the 5-HT7 receptor may playa 
role in smooth muscle relaxation and thus may be involved in diseases such as 
irritable bowel syndrome or angina. 

In other in vitro and in vivo preparations, 5-HT7 responses are intermixed 
with one or more additional serotonin responses. For example, SHENKER and 
colleagues (1987) described two 5-HT receptors coupled to adenylate cyclase 
stimulation in guinea pig hippocampal membranes designated RH and R L. The 
RH response component was originally classified as 5-HT1A-like due to the high 
potency of DPAT and competitive antagonism by spiperone (Kb = 24nM). 
Subsequent studies indicate that the RH receptor displays a pharmacological 
profile consistent with the 5-HT7 subtype (Tsou et al. 1994) while the RL 
corresponds to the 5-HT4 receptor (DUMUIS et al. 1990). In the rabbit jugular 
vein, vascular relaxation is mediated indirectly via an endothelial receptor 
with properties consistent with a 5-HT2B receptor (ELLIS et al. 1995), and 
directly by a smooth muscle receptor with characteristics of a 5-HT7 receptor 
(MARTIN et al. 1987). In the isolated sheep pulmonary vein, both 5-HT4- and 5-
HT7-like receptors appear to mediate endothelium-independent relaxations 
(COCKS and ARNOLD 1992). In intact dogs, a receptor resembling the 5-HT7 
receptor mediates vas ore laxation of the coronary vascular bed, while 5-HTm
like receptors produce vasoconstriction of the renal and carotid vascular beds 
(CAMBRIDGE et al. 1995). 

F. Summary and Conclusions 
At the time of the last issue of this series considering 5-HT, it was already clear 
that there were a multitude of responses to indolealkylamines (ERSPAMER 



Molecular Biology and Potential Functional Role 493 

1966; GYERMEK 1966) and that 5-HT had significant clinical effects in man 
(STACEY 1966). Since that time. remarkable progress has been made in the 
elucidation of serotonin receptor subtypes. in the design of more refined 
pharmacological tools with which to probe receptor function. and in the thera
peutic application of such tools to human disease. However. even now there 
are many serotonin responses that cannot be readily assigned to a particular 
receptor sUbtype. The search for more selective pharmacological and genetic 
tools continues. The ability to clone receptor subtypes and to perform struc
ture activity analysis and receptor profiling in heterologous expression systems 
containing a single receptor subtype has greatly enhanced the ability to dissect 
subtypes in various preparations. It has become possible to compare the 
pharmacology of cloned receptor subtypes and isolated tissue preparations 
using exact species matches (BRANCHEK et a1. 1995). Subtypes such as 5-HT, 
have been uncovered which were formerly embedded in the overlapping 
pharmacological profiles of other receptor subtypes such as the 5-HTJD recep
tors. In addition. apparently "novel" profiles such as 5-HT6 have been uncov
ered. However. retrospective analysis of the literature points to examples of 
this subtype in native preparations (SCHOEFFTER and W AEBER 1994; SEBBEN et 
al. 1994). The 5-HTc receptor represents a "novel" SUbtype which had been 
observed in many functional assays where it mediated smooth muscle relax
ation. It has similar operational properties to 5-HTJ receptors (BRADLEY et a1. 
1986) but was never detailed in binding studies. However. it could have been 
S-HT7 sites embedded in assays of high-affinity [lH]S-HT binding to 5-CT
sensitive but sumatriptan-insensitive sites along with 5-HT, receptors. 

At present. the least information is available concerning the 5-HT, and 5-
HT" receptor subtypes. For the S-HT" receptor. the activity of several major 
compounds which are in clinical use will certainly generate many studies of its 
potential role in psychosis and depression. For the S-HT5i\ receptor. careful 
studies of transgenic animals with targeted disruption of the 5-HToA gene 
(GRAILHE et al. 1995) may soon yield valuable insight into the functions ofthis 
subtype. In parallel. further refinement of chemical tools and the generation of 
antibodies to these SUbtypes (e.g .. 5-HTo; CARSON et al. 1995) may further 
refine our understanding of the functional roles of these novel 5-HT receptor 
SUbtypes. Although the pace of receptor cloning appears to have slowed. the 
task of identifying pathophysiological states in which these receptor subtypes 
are involved. as well as the development of subtype-selective compounds for 
the 5-HTs• 5-HT". and 5-HT7 receptors for clinical applications. represent 
major challenges for the future. 
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CHAPTER 19 

Electrophysiology of 5-HT Receptors 

G.K. AGHAJANJAN and R. ANDRADE 

A. Introduction 
Within the past decade, molecular cloning techniques have confirmed that 5-
hydroxytryptamine (5-HT) receptor subtypes, originally predicted from 
radioligand binding and functional studies (e.g., 5-HT j , 5-HT2, 5-HT3,5-HT4)' 
represent separate and distinct gene products. This knowledge has had a 
crucial impact on electrophysiological approaches to the 5-HT system in 
two important ways: (1) studies on previously recognized 5-HT receptors are 
now being directed. through the use of in situ mRNA hybridization and 
immunocytochemical maps, more precisely toward neurons that express these 
specific 5-HT receptor subtypes and (2) the functional role of previously 
unrecognized receptors (e.g., 5-HTs, 5-HTr" 5-HT7) can now be explored. 
Depending on the expression pattern for each type of neuron, the various 5-
HT receptor subtypes can interact with their own set of G proteins, second 
messengers, and ion channels, to give rise to the wide range of 
electrophysiological actions produced by 5-HT throughout the brain and spi
nal cord. In addition, it is becoming evident that more than one 5-HT receptor 
sub-type may be expressed by the same neuron or by different neurons within 
the same region. Thus, while the following review is organized primarily 
according to individual 5-HT receptor subtypes, interactions between differ
ent receptor subtypes within a single neuron or region are also discussed 
where appropriate. 

B. 5-HT. Receptors 
Many electrophysiological studies on the 5-HT, receptor SUbtype have been 
conducted in areas with a dense concentration of 5-HT1A-binding sites and a 
high level of 5-HT 1A mRNA expression such as the dorsal raphe nucleus, the 
hippocampal pyramidal cell layer, and the entorhinal cortex (CHALMERS and 
WATSON 1991; MIQUEL et al. 1991; PAZOS and PALACIOS 1985; POMPEIANO et al. 
1992). Studies in these and other regions will be reviewed in the following 
sections. 
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I. Raphe Nuclei 

1. Physiology and Pharmacology 

Because serotonergic neurons of the raphe nuclei are inhibited by the local 
(microiontophoretic) application of 5-HT to their cell body region, the recep
tor mediating this effect has been termed a somatodendritic autoreceptor (as 
opposed to the prejunctional autoreceptor). Early studies in the dorsal raphe 
nucleus showed that lysergic acid diethylamide (LSD) and other indoleamine 
hallucinogens are powerful agonists at the somatodendritic 5-HT autorecep
tor (AGHAJANIAN et al. 1968; AGHAJANIAN et al. 1972). Functionally, the 
somatodendritic 5-HT auto receptor has been shown to mediate collateral 
inhibition (WANG and AGHAJANIAN 1977). Studies in the brain slice prepara
tion have revealed that the ionic basis for the autoreceptor-mediated inhibi
tion, by either 5-HT or LSD, is an opening of K+ channels to produce a 
hyperpolarization (AGHAJANIAN and LAKOSKI 1984); these channels are char
acterized by their inwardly rectifying properties (WILLIAMS et al. 1988). As in 
the dorsal raphe nucleus, it has been shown recently that serotonergic neurons 
of the nucleus raphe magnus are also hyperpolarized by 5-HT via the opening 
of inwardly rectifying K+ channels (PAN et al. 1993). Furthermore, similar 
findings have been obtained in acutely isolated (PENINGTON et al. 1993a) and 
individually microcultured (JOHNSON 1994) dorsal raphe neurons, underscor
ing the fact that autoreceptor inhibition is independent of any inputs to the 
raphe nucleus. Patch clamp recordings in the cell-attached and outside-out 
configuration from such acutely isolated dorsal raphe neurons show that the 
increase in K+ current results from a greater probability of opening of unitary 
resting K+ channel activity (PENINGTON et al. 1993b). 

The soma to dendritic autoreceptors of serotonergic neurons in both the 
dorsal raphe nucleus and the nucleus raphe magnus appear to be predomi
nantly of the 5-HT1A subtype as a variety of drugs with 5-HT1A selectivity [e.g., 
8-hydroxy-2-( di-n-propylamino )-tetralin (8-0H-DPAT) and the anxiolytic 
drugs buspirone and ipsa pirone ] share the ability to potently inhibit raphe cell 
firing in a dose-dependent manner (PAN et al. 1993; SPROUSE and AGHAJANIAN 
1987 1988). Furthermore, intracellular recordings from dorsal raphe neurons 
in brain slices show that 5-HT1A agonists such as 8-0H-DPAT and ipsipirone 
fully mimic 5-HT in producing hyperpolarization and decreasing input 
resistance (Fig. 1; SPROUSE and AGHAJANIAN 1987). For a series of 5-HT1A 

agonists, treatment with the irreversible receptor inactivator EEDQ (N
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline) shifts agonist dose-response 
curves to the right but does not reduce the maximal inhibitory response, 
suggesting that a considerable autoreceptor reserve exists in the raphe (Cox et 
al. 1993). 

While classical 5-HT antagonists have proven ineffective in blocking the 
electrophysiological effects at the 5-HT autoreceptor, the acute intravenous 
administration of the D2 receptor antagonist spiperone, which has moderate 
affinity for the 5-HT1-receptor-binding site, rapidly blocks 5-HT1A-mediated 
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Fig. 1. Hyperpolarizing effects of 5-HT and the 5-HT1A agonist ipsapirone (IPSA) 
on a serotonergic neuron in the dorsal raphe nucleus. Note in the lower trace that 
both ipsapirone and 5-HT, given at supramaximal concentrations, induce an identical 
degree of hyperpolarization in this cell ( - 20 m V); also note that both agonists reduce 
input resistance to a similar degree (top trace). A shared receptor/transduction pathway 
is indicated by the fact that. in the presence of ipsapirone, 5-HT produces no fur
ther effect on membrane potential or input resistance even when original resting 
membrane potential is restored by the injection of +80pA current. (Provided by G.K. 
AGHAJANIAN) 

inhibitions in the dorsal raphe (BLIER et al. 1989; LUM and PIERCEY 1987) but 
not postsynaptically in CA3 neurons of the hippocampus, suggesting the pos
sibility that pre- and postsynaptic 5-HTIA receptors are not identical (Blier et 
al. 1993a). The basis for this difference is unclear since to date only one 5-HT1A 
clone has been reported. Very recently, a highly selective 5-HT1A antagonist 
(W A Y 100635) has been found which potently blocks the direct inhibition of 
dorsal raphe serotonergic neurons by both 5-HT and selective 5-HT1A agonists 
(CRAVEN et al. 1994; FLETCHER et al. 1996; FORSTER et al. 1995). WAY 100635 
also blocks the indirect inhibition of dorsal raphe neurons induced by selective 
5-HT reuptake inhibitors (GARTSIDE et al. 1995). After chronic treatment with 
a selective 5-HT reuptake inhibitor, there is a recovery of the basal firing rates 
of raphe neurons: under these conditions a 5-HT1A antagonist induces an even 
further increase in firing rate, suggesting that compensatory mechanisms have 
developed to maintain basal firing rates (ARBORELIUS et al. 1995). 

In contrast to WAY 100635, a selective 5-HTJD antagonist (GR 127935) 
was found to be ineffective in blocking suppression of dorsal raphe firing by 5-
HT (CRAVEN et al. 1994), suggesting that 5-HTm receptors do not contribute to 
the inhibitory effect of exogenous 5-HT on 5-HT neurons. On the other hand, 
it has been proposed that an activation of 5-HTm receptors reduces collateral 
inhibition within the dorsal raphe nucleus, possibly by inhibiting 5-HT release 
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from dendrites (PINEYRO et a1. 1996). If this were the case, the function of 5-
HTlD receptors in the raphe would be opposite from that of 5-HT1A receptors: 
activation of 5-HT1A receptors would serve a negative feedback role by medi
ating collateral inhibition while activation of 5-HTm receptors would oppose 
collateral inhibition by reducing 5-HT release. 

Receptor binding and behavioral studies have suggested that the ~ 
adrenoceptor antagonists such as (-)-propranolol possess 5-HT1A antagonist 
properties. Electrophysiological studies have shown that low microiont
ophoretic currents of f3-blockers such as (-)-propranolol or (-)-tertatolol 
effectively block the suppressant effects of the 5-HTIA agonists (e.g., 
ipsapirone and 8-0H-DPAT) on raphe cell firing (JOLAS et a1. 1993; SPROUSE 
and AGHAJANIAN 1986; PRISCO et a1. 1993). These results fit with cloning data, 
which reveal a remarkable degree of sequence homology between the f3z
adrenoceptor and the 5-HT1A receptor, especially the membrane-spanning 
domains that are characteristic of G-protein-coupled receptors (FARGIN et a1. 
1988). These findings provide a molecular basis for the interaction between 13-
adrenoceptor antagonists and 5-HT1A agonists. 

In addition to opening of K+ channels, whole cell recordings from acutely 
dissociated raphe neurons have shown that 5-HT decreases high-threshold 
calcium currents, probably via 5-HT1A receptors since the effect of 5-HT is 
mimicked by 8-0H-DPAT (PENINGTON and KELLY 1990). This calcium current 
is virtually insensitive to L-type calcium channel blockers but is partially 
sensitive to liJ-conotoxin, an N-type channel channel blocker (PENINGTON et al. 
1991). 

2. Signal Transduction Pathways 

It has been shown that the opening of K+ channels via 5-HT1A receptors in 
dorsal raphe neurons is mediated by pertussis-toxin-sensitive G proteins. 
Pertussis toxin catalyzes the ADP ribosylation of the a-subunit of certain G 
proteins (e.g., G j and Go), causing an irreversible uncoupling of the G protein 
from its receptor. Extracellular and intracellular experiments in the dorsal 
raphe nucleus have shown that a 48-h preinjection with pertussis toxin (local 
or intracerebroventricular) causes an almost total blockade of the inhibitory 
and hyperpolarizing effect of 5-HT (INNIS et a1. 1988). Consistent with their 
5HT1A-binding properties, the inhibitory effects of ipsapirone, 8-0H-DPAT, 
and LSD in the dorsal raphe are also blocked by pertussis toxin (INNIS et a1. 
1988; BLIER et a1. 1993b). The coupling to 5-HTJ receptors to G proteins in the 
dorsal raphe is also shown by the fact that intracellular injection of GTP}8, a 
nonhydrolyzable analog of GTP which induces an irreversible activation of G 
proteins, mimics and is nonadditive with the hyperpolarizing action of 5-HT 
(INNIS et a1. 1988). Intracellular GTP}8 also renders irreversible the suppres
sion of high-threshold calcium currents in dorsal raphe neurons (PENINGTON et 
a1. 1991). Other areas where pertussis toxin blockade of inhibitory responses 
to 5-HT has been demonstrated include the dorsal root ganglia (CRAIN et a1. 
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1987), the ventromedial hypothalamus (NEWBERRY and PRIESTLEY 1988), and 
the hippocampus (see below). 

II. Other Subcortical Regions 

Inhibitory or hyperpolarizing responses to 5-HT have been reported in a wide 
variety of neurons in the spinal cord, brain stem, and diencephalon. In general, 
such responses have been attributed to mediation by 5-HT1 receptors. In 
sensory neurons of dorsal root ganglia, a 5-HT I-like receptor has been re
ported to reduce the calcium component of action potentials and to produce 
hyperpolarizations which can be mimicked by 5-HT1A agonists such as 8-0H
DPAT (SCROGGS and ANDERSON 1990; TODOROVIC and ANDERSON 1990). In 
cerebellar Purkinje cells, 5-HT-induced inhibition but not excitation is medi
ated through 5-HT1A receptors (DARROW et al. 1990). In brain slices of the 
nucleus prepositus hypoglossi, focal electrical stimulation evokes inhibitory 
postsynaptic potentials (IPSPs) that are mediated by 5-HT1A receptors to 
activate an inwardly rectifying K+ conductance (BOBKER and WILLIAMS 1989a) 
and a novel outwardly rectifying K+ conductance (BOBKER and WILLIAMS 
1995); focal electrical stimulation in the nucleus prepositus hypoglossi also 
induces a late excitatory postsynaptic potential (EPSP) which is mediated by 
5-HT2 receptors (BOBKER 1994). In the midbrain periaqueductal gray, a region 
known to be involved in pain modulation and fear responses, approximately 
half the cells are inhibited/hyperpolarized by 8-0H-DPAT, suggesting media
tion by 5-HT1A receptors (BEHBEHANI et al. 1993). In the ventromedial hypo
thalamus (NEWBERRY 1992) and lateral septum (JOELS et al. 1987; VAN DEN 
HOOFF and GALVAN 1992), 5-HT and 5-HT1A agonists produce inhibitory ef
fects also by activating a potassium conductance. In the locus coeruleus, 5-HT 
suppresses depolarizing synaptic potentials, apparently through both 5-HT1A 
and 5-HT1ll receptors located presynaptically (BOBKER and WILLIAMS 1989b). 
Also in the locus coeruleus, 5-HT appears to selectively suppress the postsyn
aptic excitatory response to locally applied glutamate through a 5-HT1A recep
tor (CHARLETY et al. 1991). Tn the rat laterodorsal tegmental nucleus (LDT), 
bursting cholinergic neurons are hyperpolarized by 5-HT via 5-HT1 receptors 
(LUEBKE et al. 1992). It has been suggested that during REM sleep the removal 
of a tonic inhibitory 5-HT influence from these cholinergic neurons may be 
responsible for the emergence of ponto-geniculo-occipital (PGO) spikes dur
ing this behavioral state. 

III. Hippocampus 

1. Physiology and Pharmacology 

Pyramidal cells of the CAl region express high levels of 5-HT1A receptor 
mRNA and 5-HT1A receptor binding (POMPEIANO et al. 1992). Early electro
physiological studies using in vivo extracellular recording and iontophoresis 
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reported that the predominant effect of 5-HT on these cells was an inhibition 
of firing activity (BISCOE and STRAUGHAN 1966). Intracellular recordings in 
brain slices showed that the 5-HT-induced inhibition was due to a hyperpolar
ization resulting from an opening of K+ channels (SEGAL 1980). Subsequent 
work, using a variety of pharmacological approaches in vitro in brain slices, 
showed that the 5-HT-induced inhibition in both CAl and CA3 pyramidal 
cells was mediated by the activation of receptors of the 5-HT1A subtype 
(ANDRADE and NICOLL 1987; OKUHARA and BECK 1994; SEGAL et a1.1989; 
ZGOMBICK et al. 1989). As in the dorsal raphe, these receptors activate a 
perussis-toxin-sensitive G protein which couples to the opening of inwardly 
rectifying potassium channels through membrane-delimited pathways 
(ANDRADE et al. 1986, ANDRADE and NICOLL 1987). The 5-HT1A-mediated 
increase in potassium conductance in hippocampus is but one example of a 
widespread cellular effector mechanism used by numerous neurotransmitter 
receptors in diverse preparations (NICOLL 1988; ANDRADE et al. 1986), the best 
known of which is the muscarinic M2 receptor inhibition of the heart 
(PFAFFINGER et al. 1985). 

In addition to the above direct effects on pyramidal cells, 5-HT has been 
shown to depress both excitatory and inhibitory synaptic potentials in the 
hippocampus. Relatively high concentrations of 5-HT cause a reduction in 
electrically evoked EPSPs in CAl pyramidal cells (SCHMITZ et al. 1995), an 
effect that is mimicked by 8-OH-DPAT, suggesting mediation by 5-HT1A 
receptors. Indirect measures indicate that 5-HT acts presynaptically to reduce 
Ca2+ entry and thereby gluamatergic synaptic transmission. In addition, there 
is a 5-HT1A-mediated inhibitory effect on putative inhibitory interneurons of 
the hippocampus (SEGAL 1990; SCHMITZ et al. 1995a,b). Consistent with an 
opening of potassium channels, the inhibitory effects of 5-HT on interneurons 
result from a hyperpolarization associated with a reduction in input resistance. 
Functionally, the 5-HT1A-mediated inhibition of GABAergic interneurons in 
the hippocampus leads to a disinhibition of pyramidal cells in CAL Clearly, 
the effects of 5-HT in the hippocampus are highly complex, involving both pre
and postsynaptic actions which may, to varying degrees, be inhibitory or 
disinhibitory, facilitatory or disfacilitatory. 

2. Signal Transdnction Pathways 

The molecular mechanisms underlying the opening of potassium channels are 
most likely common to all neurotransmitter receptors, including 5-HT1A recep
tors, that couple through the G/Go family of G proteins. Muscarinic receptors 
in the heart activate potassium channels through a G protein of the G/Go 

family (BREITWIESER and SZABO 1985; PFAFFINGER et al. 1985). The mechanism 
involved in this muscarinic response is highly homologous to that used by 5-
HT1Areceptors in hippocampus (ANDRADE 1992; ANDRADE et al. 1986), and 5-
HTIA receptors transfected onto heart cells can substitute for the muscarinic 
receptors (KARSCHIN et al. 1991). The mechanisms by which G proteins couple 
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these receptors to the channels have been the subject of considerable work 
and controversy. The initial work of PFAFFINGER et al. (1985) and of 
BREITWIESER and SZABO (1985) demonstrated that muscarinic receptors 
coupled to potassium channels in the heart through a membrane-delimited 
pathway involving a G protein of the G/Go family. Subsequent work showed 
that a similar mechanism mediated the effect of the 5-HT1A receptors in the 
CAl region of the hippocampus (ANDRADE et al. 1986, ZGOMBICK et al. 1989). 
Initial work in isolated heart cells suggested that it was the aj-subunit of the G 
protein that gated the opening of the potassium channels (Y ATANI et al. 1988). 
However, more recently this conclusion has been questioned, leading to the 
current view that the f3y-subunits regulate the channels (WICKMAN et al. 1994; 
REUVENY et al. 1994: KOFUJI et al. 1995). There seems to be little selectivity of 
different f3y-subunit combinations (WICKMAN et al. 1994), raising questions 
about how cells maintain selective receptor regulation of the potassium chan
nels. One possible explanation derives from recent studies in which it was 
found that f3y-subunits directly bind to both the N- and C-terminus of G
protein-activated inwardly rectifying K+ channels and that trimeric G ajlr binds 
to the N-terminal domain of these channels (HUANG et al. 1995). Based on 
these observations, it was suggested that the binding of Ga1ly!0 the K+ channel 
confers specificity due to a compartmentalization of the receptor/G protein/ 
channel complex. 

The effector mechanism that ultimately mediates the inhibitory effect 
signaled by Me or 5-HT 1A receptors is the potassium channel. Molecular bio
logical approaches have made it possible to identify several of the subunits 
comprising these channels (KRAPIVINSKY et al. 1995: LESAGE et al. 1994; 
DASCAL et al. 1995: KUBO et al. 1993). All of them are part of the growing 
family of inwardly rectifying potassium channel subunits. This name refers to 
the unusual property of the channels to allow potassium to flow into the cell 
much more readily than out of the cell, a property that confers upon these 
channels an unmistakable electrophysiological signature. Interestingly, at least 
one of the potassium channel subunits identified in heart, GIRKl, is expressed 
at high levels in hippocampus (KARSCHIN et al. 1994). suggesting that it might 
be involved in mediating the 5-HT1A-receptor-induced hyperpolarization in 
this region. Consistent with this possibility, the potassium current activated by 
5-HT1A receptors in the CAl region does show the characteristic signature of 
this potassium channel family; namely it shows inward rectification (ANDRADE 
and NICOLL 1987). However, the degree of inward rectification in situ is consid
erably less than that displayed by channels formed by GIRKI (DASCAL et al. 
1995; KUBO et al. 1993). Since the channels in situ are most likely 
heteromultimers (KOFUJI at al. 1995; KRAPIVINSKY et al. 1995) and inward 
rectification varies between subunits (WIBLE et al. 1994), a possible explana
tion for these findings is that additional subunits coassemble with GIRKI to 
form the potassium channels that are activated by 5-HT1A receptor in the CAl 
region of hippocampus. In one instance, it has been shown that the 
coexpression of GIRK4 with GIRK1 in Xenopus oocytes enhances the in-
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Fig. 2. Enhancement of adenylate cyclase/cAMP signaling by 5-HT1A receptors in 
the hippocampus. Administration of norepinephrine (NE) inhibits the afterhyper
polarization (AHP) in pyramidal cells of the CAl region. This effect is mediated by 13-
adrenergic receptors and is signaled by the adenyl ate cyclase/cAMP/protein kinase A 
cascade. Activation of 5-HT1A receptors by 5-carboxyamidotryptamine (5-CT) en
hances the ability of NE to reduce the AHP. Calibration bar corresponds to 5 m V and 
1 s. Control, 300nM 5-CT, recovery. Lower panel: square, control; triangle, NE alone; 
circle, NE in 5-CT. (Provided by R. ANDRADE) 

wardly rectifying K+ current induced by coexpressed 5-HT1A receptors 
(SPAUSCHUS et al. 1996). 

5-HT1A receptors inhibit forskolin-stimulated adenylate cyclase in bio
chemical assays (DEVIVO and MAAYANI 1986). Thus a potential pathway for 
these receptors to affect electrophysiological functions might be to inhibit 
signaling through the adenyl ate cyclase/cAMP-signaling pathway. In the CAl 
region, stimulation of adenyl ate cyclase results in the reduction of a spe
cific calcium-activated potassium current responsible for the slow afterhy
perpolarization (AHP) present in these cells (MADISON and NICOLL 1982). The 
presence of this robust cAMP-mediated response has made it possible to 
examine the effect of 5-HI1A receptor activation on responses signaled through 
the adenylate cyclase/cAMP-signaling cascade. Surprisingly, activation of 5-
HT1A receptors not only fails to inhibit but actually enhances the J3-adrenergic
induced reduction of the AHP (Fig. 2; ANDRADE 1993). In contrast, no effect 
of 5-HT1A receptor activation is seen on the 8-bromo-cAMP-induced reduc
tion of the AHP. This indicates that the 5-HT1A receptors enhanced signaling 
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along this pathway by acting at the level of the adenylate cyclase. A possible 
molecular explanation for these paradoxical results may be found in the obser
vation that some adenylate cyclase isoforms, including adenylate cyclase 
type II, are synergistically activated by j3r-subunits (FEDERMAN et al. 1992; 
TANG and GILMAN 1991). Since pyramidal cells of the CAl region are highly 
enriched in type II cyclase (Mons et al. 1993), 5-HT1A receptor activation could 
enhance cAMP signaling by making j3r-subunits available to synergize with G s 

in activating adenyl ate cyclase (ANDRADE 1993). These results suggest that the 
effects of 5-HT1A receptor activation on cAMP signaling should be critically 
dependent on the specific isoform(s) of adenylate cyclase expressed by each 
cell type. 

IV. Cerebral Cortex 

5-HTI;\-induced hyperpolarizing responses in pyramidal cells of the cerebral 
cortex have been described in a number of studies (ARANEDA and ANDRADE 
1991; DAVIES et al. 1987; SHELDON and AGHAJANIAN 1991; TANAKA and NORTH 
1993). However, all of these studies also show that cortical neurons typically 
display mixed inhibitory and excitatory responses to 5-HT. involving actions at 
mUltiple 5-HT receptor subtypes, including 5-HTIA and 5-HT2A/2C' that are 
expressed by the same pyramidal cells. As in the dorsal raphe and other 
regions, pretreatment with intracerebral injections of the GiGo in activator 
pertussis toxin attenuates responses to the 5-HT1A agonist 8-0H-O P AT but 
not to 5-HT2A/2( or 5-HT3 agonists (ZHANG et al. 1994). Inhibitory responses 
mediated by 5-HTL\ receptors are often unmasked or enhanced in the pres
ence of 5-HT, antagonists. consistent with the idea that there is an interaction 
between 5-HT1A and 5-HT2A receptors at an individual neuronal level 
(ARANEDA and ANDRADE 1991; ASHBY et al. 1994; LAKOSKI and AGHAJANIAN 
1985). Consistent with the idea that 5-HT, receptor blockade might unmask or 
potentiate 5-HT1A inhibitory responses in the cerebral cortex, the systemic 
administration of a drug which possesses both 5-HT1A agonist and 5-HT2 

antagonist activity (BIMT 17) has been shown to be especially effective in 
suppressing the firing of neurons in prefrontal cortex in vivo (BORSINI et al 
1995). A similar suggestion of a shift in the balance between 5-HT -mediated 
excitation and inhibition comes from another in vivo study in which both the 
systemic and local application of 5-HT) antagonists was shown to prevent an 
enhancement of unit activity (and cortical desynchronization) that normally 
occurs in response to noxious stimuli (tail compression) in anesthetized rats 
(NEUMAN and ZEBROWSKA 1992). 

In the medial prefrontal cortex in vivo, both spontaneous unit activity and 
evoked unit activity (i.e., noxious stimuli or electrical stimulation of the 
mediodorsal nucleus of the thalamus) is suppressed by electrical stimulation of 
the midbrain raphe nuclei (MANTZ et al. 1990); surprisingly, the ability of 
midbrain raphe stimulation to suppress spontaneous activity is blocked rather 
than enhanced by the systemic administration of 5-HT, antagonists. Thus. 
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these results do not fit with the general concept, as described above, that an 
unmasking of 5-HT1A inhibitory effects occurs in the presence of 5-HTz an
tagonists. While the reason for this apparent discrepancy is not clear at 
this time, one possible explanation would be that there is a preferential exci
tation of inhibitory interneurons via 5-HTz receptors in response to electrical 
stimulation of the raphe nuclei, resulting in a transynaptic GABAergic inhibi
tion of pyramidal cells. Alternatively, since the 5-HTz antagonists were admin
istered systemically, they could be acting at a subcortical site such as the 
thalamus. 

As in the dorsal raphe nucleus, the activation of 5-HT1A receptors has 
been found to reduce high-voltage-activated calcium currents in acutely disso
ciated neocortical pyramidal cells (FOEHRING 1996). The 5-HT1A modulation is 
reduced by the N-type blocker orconotoxin and the P-type blocker oragatoxin 
but not the L-type blocker nifedipine, suggesting that N- and P- but not L-type 
calcium channels are involved. The reduction in calcium currents was shown to 
be G protein mediated since the inclusion of GTPrS in the recording pipettes 
rendered the responses irreversible. Moreover, this effect was shown to be 
membrane delimited rather than through a diffusible cytosolic pathway since 
the response to 5-HT1A receptor activation did not spread to on-cell patches. 
However, in contrast to the dorsal raphe nucleus, the 5-HT1A-mediated reduc
tion in calcium currents in cortical pyramidal cells does not appear to be 
blocked by pertussis toxin. The reason for this apparent regional difference 
remains to be determined (FOEHRING 1996). 

In addition to the above postsynaptic effects, there are presynaptic effects 
mediated by 5-HTJ receptors in the cerebral cortex. In cingulate cortex, 5-HT 
reduces the amplitude of electrically evoked excitatory synaptic potentials, 
including both N-methyl-D-aspartate (NMDA) and non-NMDA components 
(TANAKA and NORTH 1993); selective agonists and antagonists were used to 
show that this inhibition resulted from the activation of presynaptic 5-HTlB 

receptors, probably through the reduction in release of glutamate from 
cortico-cortical excitatory fibers. Similar findings have been reported for me
dial prefrontal (READ et al. 1994) and somatosensory cortex (LIU et al. 1993). 

c. 5-HT2 Receptors 
Quantitative auto radiographic studies show high concentrations of 5-HTz-
binding sites and mRNA expression in certain regions of the forebrain such as 
the neocortex (layers IV/V), piriform cortex, claustrum, and olfactory tubercle 
(MENGOD et al. 1990a). With few exceptions (e.g., motor nuclei and the nucleus 
tractus solitarius), relatively low concentrations of 5-HTz receptors or mRNA 
expression are found in the brain stem and spinal cord. Studies aimed at 
examining the physiological role of 5-HTz receptors in several of these regions 
are discussed in the following sections. 
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I. Motoneurons 

1. Physiology and Pharmacology 

Motoneurons of the facial and other cranial motor nuclei have a high density 
of 5-HT2-receptor-binding sites. Consistent with the binding data, in situ hy
bridization shows a high level of 5-HT2 receptor mRNA in these neurons 
(MENGOD et al. 1990b). Early studies in vivo showed that 5-HT applied 
microiontophoretically does not by itself induce firing in the normally quies
cent facial motoneurons but does facilitate the subthreshold and threshold 
excitatory effects of glutamate (MCCALL and AGHAJANIAN 1979). Intracellular 
recordings from facial motoneurons in vivo or in brain slices in vitro 
(AGHAJANTAN and RASMUSSEN 1989; LARK MAN et al. 1989) show that 5-HT 
induces a slow, subthreshold depolarization associated with an increase in 
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Fig.3A,B. Voltage clamp recordings showing the dual effects of 5-HT on a rat facial 
motoneuron: (1) depolarization of the resting membrane potential (as indicated by the 
induction of an inward current) and (2) enhancement of the hyperpolarization
activated cationic current I". In the top traces, 5-HT can be seen to induce an inward 
current of approximately 370pA (holding potential. - 70mV). In addition, time
dependent inward currents induced by depolarizing steps (-80 to -120) are increased 
by 5-HT. Lower traces represent slow IV ramps (-70 to -130mV) to determine the 
reversal potential of the 5-HT-induced inward current: (1) left panel shows that in 
normal perfusate the IV curves do not cross at the potassium reversal potential (--
90 m V); right panel shows that in the presence of Cs+, which blocks II.' there is crossing 
at expected potassium reversal potential. (Modified from GARRAH et al. 1993) 
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input resistance, indicating a decrease in resting K+ conductance. Similar ef
fects of 5-HT also have been described in medullary respiratory neurons 
(LALLEY et al. 1995) and spinal motoneurons (WHITE and FUNG 1989; 
YAMAZAKI et al. 1992). Recently, it has been shown that 5-HT also increases 
the excitability of facial motoneurons by enhancing a hyperpolarization
activated cationic current Ih (Fig. 3; GARRATT et al. 1993; LARKMAN and KELLY 
1992). In contrast to the dual action of 5-HT (i.e., both a reduction in I K + and 
an enhancement of I h ), the depolarizing effect of norepinephrine on facial 
motoneurons appears to involve only a closure of K+ channels (LARKMAN and 
KELLY 1992). 

The 5-HT2 antagonist ritanserin is able to selectively block the excitatory 
effects of 5-HT in facial motoneurons (RASMUSSEN and AGHAJANIAN 1990). On 
the other hand, the selective 5-HT1A agonist 8-0H-DPAT, although it in
creases facial motoneuron excitability when given in vivo by systemic 
injection, fails to produce excitation when applied locally (by either 
microiontophoresis or bath application) in brain slices. Thus, this selective 5-
HT1A ligand does not appear to have any direct excitatory effect on facial 
motoneurons. However, 5-carboxamidotryptamine (5-CT), a broad-spectrum 
5-HT1 agonist, is able to enhance directly facial motoneuron excitability. Sur
prisingly, ritanserin is able to block the effects of 5-CT as well as those of 5-
HT. Since ritanserin has extremely low affinity for all 5-HT1 receptors except 
5-HT2C' it is possible that it is the 5-HT2C component of the 5-CT's receptor 
profile that is responsible for its effect on facial motoneurons. Alternatively, 
since 5-CT and ritanserin both have relatively high affinity for certain of 
the newly cloned 5-HT receptors such as 5-HT7 (BARD et al. 1993; 
LOVENBERG et al. 1993), it is possible that a receptor outside the 5-HT2 family 
also is involved. 

A large number of studies, using behavioral, ligand-binding, and electro
physiological techniques, have shown that indoleamine (e.g., LSD and 
psilocin) and phenethylamine [e.g., mescaline and 1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane (DOl)] hallucinogens have in common the 
property of interacting with 5-HT2 receptors. The iontophoretic administra
tion of LSD, mescaline, or psilocin, although having relatively little effect by 
themselves, produces a prolonged facilitation of facial motoneuron excitability 
(MCCALL and AGHAJANIAN 1980). Intracellular studies in brain slices show that 
the enhancement is due in part to a small but persistent depolarizing effect of 
the hallucinogens (GARRATT et al. 1993; RASMUSSEN and AGHAJANIAN 1990). In 
addition, LSD and the phenethylamine hallucinogen DOl enhance the cat
ionic current Ih to an even greater degree than does 5-HT itself, suggesting that 
this action of the drugs may be more important quantitatively than their ability 
to close K+ channels (GARRATT et al. 1993). All of these effects of the halluci
nogens are reversed by spiperone and ritanserin, consistent with mediation by 
5-HT2 receptors. However, it is now evident that the drugs employed in these 
studies (e.g., LSD, spiperone, and ritanserin) also have relatively high affinity 
for the 5-HT7 receptor (ROTH et a11994; RUAT et al. 1993), again raising the 
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possibility that a receptor outside the 5-HTc family may be involved. This 
possible involvement of a 5-HT receptor that is positively coupled to adenylate 
cyclase such as 5-HT7 is especially intriguing since in other neurons in the CNS 
5-HT has been suggested to increase Ih through a cAMP-coupled mechanism 
(e.g., BOBKER and WILLIAMS 1989b; PAPE and MCCORMICK 1989). 

2. Signal Transduction Pathways 

The role of G proteins in mediating the 5-HT2-induced slow inward current 
that results from K+ channel closure has been evaluated in facial motoneurons 
by using the hydrolysis-resistant guanine nucleotide analogs GTP}S and 
GTP[3S (AGHAJANIAN 1990). The 5-HT-induced inward current becomes 
largely irreversible in the presence of intracellular GTP}S. Mediation by G 
proteins is also suggested by the fact that the inward current is reduced by 
intracellular GTP[3S, which prevents G protein activation. Although the iden
tity of the G protein(s) mediating the electrophysiological responses remains 
to be determined, the 5-HT2 family of receptors are known to be coupled to 
phospholipase C. Thus, a member of the G" family may be involved as the 
latter can directly activate phospholipase C (SMRCKA et al. 1991). 

The activation of phospholipase C leads to an increase in phosphoinoside 
(PI) hydrolysis, yielding inositol trisphosphate and diacylglycerol (DAG) 
(CONN and SANDERS-BuSH 1984; SANDERS-BuSH 1988). DAG, by activating 
protein kinase C (PKC), would be expected to affect many long-term cellular 
responses through protein phosphorylation. Hence, the effect of protein 
kinase inhibitors on the response of facial motoneurons to 5-HT has been 
tested (AGHAJANIAN 1990). Two protein kinase inhibitors with different 
mechanisms of action, 1-( 5-isoquinolylsulfonyl)-2-methylpiperazine (H7), a 
nonselective protein kinase inhibitor, and sphingosine, a selective PKC in
hibitor. in concentrations that have no effect of their own (100 and 10mM, 
respectively), both markedly enhance and prolong the excitation of facial 
motoneurons induced by 5-HT. Conversely, phorbol esters that are known 
to activate PKC reduce the excitatory effect of 5-HT. These results suggest 
that activation of PI turnover, perhaps through receptor phosphorylation, 
has a negative feedback effect on 5-HT-induced excitations in the facial 
nucleus. Similar findings have also been obtained in the cerebral cortex using 
the grease-gap method for assessing the 5-HT enhancement of NMDA
induced depolarizations (RAHMAN and NEUMAN 1993). In the latter studies, 
phorbol esters and diacylglyceroL rather than mimicking the ability of 5-HT to 
enhance NMDA depolarizations, promoted 5-HT desensitization. On the 
other hand, in this same preparation, Ca2+-mobilizing agents (e.g., 
cyclopiazonic acid or thapsigarin) mimic the 5-HT2A facilitation of NMDA 
depolarization (NEUMAN AND RAHMAN 1996). A possibly related finding is that 
in cultured interneurons from mouse olfactory bulb, 5-HT has been shown 
directly to mobilize intracellular free calcium through a 5-HT2-like receptor 
(T ANI et al. 1992). 
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II. Locus Coeruleus 

Systemically administered mescaline or LSD induces a simultaneous decrease 
in spontaneous activity and an increase in sensory responsivity of noradrener
gic neurons in the locus coeruleus (LC) (AGHAJANIAN 1980). The effects of 
LSD and mescaline (and other phenethylamine hallucinogens) on LC neurons 
can be reversed by low doses of 5-HT2 antagonists such as ritanserin and 
LY 53857 (RASMUSSEN and AGHAJANIAN 1986). In addition to reversing the 
effects of hallucinogens, the 5-HT2 antagonists induce a small but significant 
increase in basal LC firing rates, suggesting the existence of a tonic 5-HT2 

inhibitory influence. The latter findings are paralleled by voltammetric studies 
which show an increase in the catechol metabolite 3,4-dihyroxyphenylacetic 
acid (DOPAC) in the LC following systemic injections of the 5-HT2 antagonist 
ritanserin (CLEMENT et al. 1992). In correlation with their affinity for 5-HTz
binding sites, antipsychotic drugs are also able to reverse the actions of hallu
cinogens in the locus coeruleus independently of their affinity for dopamine 
and other types of receptors (RASMUSSEN and AGHAJANIAN 1988). Similarly, 
the relative potencies of hallucinogens in affecting LC neurons correlates with 
their affinity for 5-HT2 receptors. However, the effects of hallucinogens in the 
LC are not direct as they are not mimicked by the local, iontophoretic appli
cation onto LC cell bodies. Thus, the hallucinogens are likely to be acting 
indirectly on LC neurons via afferents to this nucleus. Consistent with the idea 
of an indirect action is the finding that the decrease in LC neuronal firing 
induced by a 5-HT2 agonist (DOl) is blocked by the local infusion into the 
locus coeruleus of the GABA antagonists bicuculline or picrotoxin (CHIANG 
and ASTON-JONES 1993). 

III. Other Subcortical Regions 

In brain slices of the medial pontine reticular formation, 5-HT induces a 
hyperpolarization in some cells (34 %) and a depolarization in other cells 
(56%) (STEVENS et al. 1992). The hyperpolarizing responses are associated 
with an increase in membrane conductance and have a 5-HTJ pharmacological 
profile. The depolarizing responses have a 5-HT2 pharmacology and are asso
ciated with a decrease in membrane conductance resulting from a decrease in 
an outward K+ current. These two actions of 5-HT do not appear to coexist in 
the same neurons since none of the cells display dual responses to selective 
agonists. In brain slices of the substantia nigra pars reticulata, a majority of 
neurons are excited by 5-HT; pharmacological analysis using a variety of 
antagonists indicates that the excitation is mediated by 5-HTz receptors 
(PESSIA et al. 1994), possibly of the 5-HTzc rather than the 5-HTzA subtype 
(RICK et a1.1995). Neurons in the inferior olivary nucleus are excited by 5-HT 
via 5-HTzA receptors, thereby altering the oscillatory frequency of input to 
cerebellar Purkinje cells (SUGIHARA et al. 1995). In the nucleus accumbens the 
great majority of neurons are depolarized by 5-HT, inducing them to fire 
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(NORTH and UCHIMURA 1989). This depolarization is associated with an in
crease in input resistance due to a reduction in an inward rectifier K+ conduc
tance. Pharmacological analysis shows that the depolarization is mediated by 
a 5-HT2 rather than a 5-HTI or 5-HT3 type receptor. 

In GABAergic neurons of the nucleus reticularis thalami, marked depo
larizing responses to 5-HT, associated with a decrease in a resting or "leak" K+ 
conductance, have been reported; these excitatory responses are blocked by 
the 5-HT2 antagonists ketanserin and ritanserin (MCCORMICK and WANG 
1991). The 5-HT-induced slow depolarization potently inhibits burst firing in 
these cells and promotes single-spike activity. It has been suggested that this 5-
HT-induced switch in firing mode from rhythmic oscillation to single-spike 
activity, which occurs during states of arousal and attentiveness, contributes to 
the enhancement of information transfer through the thalamus during these 
states. 

There are also GABAergic neurons within the medial septal nucleus that 
are excited by 5-HT via 5-HT2 receptors (ALREJA 1996). GABAergic neurons 
of the medial septum form one of the two major components of the 
septohippocampal pathway and innervate a large number of GABAergic 
neurons within the hippocampus. It has been suggested that 5-HT-induced 
excitation of septohippocampal GABAergic neurons would inhibit a large 
number of GABAergic neurons in the hippocampus, reducing both feedback 
and feedforward inhibition within this stucture. and thereby promote the 
induction of long-term potentiation (ALREJA 1996). Interestingly, in the 
dentate gyrus of the hippocampus there appears to be a subpopulation of 
GABAergic neurons that are activated via 5-HT2A receptors. as evidenced by 
an increase in IPSP frequency in granule cells in the dentate gyrus (PIGUET an 
GALVAN 1994). In contrast. 5-HT has a direct hyperpolarizing effect on granule 
cells mediated by postsynaptic 5-HT1A receptors. These observations in the 
dentate gyrus closely resemble similar findings in the piriform cortex, where a 
subpopulation of GABAergic interneurons is excited by 5-HT via 5-HT2A 

receptors (see below). There is also indirect evidence that 5-HT-induced inhi
bition of dentate/interpositus neurons of the deep cerebellar nuclei is medi
ated indirectly by the activation of GABAergic interneurons through 5-HT, 
receptors (CUMMING-HoOD et al. 1993). Taken together, these findings suggest 
that in multiple locations within the eNS there are subpopulations of interneu
rons that are excited by 5-HT via 5-HT2 receptors. giving rise to paradoxical, 
indirect inhibitory effects. 

IV. Cerebral Cortex 

The electrophysiological effects of 5-HT have been studied in several cortical 
regions. In vivo, 5-HT2 agonists applied by microiontophoresis have been 
reported to have primarily inhibitory effects on the firing of unidentified 
neurons in prefrontal cortex (ASHBY et a1. 1989a); these inhibitions are 
blocked by 5-HT2 antagonists. (Note that the inhibitions produced by 5-HT 
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itself are not blocked by 5-HT2 antagonists but are blocked by 5-HT3 antago
nists; see below.) In contrast, in vitro studies in the brain slice preparation have 
shown that pyramidal cells in various regions of the cerebral cortex respond to 
5-HT by a small hyperpolarization, depolarization, or no change in poten
tial (ARANEDA and ANDRADE 1991; DAVIES et al. 1987; MCCORMICK and 
WILLIAMSON 1989; SHELDON and AGHAJANIAN 1990). Depending on the region 
of cortex under study, as described below, the depolarizations appear to be 
mediated by 5-HT2A or 5-HT2C receptors. 

1. Piriform Cortex 

In brain slices of rat piriform cortex, excitatory responses to 5-HT in pyramidal 
cells are mediated by a reduction in K+ conductances (SHELDON and 
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Fig. 4. A 5-HT-induced increase in bicuculline-sensitive spontaneous inhibitory 
postsynaptic potentials (IPSPs) in layer II pyramidal cells of the piriform cortex. Top 
traces are from an intracellular recording showing that 5-HT, in addition to increasing 
the electrical excitability of a pyramidal cell (increased spikes in response to a constant 
depolarizing pulse of O.5nA), induces an increase in synaptic potentials (arrows). 
Bottom traces at higher gain from another piriform pyramidal cell show that 5-HT
induced IPSPs are blocked by the GABAA antagonist bicuculline. (Modified from 
SHELDON and AGHAJANIAN 1993) 
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Fig. 5. Firing-rate histograms (top traces) showing the partial agonist effect of LSD 
with respect to 5-HT on the firing of an interneuron in piriform cortex. Note that the 
activation of firing produced by a maximal concentration of LSD (lOOnM) is only 
-50% of the maximal effect of 5-HT itself; when the LSD effect is ongoing (lower trace) 
the maximal effect of 5-HT is blocked. The graph (below) summarizes data showing the 
blockade by LSD of the maximal effect of 5-HT but not norepinephrine (NE) or the 
excitatory amino acid agonist AMPA. (Modified from MAREK and AGHAJANIAN 1996) 

AGHAJANIAN 1990). Three different types of conductances appear to be in
volved: a resting K+ conductance, a depolarization-activated K+ conductance 
(M current), and a Ca2+-activated K+ conductance. There is pharmacological 
evidence that receptors mediating the excitatory effects of 5-HT on pyramidal 
cells in piriform cortex are predominantly of the 5-HT2c rather than the 5-
HT2A type (SHELDON and AGHAJANIAN 1991). These electrophysiological re
sults are consistent with in situ hybridization studies showing a high level of 
5-HT2c receptor expression in the pyramidal cell layer of piriform cortex 
(MENGOD et al. 1990a). Recent studies show that nearly all pyramidal cells in 
the piriform cortex express both 5-H2A and 5-HT2c receptors (WRIGHT et al. 
1995). Thus. it remains to be determined. with the help of more selective 
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pharmacological agents than were available at the time of the initial studies, 
whether pyramidal cells of the piriform cortex have a mixture of 5-HT2A and 5-
HT2C electrophysiological responses. 

In addition to these direct postsynaptic effects, there is an induction 
by 5-HT of IPSPs in pyramidal cells of piriform cortex (SHELDON and 
AGHAJANIAN 1990). The IPSPs are blocked by the GAB A antagonist bicucul
line, suggesting that the IPSPs arise from GABAergic interneurons that are 
excited by 5-HT (Fig. 4). Consistent with this interpretation, a sUbpopulation 
of interneurons has been found in layer III that are excited by 5-HT. Some
what less frequently, neurons within this same subpopulation of interneurons 
also tend to be excited by norepinephrine and much less frequently by dopam
ine (GELLMAN and AGHAJANIAN 1993). 5-HT-induced activation of these 
interneurons (as well as associated IPSPs in pyramidal cells) is blocked 
by 5-HTz antagonists. The hallucinogens LSD and 2,5-dimethoxy-4-
methyl amphetamine (DOM) behave as potent partial agonists in this system, 
producing a modest activation by themselves but, at higher concentrations, 
blocking the full effect of 5-HT (Fig. 5; MAREK and AGHAJANIAN 1996). 

In piriform cortex, the 5-HTz antagonist ritanserin blocks the activation of 
interneurons more readily than it blocks the depolarization of pyramidal cells 
(SHELDON and AGHAJANIAN 1990). Ritanserin has a nearly tenfold higher 
affinity for the 5-HT2A receptor than for the 5-HT2C receptor, suggesting that 
the action of 5-HT on these interneurons might be through 5-HTzA receptors 
whereas the action of 5-HT on the pyramidal cells might be through 5-HT2C 
receptors. Recent studies in the piriform cortex employing a new, highly 
selective antagonist (MDL 100,907) with a 300-fold greater affinity for 5-HT2A 
than 5-HTzc receptors also suggest that 5-HTzA rather than 5-HTzc receptors 
are mainly responsible for the 5-HT excitation of interneurons (MAREK 
and AGHAJANIAN 1994). These results are consistent with recent findings 
that 5-HTzA-receptor immunoreactivity (MORILAK et al. 1993) and mRNA 
(BURNET et al. 1995) is located in a subpopulation of interneurons in the 
piriform cortex. 

In contrast to piriform cortex, we have found that 5-HT produces prima
rily an increase in spontaneous EPSPs rather than IPSPs in pyramidal cells 
within other regions of the cortex, including frontal, parietal, temporal, and 
occipital (AGHAJANIAN and MAREK, in preparation). The ability of 5-HT to 
induce EPSPs was blocked by the selective 5-HT2A antagonist MDL 100907 
but not 5-HT1A' 5-HT3' or 5-HT4 antagonists; this pharmacology is consistent 
with the abundance of 5-HT2A receptor mRNA in many pyramidal cells 
throughout the neocortex (BURNET et al. 1995; RAHMAN et al. 1995; WRIGHT et 
al. 1995). In addition, the EPSPs are totally blocked by the AMP A (a
amino-3-hydroxy-5-methylisoxazole-4-propionic acid) antagonists, indicating 
that the EPSPs are primarily mediated by AMPA-type excitatory amino 
acid receptors. The 5-HT-induced EPSPs are eliminated by tetrodotoxin 
(TTX) treatment, indicating that fast Na+ channels are involved in their 
transmission. 
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Stimulation of 5-HT2A receptors in tissue from cerebral cortex activates 
phospholipase C, resulting in increased phosphoinositide (PI) turnover (CONN 
and SANDERS-BuSH 1984; KENDALL and NAHORSKI 1985), leading to an activa
tion and translocation of protein kinase C (PKC) from the cytosol to the 
membrane (WANG and FRIEDMAN 1990). To investigate the possibility that an 
activation of PKC is responsible for the excitation of interneurons in piriform 
cortex, the effect of inhibitors of this enzyme on these excitatory responses was 
examined (MAREK and AGHAJANIAN 1995). Interestingly, both selective 
(bisindolylmalemide and chelerythrine) and nonselective (H7) inhibitors of 
PKC enhance rather than block the excitation of piriform interneurons by 5-
HT. Conversely, the PKC activator phorbol 12,13-diacetate decreases the 
excitatory effect of 5-HT: this decrease was rapidly reversed by the PKC 
inhibitor H7. Thus, it appears that PKC has a negative feedback rather than a 
mediating role in modulating the excitation by 5-HT of interneurons in 
piriform cortex. The identity of the transduction mechanism used by 5-HT2A 
receptors to produce excitatory effects on piriform interneurons remains to be 
determined. Presumably, the transduction mechanism involves either a mem
brane-delimited G-protein gating of an ion channel (CLAPHAM 1994) or a 
diffusable second messenger such as myoinositol 1,4,S-trisphosphate and/or 
Cac+ (BERRIDGE 1984). 

2. Prefrontal Cortex 

In situ hybridization studies have reported high levels of expression of 5-HT2A. 
but not 5-HT2B or 5-HT2C ' receptor mRNA in the rat medial prefrontal cortex 
(HOFFMAN and MEZEY 1989; MENGOD et al. 1990a,b). Consistent with these 
observations, administration of serotonin to pyramidal cells of layer V in rat 
prefrontal cortex slices in many cases results in a delayed membrane depolar
ization and the appearance of a slow depolarizing afterpotential (ARANEDA 
and ANDRADE 1991). effects that appear to be common to Gq-coupled recep
tors in this region (ANDRADE 1991; ARANEDA and ANDRADE 1991). These 
effects are blocked by ketanserin and also by high nanomolar concentrations 
of spiperone. Since spiperone's affinity for the 5-HT2A receptor is almost 1000-
fold higher than that for the 5-HT2c receptor (HOYER 1988), and high 
nanomolar concentrations of spiperone can be expected to distinguish be
tween 5-HT'A and 5-HT2C sites (ARANEDA and ANDRADE 1991), these results 
identified the receptor responsible for these excitatory responses as belonging 
to the 5-HT2A subtype. 

5-HT2A responses in prefrontal cortex show desensitization upon repeated 
agonist administration (ARANEDA and ANDRADE 1991). This has made it diffi
cult to determine the cellular and molecular mechanisms underlying the cellu
lar effects signaled by these receptors. However, other Gq-coupled receptors 
capable of signaling essentially identical physiological responses, such as mus
carinic or ai-adrenergic receptors, show little if any desensitization upon re
peated agonist exposure (ANDRADE 1991; ARANEDA and ANDRADE 1991). This 
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has made it possible to address the ionic mechanisms underlying these physi
ological responses in the context of other Gq-coupled receptors. In this case, 
both the depolarization and the slow depolarizing afterpotential result from 
the activation of nonselective cationic channels (HAJ-DAHMANE and ANDRADE 
1995a,b). It seems likely that a similar or identical mechanism mediates 5-HT2A 

responses in rat prefrontal cortex. 

D. 5-HT3 Receptors 
There are rapidly desensitizing depolarizing responses to 5-HT in the periph
ery that are mediated by 5-HT3 receptors (formerly known as M receptors). In 
brain, excitatory responses to 5-HT have been found in cultured mouse hip
pocampal and striatal neurons, which have many of the characteristics of 
peripheral 5-HT3 responses: rapid onset and rapid desensitization, features 
that are typical of ligand-gated ion channels rather than G-protein-coupled 
receptor responses (YAKEL and JACKSON 1988; YAKEL et al. 1988, 1990). In 
cultured NG 108-15 cells the permeation properties of the 5-HT3 channel are 
indicative of a cation channel with relatively high permeability to Na+ and K+ 
and low permeability to Ca2+ (YAKEL et al. 1990). Recently, a 5-HT-gated ion 
channel has been cloned which has physiological and pharmacological proper
ties appropriate for a 5-HT3 receptor (MARICQ et al. 1991). In the oocyte 
expression system, this receptor shows rapid desensitization and is blocked by 
5-HT3 antagonists (e.g., ICS 205-930 and MDL 72222). Because of its se
quence homology with the nicotinic acetylcholine receptor (27%), the f31-
subunit of the GABAA receptor (22%), and the 48K subunit of the glycine 
receptor (22%), it is likely that this 5-HT3 receptor clone is a member of the 
ligand-gated ion channel superfamily. 

Rapidly desensitizing 5-HT3 responses have also been reported in brain 
slices. In slices containing the lateral nucleus of the amygdala, 5-HTr mediated 
fast excitatory synaptic responses to focal electrical stimulation can be demon
strated when glutamate receptors are blocked; these synaptic responses show 
rapid cross-desensitization with bath-applied 5-HT (SUGITA et al. 1992). In 
hippocampal slices, 5-HT has been reported to increase spontaneous 
GABAergic IPSPs, most likely through a 5-HT3-receptor-mediated excitation 
of inhibitory interneurons; these responses also show fading with time (RoPERT 
1988; ROPERT and GUY 1991). On the other hand, the 5-HT3 agonist 2-
methyl-5-HT has been reported to reduce both excitatory and inhibitory elec
trically evoked synaptic potentials via orthodromic stimulation of Schaffer 
collarerals onto CAl pyramidal cells in the hippocampus (ZEISE et al. 1994). It 
is not known whether these effects are through a presynaptic or postsynaptic 
action. 

While fast, rapidly inactivating excitation has generally become accepted 
as being characteristic of 5-HT3 receptors, nondesensitizing responses have 



Electrophysiology of 5-HT Receptors 519 

also been reported. In dorsal root ganglion cells a relatively rapid but 
noninactivating depolarizing response has been described that has a 5-HTJ 

pharmacological profile (TODOROVIC and ANDERSON 1990). In neurons of 
nucleus tractus solitarius brain slices, there is a postsynaptic depolarizing 
response to 5-HT3 agonists which does not appear to be rapidly desensitizing 
(GLAUM et a1. 1992). In the latter preparation there are also 5-HT3-mediated 
enhancements of presynaptic responses (both IPSPs and EPSPs). In medial 
prefrontal cortex a slow inhibitory response to microiontophoretically applied 
5-HT has been described which also has a 5-HT3-like pharmacology (ASHBY et 
a1. 1989a). This effect is mimicked by the 5-HT3 agonist 2-methylserotonin and 
is blocked by the 5-HT3 antagonists BRL 43693 and rcs 205930. At this junc
ture, it is not clear whether there is more than just a superficial pharmacologi
cal relationship among these various so-called 5-HT3 responses. 

E. Gs-Coupled Serotonin Receptors: the 5-HT4' 
5-HT M and 5-HT 7 Subtypes 
The existence of the 5-HT4 receptor in the central nervous system was first 
suspected on the basis of biochemical data showing positive coupling of 5-HT 
responses to adenylyl cyclase (see BOCKAERT et al. 1992). Thus, this receptor 
differs from the 5-HTJ subfamily, all of whose members are negatively coupled 
to adenylyl cyclase. Very recently, two novel 5-HT receptors positively 
coupled to adenylyl cyclase have been cloned: since their pharmacology differs 
from that of the previously described 5-HT4 site, they have been tentatively 
designated as 5-HTA and 5-HT7 receptors (LOVENBERG et al. 1993; MONSMA et 
al. 1993: SHEN et a1. 1993). Physiological studies are available at this time only 
for the 5-HT~ and 5-HT7 receptors, as described below. 

I. 5-HT4 Receptors 

Binding studies using OR 113808 indicate that 5-HT4 receptors are expressed 
in several discrete regions of the mammalian brain including the striatum, 
suhstantia nigra, olfactory tubercle, and hippocampus (GROSSMAN et al. 1993). 
As these regions also express 5-HT4 receptor mRNA, it appears likely that 
these receptors function postsynaptically to mediate certain actions of 5-HT. 
The best studied of these regions is the hippocampus, where both biochemical 
and electrophysiological studies have provided us with a uniquely detailed 
picture of the actions of 5-HT at 5-HT1 receptors. 

Early physiological studies on hippocampal pyramidal cells of the CAl 
region (ANDRADE and NICOLL 1987; BECK 1989) provided evidence for the 
existence of an orphan 5-HT receptor capable of mediating "excitatory" re
sponses to 5-HT. These studies identified two separate mechanisms that com
bined could account for the observed increase in membrane excitability. First, 
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5-HT activation of this novel receptor elicited a slow membrane depolariza
tion, most likely through a reduction of the resting potassium permeability 
responsible for the maintenance of membrane potential. Second, serotonin 
inhibited the calcium-activated potassium current which in these cells is 
responsible for the generation of a slow calcium-activated afterhyper
polarization (AHP). The combined action of both of these effects could mark
edly increase membrane excitability. The first of these actions brought the 
membrane potential close to threshold while the second facilitated the ability 
of these cells to respond to excitatory inputs with robust spiking activity. 

The initial pharmacological characterization of this novel receptor indi
cated that it was insensitive to most of the then available serotonergic antago
nists, but exhibited a reasonably high affinity for the benzamides renzapride, 
cisapride, and zacopride (ANDRADE and CHAPUT 1991; CHAPUT et al. 1990a,b; 
ANDRADE and NICOLL 1987). This pharmacological profile closely paralleled 
that of the then newly described 5-HT~ receptor subtype (DUMUIS et al. 1988; 
BOCKAERT et al. 1990), and led to the tentative identification of this receptor as 
belonging to this receptor subclass. Consistent with this provisional identifica
tion, the serotonin-induced depolarization and reduction of the AHP proved 
to be highly sensitive to the selective 5-HT~ receptor antagonist developed 
subsequently (TORRES et al. 1994) (Fig. 6). 

Consistent with the biochemical data, the ability of 5-HT4 receptor activa
tion to inhibit the AHP is mimicked by manipulations that increase intracellu
lar cAMP and is enhanced by phosphodiesterase inhibitors (TORRES et al. 
1995). Moreover, the effects of 5-HT on the AHP are inhibited by the protein 
kinase inhibitor staurosporine and the selective protein kinase A inhibitor 
(Rp )cAMPs (Fig. 7). Together these results indicate that 5-HT~ receptors in 
the CAl region reduce the AHP by stimulating adenyl ate cyclase, increasing 
intracellular cAMP. and activating protein kinase A. Similarly, activation of a 
cAMP-dependent protein kinase has been implicated in the suppression of a 
voltage-activated K+ current in cultured neurons from the superior colliculus 
(FAGNI et al. 1992). 

Fig.6A-C. Pharmacology of the serotonin-induced depolarization and reduction of 
the afterhyperpolarization (AHP) in the CA 1 region of the hippocampus. A Adminis
tration of serotonin in the presence of a 5-HT1A antagonist produces a slow membrane 
depolarization. This depolarization is accompanied by a decrease in the AHP (down
ward deflections) that follows calcium influx into the cell. AHPs taken at a constant 
membrane potential in the presence and absence of serotonin are illustrated to the right 
of the membrane potential trace using an expanded time scale. The depolarization and 
reduction of the AHP are both antagonized by administration of the selective 5-HT4 
receptor antagonist SDZ 205-557 (lOmM). B Bath administration of SDZ 205-557 
(1 mM) causes a parallel shift to the right of the concentration response curve for the 
serotonin reduction of the afterhyperpolarization (AHP). C Correlation between the 
apparent affinities (pA,) of the 5-HT4 antagonists DALJ 6285. SDZ 205-557 and 
G R 113808 for the serotonin receptor acting on the AHP and their affinity for 5-HT 4 
receptors in model systems. (Provided by R. ANDRADE) 
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Fig.7A,B. Effect of PKA inhibitors on the 5-HT4-mediated reduction of the 
afterhyperpolarization (AHP). A Pretreatment with the protein kinase inhibitor 
staurosporin (l-lOmM) blocks the ability of serotonin and norepinephrine to reduce 
the AHP. B Intracellular injection of the selective PKA inhibitor (Rp)cAMPs 
noncompetitively inhibits the ability of serotonin to reduce the afterhyperpolarization 
(AHP). (Provided by R. ANDRADE) 

II. 5-HT7 Receptors 

The circadian rhythm in mammals is set by a pacemaker located primarily in 
the susprachiasmatic nucleus of the hypothalamus. This pacemaker activity 
can be maintained in in vitro hypothalamic slices, where suprachiasmatic 
neurons display diurnal changes in neuronal firing rate. Administration of 5-
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HT produces a phase shift in this activity (MEDANIC and GILLETTE 1995) by 
acting on a receptor of the 5-HT7 sUbtype (LOVENBERG et a1. 1993). This shift 
appears to be mediated by stimulation of adenyl ate cyclase as it is mimicked by 
increasing intracellular cAMP (PROSSER and GILLETTE 1989) and blocked by 
inhibitors of protein kinase A (PROSSER et a1. 1994). However, the precise 
mechanism by which 5-HT7 receptors act is not presently known since it is 
unclear whether suprachiasmatic neurons themselves express the 5-HT7recep
tors (LOVENBERG et a1. 1993). Furthermore, the effect of 5-HT on the mem
brane properties of these cells has not been examined. 5-HT7 receptor 
activation has been reported to inhibit GABAA currents on suprachiasmatic 
neurons in culture (KAWAHARA et a1. 1995), but the relationship, if any, be
tween these observations and 5-HT changes in ciracadian activity remains to 
be determined. 

A more general kind of electrophysiological effect that may be mediated 
through 5-HT 7 (or other 5-HT receptors that are positively coupled to adeny
late cyclase) is the enhancement of the hyperpolarizing-activated nonselective 
cationic current Iii. This possibility, which has been raised for the 5-HT
induced increase in IIr in motoneurons (see above), remains to be evaluated in 
other neurons of the CNS, such as in the thalamus (PAPE and MCCORMICK 
1989), prepositus hypoglossi (BOBKER and WILLIAMS 1989b), or substantia 
nigra zona compacta (NEDERGAARD et a1. 1991), where 5-HT has been shown 
to enhance Iii. 

F. Summary and Conclusions 
I. 5·HT Receptor Subtypes, Ion Channels, and Second 
Messenger Systems 

The extraordinarily diverse electrophysiological actions of 5-HT in the central 
nervous system can now be understood according to various receptor subtypes 
and their respective effector mechanisms. As summarized in Table 1, the 
following generalizations are emerging: (1) inhibitory effects of 5-HT are 
mediated by 5-HTJ receptors linked to the opening of K+ channels or the 
closing of Caz+ channels, both via pertussis-toxin-sensitive G proteins; (2) 
certain facilitatory effects of 5-HT involve a closing of K+ channels mediated 
by 5-HTz receptors, with the PI second messenger system and PKC acting as a 
negative feedback loop; (3) other facilitatory effects of 5-HT are mediated by 
5-HT4 (and possibly by other Gs-linked) 5-HT receptors through a reduction 
in h(c/+) or voltage-dependent K+ current through the cAMP pathway; and (4) 
fast excitations are mediated by 5-HT3 receptors through a ligand-gated cat
ionic ion channel which does not require coupling with a G protein or a second 
messenger. Thus, the range of electrophysiological actions of 5-HT is remark
ably broad, encompassing the two major neurotransmitter superfamilies: the 
G-protein-coupled receptors (i.e., 5-HTj, 5-HTz, 5-HT4) and the ligand-gated 
channels (5-HT3). 
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Table 1. 5-HT receptor subtypes: physiological transduction pathways 

Receptor subtype G protein Ion channel Physiological 
response 

5-HT1 G/Go iK+, J-Ca2+ Slow inhibition 
5-HT2 Gqlll J-K+ Slow excitation 
5-HT3 Ligand-gated iNa+/K+ Fast excitation 
5-HT4 Gs J-IK, IK+(Ca2+) Slow excitation 
5-HT5 ? ? ? 
5-HT6_7 Gs ? ? 

II. Role of 5-HT in Neuronal Networks 

The direct actions of 5-HT at a cellular level, as detailed in this review, do not 
have a simple relationship to the overall input-output relations. For example, 
while 5-HT1A agonists are directly inhibitory upon serotonergic neurons in the 
raphe nuclei (possibly at doses insufficient to affect postsynaptic 5-HT1A recep
tors), the net effect of this inhibition may be disinhibitory for postsynaptic 
neurons that express 5-HT1A-receptors and simultaneously dysfacilitatory for 
postsynaptic neurons that express 5-HT2' 5-HT3' and 5-HT4 receptors. Simi
larly, while 5-HT2 agonists may be directly excitatory at a subpopulation of 
GABAergic interneurons in piriform cortex and dentate gyrus that express 5-
HT2 receptors, the net effect of this excitation may be inhibitory for the 
principal neurons that receive inputs from these interneurons. In general, to 
understand the functional consequences of the discrete cellular actions of 5-
HT, these must be viewed within the context of the neuronal networks where 
they occur. 

III. Integrative Action of 5-HT 

This review has described mainly the isolated cellular actions of 5-HT at 
individual receptor subtypes that are found in many different regions of the 
brain and spinal cord. Do these discrete and disparate effects of 5-HT have an 
integrated function greater than the sum of the parts? Suggestive of this 
possibility is the fact that: (1) serotonergic neurons are clustered in a relatively 
small number of nuclei within the brain stem (i.e., the raphe nuclei), projecting 
diffusely to almost every other region of the neuraxis and (2), in un
anesthetized animals, the tonic firing of serotonergic neurons as a group varies 
according to behavioral state, such that activity is greatest during behavioral 
arousal, diminished during slow wave sleep, and virually absent during REM 
sleep (see Chap. 3, this volume). 

The integrative function of 5-HT can be viewed at a cellular as well as at 
a systems level. A number of examples have been given where more than one 
5-HT receptor subtype is expressed functionally within the same neuron (e.g., 
5-HT1 and 5-HT2 receptors in cortical pyramidal cells and 5-HT1 and 5-HT4 
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receptors in hippocampal pyramidal cells). Given the contrasting electrophysi
ological effects mediated by these different receptor subtypes, the general 
question arises as to how these disparate individual SUbtype actions become 
integrated into a meaningful overall effect of 5-HT upon a target neuron. In 
approaching this question, both temporal and spatial issues must be addressed. 
For example, the 5-HT1A inhibitory effect of 5-HT upon hippocampal pyrami
dal cells tends to manifest itself at an earlier phase in time than does the 5-HT4 
excitatory effect (ANDRADE and CHAPUT 1991). Spatial issues must also be 
considered in terms of a segregated cytoarchitectural localization of the vari
ous receptor subtypes. For example, 5-HTJ receptors appear to be preferen
tially localized to the initial axon segment (axon hillock) of hippocampal and 
cortical pyramidal cells (AZMITIA et a1. 1996). The localization of 5-HT] recep
tors to the axon hillock would place them in a strategic position to regulate the 
output of cortical pyramidal cells. In contrast, 5-HT2A receptors appear to be 
localized to the apical rather than the basilar aspect of layer V cortical pyrami
dal cells (BLUE et a1. 1988), and therefore would be in an ideal position to 
regulate inputs to pyramidal cells. Such temporal and spatial distinctions un
doubtedly contribute. at a cellular level, to the integrative action of 5-HT in 
many regions of the CNS. 

Do the individual cellular actions of 5-HT in different regions of the 
central nervous system serve to coordinate overall behavioral states? The 
possibility of such an integrative action of 5-HT can be illustrated for four 
disparate sets of neurons as follows. During the waking state, when serotoner
gic neurons are in a tonic firing mode, the following conditions would prevail: 
(1) motoneurons would be in a relatively depolarized, excitable state (via 5-
HT: receptors), and would thus be receptive to the initiation of movement; (2) 
neurons of the nucleus reticularis thalami would be in a depolarized, single
spike mode (via 5-HT2 receptors), and would thus be conducive to 
thalamocortical sensory information transfer (MCCORMICK and WANG 1991; 
PAPE and MCCORMICK 1989); (3) GABAergic neurons of the septohip
pocampal pathway would be activated (in part via 5-HT2A receptors), poten
tially enhancing long-term potentiation by inhibiting GABAergic neurons of 
the hippocampus (ALREJA 1996); and (4) neurons of the laterodorsal tegmen
tal nucleus would be hyperpolarized (via 5-HT] receptors) and therefore not 
able to generate the bursting activity of REM sleep (LUEBKE et a1. 1992). 
Conversely, with a reduction in serotonergic activity during various stages of 
sleep, the above conditions would switch such that motoneurons would be
come less excitable, thalamocortical sensory information transfer would be 
diminished, hippocampal function would be reduced, and sleep spindles and 
PGO waves would emerge. 

Thus, serotonergic neurons can be seen as simultaneously modulating, in 
a complex but coordinated fashion, motor, sensory, and other systems to 
promote a given behavioral state or function. It remains to be seen whether all 
the diverse cellular actions of 5-HT can be incorporated into this kind of 
unified scheme or whether there are subsets of serotonergic neurons that 
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influence different groups of postsynaptic neurons, both temporally and spa
tially, in an independent fashion. 
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CHAPTER 20 

5-HT Receptors Involved in the Regulation of 
Hormone Secretion 

L.D. VAN DE KAR 

A. Organization of the Neuroendocrine System 
The hypothalamus, particularly the paraventricular nucleus (PVN), plays a 
central role in coordinating and regulating neuroendocrine function. Axons 
from cells originating in the PVN release corticotropin-releasing hormone 
(CRH) into the hypophysial portal vessels. CRH is then transported to the 
anterior pituitary gland, where it controls the release of corticotropin 
(adrenocorticotropic hormone, ACTH), leading to increased secretion of ad
renal glucocorticoids (cortisol in humans, corticosterone in rats) (SWANSON 
and SAWCHENKO 1983; SAWCHENKO and SWANSON 1985). Activation of other 
cells in the PVN increases prolactin release from the anterior lobe of the 
pituitary gland (BAGDY and MAKARA 1994, 1995; BLUET PAJOT et al. 1995; 
RnTENHouSE et al. 1993; AREY and FREEMAN 1992; MINAMITANI et al. 1987; 
KISS et al. 1986). Cells in the PVN and supraoptic nucleus (SON) that synthe
size oxytocin and vasopressin release these peptides into the circulation from 
their nerve terminals in the posterior (neural) lobe of the pituitary gland 
(SWANSON and SAWCHENKO 1983). Finally, cells in the PVN are also important 
in the regulation of renin release from the kidneys (RITTENHOUSE et al. 1992b; 
RICHARDSON MORTON et al. 1989). Serotoninergic neurons originating in the 
midbrain dorsal and median raphe nuclei and the ventrolateral B9 cell group 
send axons into the hypothalamus, where they innervate neuroendocrine con
trol sites (AZMITIA and SEGAL 1978; VAN DE KAR and LORENS 1979; 
SAWCHENKO et al. 1983) (Fig. 1). Serotoninergic synapses have been identified 
on CRH cells in the PVN (LIpOSITS et al. 1987). No such histological evidence 
is currently available for serotoninergic synapses on oxytocin, vasopressin or 
other, as yet unidentified, cells that regulate the secretion of prolactin and 
renin. However, lesion studies have indicated that the dorsal raphe nucleus 
contains the serotoninergic perikarya involved in stimulating the secretion of 
prolactin (QUATTRONE et al. 1979; VAN DE KAR and BETHEA 1982; BAROFSKY et 
al. 1983) and renin (VAN DE KAR et al. 1982, 1984). Other studies also indicate 
that stimulation of serotoninergic neurons in the dorsal raphe nucleus in
creases the activity of oxytocin-containing cells in the PVN (SAPHIER 1991; 
KAWANO et al. 1992). There is inconsistent evidence for a serotoninergic 
stimulation of growth hormone (GH) secretion (SELETTI et al. 1995; COWEN et 
al. 1994; MELLER and BOHMAKER 1994). Since this topic has been previously 
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Fig.I. Schematic illustration of serotoninergic input into the hypothalamic centers that 
control the secretion of hormones. Ant, anterior; CRH, corticotropin-releasing hor
mone; Hypothal, hypothalamus; post, posterior; RRF, renin-releasing factor 

reviewed (LEVY et al. 1994; VAN DE KAR 1991; Y ATHAM and STEINER 1993), it 
will not be addressed in this chapter. Serotoninergic neurons in the dorsal 
raphe send collaterals to both the hypothalamic PVN and other limbic regions 
such as the central amygdaloid nucleus, prefrontal cortex and nucleus 
accumbens (VAN BOCKSTAELE et al. 1993; PETROV et al. 1994). Hence, changes 
in the function of dorsal raphe neurons could lead to alterations in both 
neuroendocrine and limbic function. 

B. 5-HT Receptor Subtypes 
As reviewed in other chapters of this book, 5-HT receptors are currently 
classified into seven main groups, some of which are subdivided into sub
groups: 5-HT1A_F , 5-HTzA_O 5-HT3' 5-HT4' 5-HTsa_b , 5-HT6 and 5-HT7• Table 1 
summarizes the known neuroendocrine effects of activation of 5-HT receptor 
subtypes. To be complete, catecholamine receptors are also included in 
Table 1. 

c. Neuroendocrine Effects of 5-HTlA Agonists 
I. Hypothalamic Pituitary Adrenal Axis 

Administration to rats of 5-HT1A agonists, such as 8-hydroxy-2-
(dipropylamino)tetralin (8-0H-DPAT), fiesinoxan, ipsapirone, buspirone, 
gepirone, alnespirone and tandospirone, increases the secretion of ACTH and 
corticosterone (LESCH 1991; GROENINK et al. 1995; LEVY et al. 1995; KOENIG et 
al. 1988; MATHESON et al. 1989; SELETTI et al. 1995). Several5-HT1A antagonists 
inhibit the stimulatory effects of 5-HT1A agonists on the hypothalamic pitu-
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itary adrenal (HPA) axis. These include: (-)pindolol and (-)tertatolol (f3-
adrenoceptor and 5-HT1A antagonists), spiperone (also a dopamine D 2, 5-HT2A 

and 5-HT1A antagonist) and the more selective 5-HT1A (partial) antagonists 
NAN 190, WAY 100,135 and the full antagonist WAY 100,635 (CRITCHLEY et 
al. 1994; LEJEUNE et al. 1993; PRZEGALINSKI et al. 1990; PAN and GILBERT 1992; 
LESCH 1991; LEVY et al. 1995). Administration of buspirone and ipsapirone to 
humans also increases plasma ACTH and/or cortisol (ANDERSON and COWEN 
1992; LESCH et al. 1991). A receptor reserve exists for the 5-HT1A-receptor
mediated increase in plasma ACTH and corticosterone (MELLER and 
BOHMAKER 1994; PINTO et al. 1994). Consequently, changes in brain 5-HT1A 

receptors will not be accurately reflected in the magnitude of the ACTH 
response to a challenge with 5-HT1A agonists. 

Direct injection of 8-0H-DPAT into the hypothalamic PVN increased 
plasma ACTH (PAN and GILBERT 1992). However, a recent study compared 
lower doses of 8-0H-DPAT, injected directly into the PVN or into the dorsal 
raphe nucleus, and concluded that the location of the 5-HT1A receptors in
volved in ACTH secretion is in the dorsal raphe nucleus (BLUET PAJOT et al. 
1995). Additional evidence against a postsynaptic location was obtained when 
depletion of 5-HT stores using p-chlorophenylalanine (PCPA) reduced the 
ACTH response to i.v.-injected 8-0H-DPAT (BLUET PAJOTet al. 1995). How
ever, other studies found that PCP A potentiated, or at least did not reduce, 
the effect of 8-0H-DPAT on plasma corticosterone (COWEN et al. 1990; 
KELDER and Ross 1992). Also, addition of 8-0H-DPAT to hypothalamic 
explants dose dependently increased CRH release in vitro, with a maximal 
increase observed at O.lnM (CALOGERO et al. 1989). Hence, it is unclear 
whether the ACTH response to 5-HT1A agonists represents activation of 
postsynaptic 5-HT1A receptors in the hypothalamus or autoreceptors in the 
midbrain, or both. 

The 5-HT1A agonist 8-0H-DPAT elevates plasma concentrations of [3-
endorphin, an effect that is inhibited by spiperone and pindolol (KOENIG et al. 
1987). The effect of 8-0H-DPAT on plasma [3-endorphin concentration is 
blocked by dexamethasone, a CRH 'antiserum, or by transection of the in
fundibulum (BAGDY et al. 1990). Addition of 8-0H-DPAT to pituitary cells in 
vitro does not alter [3-endorphin secretion, suggesting that 5-HT1A receptors 
stimulate the release of [3-endorphin by a CRH-dependent mechanism. Fi
nally, an intracerebroventricular (i.c.v.) injection of 8-0H-DPAT (5/lg) in
creases the plasma concentration of [3-endorphin, suggesting that the receptors 
mediating the secretion of [3-endorphin are located in the brain (DI SCIULLO et 
al. 1990). 

II. Oxytocin 

The 5-HT1A agonists 8-0H-DPAT, buspirone, ipsapirone and alnespirone also 
increase the secretion of oxytocin (BAGDY and MAKARA 1994; BAGDY and 
KALOGERAS 1993; LI et al. 1993b, 1994; Van de Kar et al.; unpublished obser-
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vations). The 5-HT1A antagonists NAN 190, (-)pindolol and spiperone also 
reduce the oxytocin response to 8-0H-DPAT or alnespirone (BAGDY and 
KALOGERAS 1993; Van de Kar et aI., unpublished observations). In a recent 
experiment in my laboratory, we found that the full 5-HT1A antagonist 
WA Y 100,635 inhibits the oxytocin response to 8-0H-DPAT (0.5 mg/kg s.c.). 
The minimum WAY 100,635 dose of 0.1 mg/kg s.c. inhibited, while a complete 
blockade of the oxytocin response was observed at a WAY 100,635 dose of 
Img/kg s.c. (saline-saline, 8.5 ± 1.5; saline-8-0H-DPAT, 78.0 ± 9.6; 
WAY 100,635-saline, 8.8 ± 1.2; WAY 100,635-8-0H-DPAT, 6.7 ± 1.1 pg/ml). 
There is no receptor reserve for the 5-HT1A-receptor-mediated increase in 
plasma oxytocin (PINTO et al. 1994). No information is available on the oxyto
cin response to 5-HTIA agonists in humans. Vasopressin and renin secretion 
cannot be increased by 5-HT1A agonists (BROWNFIELD et al. 1992; VAN DE KAR 
and BROWNFIELD 1993). 

The location of the 5-HT1A receptors involved in the secretion of oxytocin 
has not been established. Mechanical destruction of the PVN prevents the 
oxytocin response to ipsapirone (BAGDY and MAKARA 1994). Cell-selective 
lesions with ibotenic acid injections into the PVN also inhibit the oxytocin 
response to the 5-HT releaser p-chloroamphetamine. Similar injections of 
ibotenic acid into the SON do not inhibit the oxytocin response to p
chloroamphetamine (VAN DE KAR et al. 1995b). Nevertheless, these data do 
not provide direct evidence that the 5-HT1A receptors are located on oxytocin
containing neurons in the PVN. It cannot be excluded that, after peripheral 
injection of a 5-HT11\ agonist, receptors in other sites could be activated, and in 
turn activate the oxytocin-containing cells in the PVN. Furthermore, destruc
tion of the PVN also prevents the effect of the 5-HT, agonist 1-(2's-dimethoxy-
4-iodophenyl)-2-aminopropane (001) on plasma oxytocin (BAGDY and 
MAKARA 1994), suggesting that the PVN is not selectively activated by only one 
5-HT receptor SUbtype. Destruction of serotoninergic neurons, using i.c.v. 
injections of 5,7-DHT. reduces the maximal oxytocin response to 8-0H
DPAT. which could suggest that the 5-HT 1A receptors might be located pr
esynaptically (Li and Van de KaT, unpublished observations). However. the 
reduction in the maximal oxytocin response is probably due to the ability of 
this dose of i.c.v.-injected 5,7-DHT to reduce the concentration of oxytocin in 
the hypothalamus, by about 38% (SAYDOFF et al. 1993). There is insufficient 
evidence to conclude that the 5-HT1A receptors are post- or presynaptic and 
their location remains to be determined. 

III. Prolactin 

Administration of 8-0H-DPAT and ipsapirone to rats produces a very short
lived increase in plasma prolactin, subsiding within 30 min (SIMONOVIC et al. 
1984; NASH and MELTZER 1989; VAN DE KAR et al. 1989b; KELLAR et al. 1992; 
DI SCIULLO et al. 1990). This short duration is unusual, compared with the 
prolactin response to other 5-HT agonists and when comparing prolactin with 
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other hormones after injection of 5-HT1A agonists. Although buspirone also 
increases prolactin secretion, this effect is more likely due to antagonism of 
dopamine D2 receptors in the pituitary gland, rather than due to activation of 
5-HT1A receptors in the hypothalamus (ANDERSON and COWEN 1992; COWEN et 
al. 1990). Ipsapirone does not increase prolactin secretion in humans (COWEN 
et al. 1990). Flesinoxan (1 mg i.v.) increases plasma prolactin as well as ACTH 
in humans. However, its effect on plasma prolactin is not inhibited by pindolol, 
a dose (30mg p.o.) that inhibits the ACTH response to flesinoxan (SELETII et 
al. 1995). Furthermore, methysergide inhibits both the prolactin and ACTH 
responses to flesinoxan, suggesting that other 5-HT receptors might mediate 
the prolactin response to this 5-HT agonist. Recent findings in my laboratory 
placed additional doubt on the nature of the receptor mediating the effect of 
8-0H-DPAT on plasma prolactin. We found that the full 5-HT1A antagonist 
WAY 100,635 cannot inhibit the effect of 8-0H-DPAT on plasma prolactin. A 
dose (1 mg/kg s.c.) that completely blocks the ACTH and oxytocin responses 
to 8-0H-DPAT does not inhibit the prolactin response (saline-saline, 2.2 
± 0.2; saline-8-0H-DPAT, 6.7 ± 1.5; WAY 100,635-saline, 1.1 ± 0.1; 
WAY 100,635-8-0H-DPAT, 5.8 ± 0.9 ng/ml). To confuse the issue further, 
pertussis toxin, which inactivates Gi and Go proteins, prevents the effect of 8-
OH-DPAT (50pg/kg s.c.) on plasma prolactin, suggesting that Gi or Go pro
teins mediate this effect (VAN DE KAR et al. 1995a). In addition, i.c.v. injection 
of forskolin also prevents the effect of i.c.v.-injected 8-0H-DPAT (0.1,1 and 
10 pg/kg i.c.v.) on plasma prolactin (VAN DE KAR et al. 1995a). Since forskolin 
directly activates adenylyl cyclase, elevating cellular concentrations of cAMP, 
these data suggest that the effect of 8-0H-DPAT on plasma prolactin involves 
Gi- or Go-protein-induced inhibition of adenylyl cyclase. This fits with our 
knowledge of the coupling of 5-HT1A receptors to their second messenger 
system (BOESS and MARTIN 1994), but could also be related to other receptors 
that are coupled via Gi or Go proteins to adenylyl cyclase. The data are 
insufficient to conclude that 5-HT1A receptors play an important role in the 
secretion of prolactin. 

In contrast with the HPA axis, the prolactin response to 8-0H-DPAT is 
potentiated in rats pretreated with PCP A, consistent with the hypothesis of 
denervation supersensitivity of postsynaptic 5-HT receptors (BLUET PAJOT et 
al. 1995; SIMONOVIC et al. 1984). I.c.v. injection of much lower doses of 8-0H
DPAT than peripherally effective doses (O.l-lOpg/kg) increases plasma pro
lactin to much higher levels than peripheral injections of much higher doses 
(VAN DE KAR et al. 1995a). These data suggest that peripheral mechanisms 
activated by 8-0H-DPAT might mask some of its central activating effects. 
We also observed that destruction of serotoninergic pathways using i.c.v. 
injection of 5,7-DHT potentiated the prolactin response to 8-0H-DPAT (10-
200pg/kg s.c.) (VAN DE KAR et al. 1995a). Injection of 8-0H-DPAT into the 
dorsal raphe nucleus increased plasma ACTH but did not alter plasma prolac
tin, while injections of 8-0H-DPAT into the PVN increased prolactin secre-
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tion (BLUET PAJOT et al. 1995). Taken together, the data suggest that activation 
of 5-HT receptors in the hypothalamic PVN increases the secretion of prolac
tin. However, PVN lesions do not inhibit the prolactin response to ipsapirone 
(BAGDY and MAKARA 1994). Clearly, the data are not conclusive with respect to 
the identity or location of 5-HT1A receptors that stimulate the secretion of 
prolactin. 

IV. Inhibition by 5-HTlA Agonists of the Neuroendocrine 
Responses to Stress 

Inhibition of serotoninergic neurotransmission can produce anxiolytic effects. 
Anxiolytic drugs of the benzodiazepine class inhibit serotoninergic transmis
sion and act in the dorsal raphe nucleus to reduce anxiety-related behaviors 
(NISHIKAWA and SCATION 1986; THIEBOT et al. 1982). The 5-HT1A partial ago
nists buspirone, gepirone, tandospirone and ipsapirone are clinically effective 
anxiolytic drugs (EISON 1989; BARRETT and VANOVER 1993). These 5-HT1A 

agonists appear to produce their anxiolytic effect by activating somat
odendritic 5-HT1A autoreceptors on serotoninergic cells in the dorsal raphe 
nucleus. inhibiting the firing rate of serotoninergic neurons and reducing 
serotoninergic neurotransmission (DOURISH et al. 1986; V ANDERMAELEN et al. 
1986; MATHESON et al. 1994). 

While the hormones ACTH, corticosterone. prolactin, oxytocin and renin 
are released by activation of 5-HT receptors, these hormones (except for 
vasopressin) are also secreted by exposure to most stressors and can be consid
ered stress-markers (FELDMAN et al. 1995; CHAOULOFF 1993; BLAIR et al. 1976; 
PARIS et al. 1987; VAN DE KAH et al. 1991; LANG et al. 1983; CALLAHAN et al. 
1992; V AN DE KAH 1996). Anxiolytic drugs of the benzodiazepine class sup
press stress-induced corticosterone (GRAM and CHRISTENSEN 1986; LE FUR et 
al. 1979) and prolactin (V AN DE KAR et al. 1985a; FEKETE et al. 1981) secretion. 
In contrast. these drugs do not inhibit the renin response to conditioned 
stress (V AN DE KAR et al. 1985a). Because of the importance of the renin
angiotensin system in the regulation of blood pressure. the lack of effect of 
benzodiazepines could be clinically important and suggests that other drugs 
should be explored for the treatment of anxiety disorders in hypertensive 
patients. 

The 5-HT1A agonist 8-0H-DPAT and partial 5-HT1A agonists buspirone 
and ipsapirone, at doses lower than the doses that increase the secretion of 
hormones, inhibit the effect of stress on ACTH, corticosterone, prolactin and 
renin secretion (V AN DE KAR et al. 1985b, 1991; URBAN et al. 1986; 
RITIENHOUSE et al. 1992a; SAPHIER et al. 1995). In my laboratory, Dr. Peter A. 
Rittenhouse observed that the oxytocin response to immobilization stress can 
be reduced by ipsapirone at doses below those that increase the secretion of 
oxytocin (Table 2). Since the somatodendritic 5-HT1A autoreceptors are more 
sensitive than postsynaptic receptors to the effects of 5-HT1A agonists, these 
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Table 2. Inhibition by ipsapirone of the effect of immobilization stress on plasma 
oxytocin 

Dose of ipsapirone 
(mg/kg i.p.) 

o (saline) 
0.05 
0.1 
0.5 
1.0 

Plasma oxytocin (pg/ml) 

Control 

5.1 ± 1.3 
7.6 ± 1.4 
8.1 ± 1.5 
6.6 ± 0.7 
4.9 ± 0.9 

Data represent mean ± SEM of eight rats per group. 

Immobilization stress 

14.0 ± 2.9** 
10.2 ± 0.9 
10.3 ± 1.7 
11.7 ± 1.0 
9.5 ± 0.9 

** Significant difference from nonstressed rats, P < 0.01 (one-way ANOV A and 
Newman Keuls' test). 

observations suggest that the anxiolytic effects of buspirone and ipsa pirone on 
stress-induced increase in secretion of hormones are due to inhibition of 
serotoninergic transmission. Consistent with this hypothesis, electrolytic 
lesions in the dorsal raphe nucleus prevent the effect of conditioned fear stress 
on renin and corticosterone secretion (VAN DE KAR et al. 1984; RICHARDSON 
MORTON et al. 1986). These findings are similar to observations by other 
investigators, who found that injections of 5,7-DHT into the raphe or into the 
hypothalamic PVN inhibit the effect of several stressors on corticosterone 
secretion (FELDMAN et al. 1984, 1987, 1991; FELDMAN and WEIDENFELD 1995). 
Together, the observations suggest that plasma concentrations of ACTH, 
prolactin, oxytocin and renin can be useful as neuroendocrine markers of 
anxiety in experimental animals, and in humans. Drugs with anxiolytic effects 
can be characterized using their ability to suppress the neuroendocrine mani
festations of anxiety. 

D. Neuroendocrine Effects of 5-HT1B/lD Agonists 
There is insufficient convincing evidence to support a role for 5-HT1B re
ceptors in stimulating hormone secretion. A stimulatory role for 5-HTJB 
receptors in the secretion of prolactin has been postulated (VAN DE KAR 
et al. 1989b), but subsequent studies do not support this hypothesis. It is 
unlikely that 5-HTJB receptors influence the secretion of ACTH, corticoster
one, oxytocin, vasopressin or renin because no antagonists for this receptor 
can inhibit the effects of the 5-HT1B agonist CP 93,129 on these hormones 
(VAN DE KAR et al. 1994). The increase in prolactin also was only inhibited by 
metergoline but not by propranolol, suggesting that other 5-HT receptors 
mediate the prolactin response to CP 93,129 (VAN DE KAR et al. 1994). In 
humans, the 5-HTlD agonist sumatriptan does not increase plasma ACTH, 
cortisol, j3-endorphin or prolactin (FRANCESCHINI et al. 1994; ENTWISLE et al. 
1995). 
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E. Neuroendocrine Effects of 5-HT2 Agonists 
I. Hypothalamic Pituitary Adrenal Axis 
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Administration to rats of several 5-HT 2 agonists, such as DO I, and 1-(-4-
bromo-2,5-dimethoxyphenyl)-2-aminopropane (DOB), which activate 
both 5-HT2A and 5-HT2C receptors, and the less selective agonists 
m-chlorophenylpiperazine (mCPP), MK-212, 1-(2,5-dimethoxy-4-
methylphenyl)-2-aminopropane (DOM), RU 24969 and quipazine (which 
mainly activate 5-HT2C receptors) increases the secretion of ACTH and corti
costerone (BAGDY et a1. 1993; KING et a1. 1989; FULLER and SNODDY 1990; 
OWENS et a1. 1991; GARCIA-BoRREGUERO et a1. 1995; HALBREICH et a1. 1995; 
RITTENHOUSE et a!. 1994a; KRYSTAL et a1. 1993; HOLLANDER et a1. 1992). The 
effects of 001 are inhibited in rats pretreated with 5-HT2A antagonists such as 
spiperone (dopamine O2, 5-HTzA and 5-HT1A antagonist) (RITTENHOUSE et a1. 
1994a). The effects of 001, MK-212, DOM, mCPP and RU 24969 are in
hibited by the 5-HTzA!2C antagonists ritanserin, ketanserin, altanserin, 
metergoline. mianserin. mesulergine, metergoline and L Y 53857 (AULAKH et 
a1. 1992. 1994; KING et a1. 1989; RITTENHOUSE et a1. 1994a; VAN DE KAR et a1. 
1989a; GARTSIDE et a1. 1992). In humans. the cortisol response to mCPP is 
inhibited by metergoline. suggesting involvement of 5-HT2C receptors 
(MUELLER et a1. 1985). MK-212 also increases plasma cortisol in humans, an 
effect that is not inhibited by pindolol (Lowy and MELTZER 1988; BASTANI et a!. 
] 990; MELTZER and MAES 1995). Injection of 001 into the lateral cerebral 
ventricles of conscious rats increases plasma ACTH. an effect that can be 
inhibited by i.c.v. injection of ritanserin or L Y 53857 (RITTENHOUSE et a1. 
1994a). Superfusion of hypothalamic explants with 001 increases the release 
of CRH into the perfusing buffer (CALOGERO et a1. 1989). In addition, 5-HT 
increases CRH release from hypothalamic explants and this effect is inhibited 
by ketanserin. metergoline and ritanserin (CALOGERO et a1. 1989). Thus, it is 
clear that the ACTH response to 5-HTz agonists represents activation of 5-
HT. receptors in the hypothalamus. Activation of 5-HTz receptors also stimu
lates J3-endorphin secretion. 001. mCPP and MK-212 increase plasma 
J3-endorphin in rats (KOENIG et a1. 1987; BAGDY et a1. 1990). The responses to 
MK-212 are inhibited by ketanserin. altanserin. ritanserin and metergoline 
(KOENIG et a1. 1987). The effect of 001 on J3-endorphin is attenuated by 
transection of the infundibulum. suggesting that it is at least partially mediated 
by a CRH-dependent mechanism (BAGDY et a1. 1990). 

II. Oxytocin 

Most 5-HT2 agonists also increase the secretion of oxytocin. Among them are 
001. mCPP, MK-212 and, with lower efficacy, RU 24969 (SAYDOFF et a1. 1991: 
BAGDY and MAKARA 1994; BAGDY et al. 1992a; BAGDY and KALOGERAS 1993). 
RU 24969 is a more potent 5-HT 1A!1B agonist than a 5-HT2C agonist (TITELER et 
a1. 1987: HOYER 1988) and its low efficacy in increasing oxytocin release is 
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surprising, considering the effectiveness of 5-HT1A agonists. However, 
RU 24969 also has a moderate affinity for {3-adrenoceptors (VAN 
WIJNGAARDEN et al. 1990) which exert an inhibitory effect on the secretion of 
oxytocin (CROWLEY and ARMSTRONG 1992). The 5-HT2 antagonists mentioned 
for the HPA axis (ritanserin, spiperone and ketanserin) also inhibit the oxyto
cin response to DOl (SAYDOFF et al. 1991; BAGDY et al. 1992a; BROWNFIELD et 
al. 1992; BAGDY and KALOGERAS 1993). Ritanserin at a high dose (2.5 mg/kg 
s.c.) also inhibits (but does not completely block) the oxytocin response to 
MK-212 (SAYDOFF et al. 1991), suggesting involvement of additional receptors. 
It is important to note that the effect of mCPP on plasma oxytocin is not 
inhibited by the 5-HT2A antagonist ketanserin, while antagonists with similar 
affinity for both 5-HT2A and 5-HT2C receptors, such as mianserin and 
LY 53857, can inhibit the effects of mCPP. In contrast, ketanserin and 
spiperone (which have a higher affinity for 5-HT2A than for 5-HTzc receptors) 
inhibit the oxytocin responses to DOl (SAYDOFF et al. 1991; BAGDY et al. 
1992a), suggesting also a role for 5-HTzA receptors. 

III. Prolactin 

DOl and MK-212 dose dependently increase plasma prolactin concentration 
in rats (LI et al. 1993a; LEVY et al. 1992; RITTENHOUSE et al. 1993). The effects 
of DOl and MK-212 are inhibited by the 5-HT2Alzc antagonists ritanserin and 
ketanserin (ALBINSSON et al. 1994; PAN and TAl 1992; RITIENHOUSE et al. 
1993). The relative contribution of 5-HTzA vs. 5-HTzc receptors in this re
sponse has not been established. At a high dose, ketanserin (5 mg/kg) could 
not differentiate between these receptors because ketanserin only has an 
approximately tenfold higher affinity for 5-HT2A than for 5-HT2C receptors 
(BOESS and MARTIN 1994). The prolactin response to i.c.v. injection of DOl 
was inhibited by i.c.v. infusion of a low dose of ritanserin (2Ilg/kg i.c.v.) and 
the prolactin response to i.c.v. injection of RU 24969 was inhibited by i.c.v. 
injection of LY 53857 (50Ilg/kg i.c.v.) (RITIENHOUSE et al. 1993). Since 
RU 24969 has a lower affinity for 5-HT2A than for 5-HT2C receptors (ZIFA and 
FILLION 1992), these data suggest that activation of brain 5-HT2C receptors 
increases the secretion of prolactin. The prolactin response to MK-212 (which 
has a very low affinity for 5-HT2A receptors) is inhibited by the 5-HT2Al2C 
antagonist LY 53857, further supporting a stimulatory role of 5-HT2C recep
tors in prolactin secretion (VAN DE KAR et al. 1989b). However, the prolactin 
response to MK-212 (lOmg/kg, i.p.) was only partially attenuated by LY 53857 
(0.1-1 mg/kg), whereas some other hormone responses were completely 
blocked (LORENS and VAN DE KAR 1987; VAN DE KAR et al. 1989b). These data 
suggest that MK-212 increases prolactin secretion partially via activation of 5-
HTzc receptors, and partially through other mechanisms. Consistent with this 
suggestion, recent data in humans indicate that pindolol inhibits the prolactin 
response to MK-212, suggesting that MK-212 also activates 5-HTIA receptors 
to increase the secretion of prolactin (MELTZER and MAES 1995). mCPP also 
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increases prolactin secretion in humans and in rats (QUATTRONE et a1. 1981; 
MUELLER et a1. 1985: BAGDY et a1. 1989; SEIBYL et a1. 1991; AULAKH et a1. 1992: 
KAHN et a1. 1994). In rats, the prolactin response to mCPP is inhibited by 
several 5-HT2 antagonists such as metergoline, clozapine, mianserin and 
mesulergine, but not by ritanserin or xylamidine (which does not cross 
the blood-brain barrier; BAGDY et a1. 1989; AULAKH et al. 1992; KAHN et al. 
1994). However, in humans, ritanserin does inhibit the prolactin response 
to mCPP (SEIBYL et a1. 1991). To further confuse the issue, propranolol 
also inhibits the prolactin response to mCPP, suggesting that either this is due 
to the ability of propranolol to antagonize 5-HT2C receptors or is due to effects 
of mCPP on other receptors (AULAKH et a1. 1992). In conclusion, most of 
the data agree that activation of 5-HT2C receptors increases the secretion of 
prolactin. 

IV. Renin and Vasopressin 

ACTH. oxytocin and prolactin also can be released after activation of other 5-
HT receptor subtypes, notably 5-HT IA and 5-HT, (LEVY et a1. 1994); renin 
secretion can only be increased by administration of 5-HTc agonists, such as 
MK-212. 001, mCPP, quipazine and R U 24969 (BAGDY et al. 1992b, 1993; 
ALPER and SNIDER 1987; LORENS and VAN DE KAR 1987; V AN DE KAR et a1. 
1981. 1989a; ALPER 1990; RITTENHOUSE et a1. 1991, 1994b; LI et a1. 1992). The 
ability of 001 to increase renin release is antagonized by ritanserin and 
spiperone (RrnENHousE et a1. 1991). The effects of mCPP. RU 24969 or 
quipazine on renin secretion are antagonized by ritanserin. L Y 53857. 
spiperone and xylamidine (LORENS and VAN DE KAR 1987: V AN DE KAR et a1. 
1989a: BAGDY et a1. 1992b; ZINK et al. 1990). Because spiperone has a higher 
affinity for 5-HTcA than for 5-HT2( receptors. these data suggest that 5-HTy, 
receptors primarily mediate the renin response to 001, although a contribu
tion of 5-HT,( receptors is also possible. particularly to the agonists with lower 
affinity for 5-HT2r\ receptors (i.e., MK-212, mepp and RU 24969). Because 
xylamidine is a 5-HTc antagonist that does not readily cross the blood-brain 
barrier. peripheral 5-HT, receptors have been postulated to contribute to the 
renin response to 001 and quipazine (ZINK et al. 1990; RITTENHOUSE et al. 
1991). However. a central site of 5-HT2C receptors is evident from the renin 
response to i.c.v.-injected RU 24969 that is blocked by i.c.v. administration of 
LY 53857 (RITTENHOUSE et al. 1994b). 

Central serotoninergic neurons also stimulate the secretion of vasopressin 
by activating 5-HT, receptors. Injection of 5-HT (i.c.v.) to conscious rats 
increases plasma vasopressin, an effect that can be inhibited by i.c.v. or periph
eral administration of the 5-HT2AI1C antagonist L Y 53857 (PERGOLA et a1. 1993; 
SAYDOFF et a1. 1992). mCPP (2.5mg/kg i.v.) and MK-212. but not DOl (1 mg/ 
kg i.v.), increase vasopressin secretion (STEARDO and IOVINO 1986; 
BROWNFIELD et a1. 1988. 1992; BAGDY et a1. 1990, 1992b). In rats withdrawn 
from cocaine (15 mg/kg b.i.d. for 7 days), the effect of MK-212 on plasma 
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vasopressin is inhibited (VAN DE KAR et al. 1992). There is a report that mCPP 
does not elevate plasma vasopressin in humans (KAHN et al. 1992). However, 
the dose used (0.25-0.5mg/kg, p.o.) might have been too low to be able to 
observe an effect, although this dose and lower i.v. doses of mCPP (0.1 mg/kg) 
were capable of increasing plasma cortisol and prolactin (GARCIA-BoRREGUERO 
et al. 1995; HOLLANDER et al. 1994). A problem exists in identifying the effects 
of peripherally administered 5-HT agonists on the secretion of both renin and 
vasopressin. The secretion of both hormones can be suppressed when blood 
pressure is increased (SCHOLZ et al. 1993; ANDERSEN et al. 1994). Because of 
the hypertensive effects of peripherally injected 5-HT2 agonists, neither renin 
nor vasopressin can be used reliably as indices of CNS 5-HT2 receptor function 
if the 5-HT2 agonists are injected peripherally (LEVY et al. 1994; RITTENHOUSE 
et al. 1991). In addition, the hypertensive effects that are mediated by sympa
thetic activation and lXj-adrenoceptor-induced vasoconstriction can mask the 
effect of 5-HT-releasing drugs or 5-HT agonists. Prazosin unmasks a vaso
pressin response to 5-HT agonists (BROWNFIELD et al. 1992). 

Evidence suggests that the serotoninergic stimulation of vasopressin se
cretion is mediated by the renin angiotensin system. Several5-HT2 antagonists 
inhibit the effects of 5-HT2 agonists on both plasma vasopressin (BROWNFIELD 
et al. 1988) and renin (LORENS and VAN DE KAR 1987; RITTENHOUSE et al. 1991, 
1994b). Furthermore, the effect of fenfluramine on plasma renin activity 
can be inhibited by L Y 53857 (LORENS and VAN DE KAR 1987), suggesting 
that centrally released 5-HT activates 5-HT2 receptors to stimulate the release 
of renin from the kidneys. Treatment with the angiotensin-converting enzyme 
inhibitor enalapril inhibits the vasopressin response to fenfluramine and 
the angiotensin II (AT1) antagonist losartan (i.c.v.) inhibits the vasopressin 
response to i.c.v.-injected 5-HT (SAYDOFF et al. 1996). These observations 
suggest that brain angiotensin II (AT1) receptor activation mediates the 
stimulation of vasopressin secretion after activation of brain 5-HT2 
receptors. 

v. Location of the 5-HT2 Receptors Involved 

Little doubt exists that the 5-HT2 receptors involved in hormone secretion are 
postsynaptic. Depletion of 5-HT with PCP A and destruction of serotoninergic 
pathways using i.c.v. injections of 5,7-dihydroxytryptamine (5,7-DHT) poten
tiate ACTH, corticosterone, prolactin and renin responses to 5-HT2 agonists 
(MELTZER et al. 1976; QUATTRONE et al. 1979; RITTENHOUSE et al. 1994a; VAN 
DE KAR et al. 1989a). Mechanical lesions in the hypothalamic PVN, using a 
triangular knife, prevent the effect of DOl on plasma oxytocin, prolactin and 
corticosterone (BAGDY and MAKARA 1994), and inhibit the corticosterone and 
prolactin but not oxytocin responses to mCPP (BAGDY and MAKARA 1995). 
Cell-specific lesions in the PVN, using ibotenic acid, inhibit the ACTH, 
corticosterone, prolactin and renin responses to RU 24969 and to p
chI oro amphetamine (RITTENHOUSE et al. 1992b, 1993, 1994a). Direct injections 
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of RU 24969 into the PVN of conscious rats increases plasma renin concentra
tion (V AN DE KAR et al. 1990). Together, these studies suggest that activation 
of 5-HT2 receptors in the hypothalamus increases the secretion of these hor
mones by activating sites in the PVN. 

F. Neuroendocrine Effects of 5-HT3 Agonists 
A role for brain 5-HT3 receptors in stimulating the secretion of prolactin and 
ACTH/corticosterone has been suggested by several studies (JORGENSEN et al. 
1992; SAPHIER et al. 1995; SAPHIER and WELCH 1994). While it is clear that 
activation of 5-HTJ receptors increases the release of these hormones, it is not 
clear that these receptors reside inside the brain. Studies suggesting a central 
role in the secretion of corticosterone, although very well designed, did not 
present ACTH data, only plasma corticosterone data. Therefore, it is not clear 
whether the increase in plasma corticosterone was only due to increased 
plasma ACTH or due to additional mechanisms. With respect to ACTH, the 
evidence suggests that activation of 5-HTJ receptors in the anterior pituitary 
directly stimulates the release of ACTH in vitro (CALOGERO et al. 1995). 
Systemic administration of 5-HT, DOM or p-chloroamphetamine increases 
prolactin secretion, which is attenuated by pretreatment with the 5-HTJ an
tagonist ondansetron, ICS 205-930, or MDL 7222 (AULAKH et al. 1994; 
JORGENSEN et al. 1992; LEVY et al. 1993). The studies suggesting a role for 5-
HT, receptors in the secretion of prolactin utilized peripheral administration 
of agonists and antagonists, including i.v. injection of 5-HT (JORGENSEN et al. 
1992). Since 5-HT does not readily cross the blood-brain barrier, it is not clear 
that these effects are due to mechanisms inside the brain. Indeed, when 5-HT 
(30Ilg/kg) or the putative 5-HTJ agonist 2-methylserotonin (1,20 or 200,ug/kg) 
were injected i.c.v. into conscious rats, they increased the release of ACTH, 
prolactin and renin (LEVY et al. 1993) and of oxytocin and vasopressin (Van de 
Kar et aL unpublished observations). However, peripheral administration of 
the 5-HT, antagonist ondansetron (1 mg/kg) did not inhibit any of the hor
mone responses to i.c.v.-administered 5-HT or 2-methylserotonin (LEVY et al. 
1993). Consequently, it appears that the 5-HTJ receptors involved in stimulat
ing the secretion of ACTH and prolactin are located outside the brain and that 
the i.c.v.-injected 5-HT and 2-methylserotonin activate other 5-HT-receptor 
subtypes in the brain to stimulate the secretion of hormones. It is worth noting 
that while 2-methylserotonin is often mentioned as a 5-HT3 agonist; it has a 
higher affinity for 5-HT2c receptors (VAN WUNGAARDEN et al. 1990). 

G. Neuroendocrine Effects of 5-HT4 Agonists 
No central effect of 5-HT4 receptors has been demonstrated so far. However, 
in vitro studies with human adrenocortical cells have demonstrated that drugs 
with high affinity for 5-HT4 receptors (zacopride. cisapride and BRL 24924) 
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increase the release of both aldosterone and cortisol (IDRES et a1. 1991; 
LEFEBVRE et a1. 1993). Administration of zacopride to humans (400.ug orally) 
increases plasma aldosterone without altering plasma ACTH, cortisol or renin 
(LEFEBVRE et a1. 1993). Furthermore, metoclopramide might also increase 
aldosterone secretion by activating 5-HT4 receptors on adrenal cortical cells 
(RIZZI 1994). Together, the data so far suggest only a role for peripheral5-HT4 
receptors in altering the secretion of hormones. 

I. Hormones as Markers of Serotoninergic Function 
("Neuroendocrine Challenge Tests") 

Hormone responses to challenges with specific 5-HT agonists can be used as 
peripheral indicators of central serotoninergic receptor function. It is impor
tant to measure several hormones concomitantly, instead of only one hor
mone, because each hormone is regulated by several neurotransmitters (see 
Table 1). If only one hormone were measured after a challenge with a 5-HT 
agonist, the side effects of such an agonist could make the interpretation of the 
results difficult and possibly lead to wrong conclusions. mCPP and MK-212 are 
used in challenge tests to examine the functional state of hypothalamic 5-HT2 
receptors in humans. Both drugs increase ACTH/cortisol and prolactin secre
tion and their effects are believed to be mediated by activation of 5-HT2C 
receptors (MURPHY et a1. 1991; ROTH et a1. 1992; ZIFA and FILLION 1992; 
MUELLER et a1. 1986; Lowy and MELTZER 1988; SEIBYL et a1. 1991). Patients 
with seasonal affective disorder (SAD) show a higher prolactin and cortisol 
response to mCPP (0.1 mg/kg i.v.) when compared with control subjects, sug
gesting sensitization of 5-HT2C receptors (GARCIA-BoRREGUERO et a1. 1995). 
The effects of MK-212 on plasma prolactin and cortisol are blunted in patients 
with obsessive compulsive disorder (OCD), suggesting desensitization of 5-
HTzc receptors (BASTANI et a1. 1990). These 5-HT agonists, though not selec
tive, can provide useful information on the status of hypothalamic 5-HT2C 
receptors. The most selective 5-HT2Al2C agonists, DOl and DOB, are not 
approved for human use. 

Most human neuroendocrine challenge tests with 5-HT1A agonists involve 
buspirone (which also is a dopamine D2 antagonist), ipsapirone or gepirone. 
All increase plasma ACTH and cortisol (GELFIN et a1. 1995; COWEN et a1. 1990, 
1994; LESCH et a1. 1990a,b, 1991; LESCH 1991). As mentioned above, there are 
problems with the measurement of plasma prolactin in such tests. The effects 
of buspirone are likely mediated by antagonism of D2 receptors on lactotrophs 
in the pituitary, and ipsapirone did not elevate plasma prolactin in humans 
(LESCH et a1. 1989; COWEN et a1. 1990; MASKALL et a1. 1995; MELTZER and MAES 
1994; ANDERSON and COWEN 1992; LEVY and VAN DE KAR 1992; NASH and 
MELTZER 1989). The ACTH response to ipsapirone is blunted in depressed 
patients, suggesting that 5-HT1A receptors are desensitized (LESCH 1991; 
LESCH et a1. 1990a). 
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Plasma oxytocin has not been measured yet in humans after a challenge 
with 5-HT agonists, but it is likely to be a more sensitive marker of 5-HT 
receptor function than plasma ACTH/cortisol, prolactin and renin. The cells 
that synthesize oxytocin are located in the hypothalamus while their axons 
terminate on blood vessels in the hypophysial lobe outside the brain. Unlike 
ACTH, there is no receptor reserve for the oxytocin response to 5-HT1A 

agonists (PINTO et al. 1994; MELLER and BOHMAKER 1994). Oxytocin is less 
sensitive than ACTH to stressors and would not be as easily triggered by the 
phenomenon of "white coat" stress of meeting physicians. No hormonal feed
back is known to exist as there is for cortisol affecting the secretion of ACTH. 
Also. no evidence exists, in depressed patients, for elevations in basal plasma 
oxytocin as there is for basal cortisol (THAKORE and DINAN 1995). 
Serotoninergic neurons make direct synaptic contacts with oxytocin cells in 
the PVN (KAWANO et al. 1992; SAPHIER 1991), and activation of both 5-HT1A 

and 5-HT2 receptors increases plasma oxytocin. Thus, oxytocin has a strong 
potential as a marker of the functional state of specific 5-HT receptors. 

H. Effects of 5-HT Uptake Blockers on 5-HT1A and 
5-HT 2-Receptor-Mediated Hormone Secretion 
A delay of about 2 weeks exists between the onset of antidepressant therapy 
and the first appearance of clinical improvement. suggesting that adaptive 
processes need to run their course before improvement can be observed 
(BRILEY and MORET 1993; RICHELSON 1991). One study observed that OCD 
patients who previously had a normal ACTH response to ipsapirone (O.3mg/ 
kg p.o.) had a reduced ACTH response to ipsapirone after chronic administra
tion of fluoxetine (LESCH 1991). Since previous studies confirmed that 
ipsapirone increases the secretion of ACTH in humans by activating 5-HT1A 

receptors (COWEN et aJ. 1990; LESCH et al. 1990b). these observations suggest 
that chronic exposure of humans to fluoxetine produces subsensitive 5-HT1A 

receptors. 
Our studies in rats confirm the observations by LESCH et al. (1990b) in 

humans and indicate that daily injections of fluoxetine for 21 days reduce the 
ACTH and corticosterone and. in addition, the oxytocin responses to 8-0H
OPAT and ipsapirone (LI et al. 1993b, 1994). A single injection of fluoxetine 
did not have an effect on the hormone responses to 8-0H-DPA T (LI et al. 
1993b, 1995). It is not likely that the effects of fluoxetine were directly exerted 
at the level of the cells that produce and release ACTH or oxytocin because 
the same exposure to fluoxetine potentiated the response of both ACTH and 
oxytocin to a challenge with the 5-HT2 agonist 001 (LI et al. 1993a). This 
potentiated neuroendocrine response to 001 was associated with increased 
density of agonist-state (1251-001 binding) of 5-HT2 receptors in the hypo
thalamus (LI et al. 1993a). To determine whether the reductions in the sensi
tivity of 5-HT\,\ receptors were an adaptive change. in a recent study by Qian 
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Li, daily administration of f1uoxetine (3, 7,14 or 22 days) and paroxetine (1 , 3, 
7 or 14 days) was followed by a challenge with the 5-HT1A agonist 8-0H
DPAT, 18 h after the last injection. Both f1uoxetine and paroxetine reduced 
the oxytocin, ACTH and corticosterone responses to 8-0H-DPA T in a 
gradual manner. The first significant reduction in hormone responses was 
observed during the 3rd day, and this became maximal after 14 daily injections 
of both f1uoxetine and paroxetine (LI et al. 1995). These reductions in neu
roendocrine responses were accompanied by a parallel reduction in the hypo
thalamic levels of Gial and Gia, proteins and in the concentration of Goa and 
Giaz proteins in the midbrain (all of which are hypothesized to couple 5-HT1A 

receptors to their second messenger systems) (Lr et al. 1995). The correlation, 
in rats, of biochemical changes in the hypothalamus with neuroendocrine 
changes may lead to more accurate interpretation of neuroendocrine chal
lenge tests in humans. 

I. Concluding Remarks 

This chapter has reviewed evidence in support of specific and independent 
roles of 5-HT1A and 5-HT2 receptors in stimulating the secretion of specific 

? 
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Fig. 2. Schematic illustration of the serotoninergic synapse and hormones released in 
response to activation of 5-HT1A and 5-HT2 receptors. Note that prolactin has been 
omitted from the list of hormones released by activation of 5-HT1A receptors until more 
definitive evidence supports this conclusion. DPAT, 8-0H-DPAT 
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hormones as summarized in Table 1 and Fig. 2. Activation of 5-HT1A receptors 
increases the secretion of ACTH, corticosterone/cortisol and oxytocin while 
activation of 5-HT2 receptors also increases the secretion of these hormones 
and, in addition, increases the secretion of prolactin, vasopressin and renin. 
Although there is little doubt that these 5-HT receptors are located in the 
brain, their exact location (i.e., hypothalamus or elsewhere) remains to be 
determined. These latter determinations may lead to neuroendocrine chal
lenge tests in which the hormone responses to specific 5-HT agonists will 
provide specific information about the functional status of specific 5-HT recep
tors and their signal transduction systems in the brain. 
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CHAPTER 21 

Role of Serotoninergic Neurons and 5-HT 
Receptors in the Action of Hallucinogens 

D.E. NICHOLS 

A. Introduction 
Brain serotonin receptors and serotoninergic pathways have received increas
ing attention as targets for a wide variety of therapeutic agents. Perhaps 
peculiar to this realm, however, are the so-called hallucinogenic drugs, which 
presently lack demonstrated therapeutic utility, and still remain, as they have 
for at least the past 50 years, pharmacological curiosities. Research into their 
mechanism of action is generally poorly funded, and we know relatively little 
about how they affect the brain, despite their continued popularity as recre
ational drugs among a significant proportion of the population. 

In contrast to virtually every other type of substance that affects the 
central nervous system, modern man is at a loss to provide either a succinct 
description of the effects of hallucinogenic drugs or even a widely acceptable 
name for the drug class itself. The amount of factual information about hallu
cinogenic drugs circulating among the public is dismally inadequate. Even in 
the scientific world there is now a whole generation of neuroscientists who 
generally know very little about hallucinogens other than the fact that they are 
subject to very strict legal controls. Enforcement authorities consider these 
substances extremely dangerous, and the applications and procedures to gain 
approval to study them, especially in humans, are burdensome nearly every
where in the world. What is it, exactly, that makes these pharmacological 
curiosities so fearsome? It is necessary for this chapter to devote just a little 
time to set the background for a discussion of these substances. 

First of all, the name "hallucinogen" is a misnomer, because these drugs 
do not reliably produce hallucinations. It is only one of many terms that have 
been proposed as a name for this drug class. The German toxicologist Louis 
Lewin coined the name "phantastica" earlier in this century, but perhaps the 
term most widely used has been "psychotomimetic," which incorrectly implies 
that these drugs produce a state that mimics psychosis. In the lay press "psy
chedelic" has found favor for nearly 3 decades. This word, which implies that 
these substances manifest beneficial qualities of mind, has so far not gained 
acceptance in mainstream camps. Even more recently, the name "entheogen" 
has been adopted in some counterculture circles, a term denoting that these 
drugs produce or manifest a god within, but it seems very unlikely that this 
name will ever be accepted in formal usage. The fact that there is no consensus 
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even on the best name for this class perhaps sets the tone for any discussion of 
the present topic. 

What we do know is that naturally occurring hallucinogenic drugs have 
played a significant role in the development of philosophy and religious 
thought in many cultures. There are those who argue, quite persuasively, that 
hallucinogenic drugs were in fact responsible for the stirrings of humankind's 
earliest theologies. Important examples of the use of hallucinogenic sub
stances in other cultures include the soma of ancient India, to which numerous 
Vedic hymns were written, teonanacatl, "god's flesh" used by the Aztec sha
man, and peyote, taken as a sacrament during services of the Native American 
Church. Further, in the village of Eleusis in ancient Greece, for more than 
2000 years it was a greatly treasured opportunity for any Greek citizen to 
participate in the secret ceremony held each September that involved the 
drinking of a special hallucinogenic potion, /aff1C£OV. The ritual was partially 
described in the second century AD: " ... of all the divine things that exist 
among men, it is both the most awesome and the most luminous" (WASSON et 
al. 1977). And in Brazil today, there is a religious order that uses as a sacra
ment ayahuasca, an hallucinogenic plant extract employed for millenia in 
rituals by Indians of the Amazon valley. It might be noted in this context that 
one doctoral dissertation has even provided evidence that psilocybin-induced 
mystical-religious experiences could not be distinguished, by objective criteria, 
from spontaneously occurring ones (PAHNKE 1963). 

What exactly are these substances, feared by modern man, yet revered by 
many ancient cultures? JAFFE (1990) recently provided a definition consistent 
with the ritual use of these drugs in other societies. Arguing that the term 
"psychedelic" is better either than "hallucinogen" or "psychotomimetic," he 
states that, " ... the feature that distinguishes the psychedelic agents from 
other classes of drugs is their capacity reliably to induce states of altered 
perception, thought, and feeling that are not experienced otherwise except in 
dreams or at times ofreligious exaltation." FREEDMAN (1968) probably agreed 
with this assessment, because he has stated that, " ... one basic dimension of 
behavior ... compellingly revealed in LSD states is 'portentousness' - the 
capacity of the mind to see more than it can tell, to experience more than it can 
explicate, to believe in and be impressed with more than it can rationally 
justify, to experience boundlessness and 'boundaryless' events, from the banal 
to the profound." These definitions do focus on the more spectacular effects 
that these substances are capable of producing, whereas low doses of halluci
nogens generally elicit less dramatic results. 

It is also a unique feature of the hallucinogens that they do not obey 
regular dose-response relationships. That is, high doses do not simply produce 
effects similar to low doses, but at greater intensity. Furthermore, identical 
doses given to the same individual on different occasions may provoke dra
matically different responses. There are several important variables that de
termine the nature of the drug effect. The most important of these are 
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probably what have been called the "'seC and "setting," i.e., the frame of mind 
and expectations of the subject: the "set," and the environment within which 
the experience takes place: the ·'setting." BARR et al. (1972) have further 
shown that certain features of the LSD effect vary with the personality type of 
the subject, which in some sense one might consider to be included as a 
determinant ot'set. 

Dr. Stanislov Grof, who supervised more clinical LSD sessions than any 
other individual, has opined, "I consider LSD to be a powerful unspecific 
amplifier or catalyst of biochemical and physiological processes in the brain" 
(GROF 1975). These thoughts are echoed by BARR et al. (1972), who state, 
" ... the phenomena induced by LSD (and probably by any similar drug) 
cannot be predicted or understood in purely pharmacological terms; the per
sonality of the drug taker plays an enormous and critical role in determining 
how much effect there will be and of what particular type. 

It is precisely this unpredictability of effect that makes clinical research 
with LSD and other hallucinogens so difficult. What criteria does one use 
to quantitate drug effect? How can one establish baseline values? This 
unpredictability is no doubt a primary factor in adverse reactions ("bad trips") 
that occur with recreational use of these drugs. At the extremes, a user might 
on one occasion experience ecstasy and mystical union with the cosmos, while 
on another he or she might endure a hellish nightmare, extreme paranoia, and 
the like. 

Although there is less written today about psychedelics, LSD use has 
continued at a relatively constant level among high school youth over the past 
several decades, with some modest increase reported in recent years. The 
major difference between present recreational usage and that of prior years 
seems to be that dosages currently available on the clandestine market are 
typically in the 40-60 f.1g range, rather than the 100-300 f.1g more characteristic 
of the 1960s and 1970s. At lower dosages, the psychological effects of the 
psychedelics are generally not overwhelming, with less likelihood of an ad
verse reaction that might require medical intervention and be brought to the 
attention of reporting agencies or the press. Although there is also high vari
ability even in low dosage responses, intoxication would typically include 
many of the following (HOLLISTER 1984): 

1. Somatic symptoms: dizziness, weakness, tremors, nausea, drowsiness, 
paresthesias, and blurred vision. 

2. Perceptual symptoms: altered shapes and colors, difficulty in focusing on 
objects, a sharpened sense of hearing, and, rarely, synesthesias. 

3. Psychic symptoms: alternations in mood, tension, distorted time sense, 
difficulty in expressing thoughts, depersonalization, dreamlike feeling, and 
visual hallucinations. 

One gets the clear impression that the substrates in the brain that are 
affected by hallucinogenic drugs must be very important to us as conscious 
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beings in defining exactly who we are in relation to the rest of the world. One 
is not actually concerned so much with the structures of the receptors them
selves with which hallucinogens interact. Rather, interest lies in understanding 
the role of those receptors in transducing effects in relevant neuronal systems 
that provide for the perception of ordinary states of reality ("consensus real
ity") under one set of biochemical circumstances, but which under another set 
allow an experience of what can only be described as an ineffable state of 
mystical consciousness. 

Finally, although present interest in hallucinogenic drugs is, for the 
most part, focused on purely basic science goals such as identification of the 
receptor types involved in their action or the anatomical substrates for 
their effects, ultimately one must not lose sight of the fact that these drugs 
only came to our attention in the first place because of their powerful and 
unique effects upon the psyche. The driving force for the investigation of 
hallucinogens must be the desire for a greater understanding of the human 
mind. It is this relevance of hallucinogenic drugs to the ageless quest of 
our species for meaning in life that makes research into their mechanism of 
action important, and that makes current legal strictures on their availability 
for research so paradoxical. One must not, of course, ignore the possibility 
that hallucinogens might also have great therapeutic importance to present 
day society, were they to be employed in an appropriate and constructive 
manner. 

The failure of modern science and society to envision hallucinogens as key 
ingredients in our efforts to understand the nature of the human mind is what 
allows these agents to be viewed simply as drugs of abuse. One sees hopeful 
signs that this perspective may be gradually changing. 

B. Chemical Classes of Hallucinogens 
The actual chemical structures of hallucinogens can be classified into 
two broad categories: (1) the tryptamines, and (2) the phenethylamines. 
Within the tryptamines, however, one should probably include two sub
sets, the simple tryptamines such as N,N-dimethyltryptamine (DMT) and 
psilocin, which possess considerable conformational flexibility, and the 
ergolines, relatively rigid analogs including LSD and a few closely related 
compounds. 

The phenethylamines have as their prototype the naturally occuring com
pound mescaline, the principal active component in the peyote cactus, 
Lophophora williamsii. Extensive structure-activity relationship studies car
ried out over many years principally in the laboratories of A.T. Shulgin (see 
SHULGIN and SHULGIN 1991), D.E. Nichols, and R.A. Glennon (for recent 
reviews see NICHOLS et al. 1991; NICHOLS 1994) have led to extremely potent 
substituted phenethylamine derivatives. The structures of some of the most 
important hallucinogens are presented in Fig. 1. 
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Tryptamines 

(+)-LSD (LSD-25: Delysid) ~ = Rs = H: N,N-Dimethyltryptamine (DMT) 

~ = OH, Rs = H; Psilocin 

Mescaline 

~ = OPOr, Rs = H; Psilocybin 
~ = H, Rs = OCH3; 5-Methoxy-DMT 

Phenethylamines 

(- )-2,5-Dimethoxy-4X-amphetamines 

X=CH3; DOM 
X= Be DOB 
X=I:DOI 
X = CF3: DOTFM 

Fig. 1. Chemical structures of the most important representatives of hallucinogen 
molecules. (+ )-LSD is commonly available as its (+ )-tartaric acid salt. While the 
phenethylamines include substituted "amphetamines," e.g., DOM, these are more 
properly named as 1-(2,5-dimethoxy-4X-phenyl)-2-aminopropanes. All the phene
thylamines are shown here in the form of their free bases, but are typically available 
either as a sulfate or hydrochloride salt 
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c. Historical Relationship Between Serotonin and 
Hallucinogen Action 
Following the isolation and identification of serotonin, interest in its role as a 
neurotransmitter and its possible relevance to behavior was greatly stimulated 
by, and was intertwined with, the virtually contemporaneous discovery of LSD 
and recognition that this potent psychoactive substance had the ability to 
interact with serotonin systems. From a chemist's perspective, it was easy to 
recognize the tryptamine template within the ergoline framework of LSD and 
to appreciate that the much simpler molecule of serotonin was built upon the 
same molecular scaffold. It was only a decade after the discovery of LSD that 
TWAROG and PAGE (1953) used a sensitive bioassay to demonstrate the pres
ence of serotonin in brain extracts, and GADDUM (1953) reported that LSD was 
an antagonist of the actions of serotonin in the rat's uterus. A year later 
GADDUM and HAMEED (1954) reported details of experiments describing 
LSD's specific antagonism of the effects of serotonin in peripheral tissues, 
while WOOLLEY and SHAW (1954) hypothesized " ... that the mental distur
bances caused by lysergic acid diethylamide were to be attributed to an inter
ference with the action of serotonin in the brain." In the same year 
UDENFRIEND et al. (1954) reported new sensitive assays for serotonin and its 
metabolites, a development that made possible the analysis of various neu
ronal tissues for these neurochemicals and ushered in an era of intense re
search on the role of serotoninergic systems in the brain. 

The idea that the effects of LSD could be attributed to the blockade of 
central serotonin receptors was short lived, however. A brominated derivative 
of LSD, 2-bromo-LSD (BOL), a potent serotonin antagonist in peripheral 
tissues (CERLETTI and DOEPFNER 1958), was found to be essentially devoid of 
LSD-like effects (CERLETTI and ROTH LIN 1955). BOL pretreatment actually 
prevented the effects of a subsequently administered dose of LSD (GINZEL 
and MAYER-GROSS 1956), although at high doses BOL itself does have 
psychoactive properties (ISBELL et al. 1959). In addition, while LSD-like activ
ity appeared to be generally correlated with serotonin antagonist activity 
(CERLETTI and DOEPFNER 1958), the morpholide analogue of LSD had only 
about 8% of the anti serotonin activity of LSD, yet was about 75% of the 
potency of LSD as an hallucinogen (GOGERTY and DILLE 1957). In addition, a 
series of cycloalkyl monosubstituted amides of lysergic acid had serotonin 
antagonist effects in the rat intestine 30% greater than LSD itself, yet lacked 
LSD-like behavioral effects (VOTAVA et al. 1958). 

Nevertheless, it was evident that even if LSD was not a central antagonist 
of serotonin, it did have effects on serotoninergic function in the CNS. 
FREEDMAN (1961) showed that systemic LSD administration elevated brain 5-
HT levels, an effect not shared by the nonhallucinogenic BOL or by the 
behaviorally inactive leva isomer of LSD. Later, ROSECRANS et al. (1967) 
reported that LSD also reduced brain levels of the serotonin metabolite 5-
hydroxyindoleacetic acid (5-HIAA). 
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ANDEN et al. (1968) were among the first to suggest that LSD might have 
a direct agonist effect at serotonin receptors in the eNS. Within a few years 
studies had been reported showing that drugs from all the various classes of 
hallucinogens, including psilocybin, N,N-dimethyltryptamine (DMT), 5-
methoxy-DMT, and 2,5-dimethoxy-4-methylamphetamine (DOM), all in
creased brain serotonin levels and/or decreased the turnover of serotonin 
(ANDEN et al. 1971, 1974; FUXE et al. 1972; FREEDMAN et al. 1970; LEONARD 
1973; RANDle and PADJEN 1971), phenomena consistent with an agonist effect 
of these drugs. 

D. Early Hypothesis for a Presynaptic Agonist 
Mechanism of Action 
It was found early on that LSD had the potent ability to suppress the firing of 
cells in the dorsal raphe nucleus, whether given systemically (AGHAJANIAN et 
al. 1968, 1970) or applied directly to the cell bodies by microiontophoresis 
(AGHAJANIAN et al. 1972). The tryptamine hallucinogens DMT (AGHAJANIAN 
et al. 1970), as well as psilocin and 5-methoxy-DMT (AGHAJANIAN and 
HAIGLER 1975; DEMoNTIGNY and AGHAJANIAN 1977), also inhibit the firing of 
dorsal raphe cells. These observations led AGHAJANIAN and HAIGLER (1975) to 
hypothesize that this presynaptic action in the raphe might in fact be the 
underlying basis for the action of hallucinogens. 

Serious problems soon developed with regard to this hypothesis, however, 
in view of the fact that phenethylamine hallucinogens lacked this effect. For 
example, systemic administration of mescaline or DOM failed to inhibit raphe 
cell firing (HAIGLER and AGHAJANIAN 1973; TRULSON et al. 1981). Furthermore, 
a nonhallucinogenic ergoline, lisuride, also potently suppressed raphe cell 
firing (ROGAWSKI and AGHAJANIAN 1979). In addition, in a cat behavioral 
model the suppression of raphe firing by hallucinogens outlasted the behav
ioral effects (TRULSON et al. 1981). Once the rate suppressant effect on raphe 
cell firing had been established to be mediated by stimulation of 5-HT1A 

somatodendritic receptors, 5-HT1A agonists were identified that suppressed 
raphe firing, but which were not hallucinogenic (SPROUSE and AGHAJANIAN 
1987, 1988). This hypothesis for the mechanism of action was, therefore, not 
tenable, although as discussed below it is certainly possible that the impor
tance of this effect to the overall pharmacology of tryptamine hallucinogens 
may at the present time be underestimated. 

E. Evidence for Agonist Activity at the 5-HT2A Serotonin 
Receptor Subtype 
Unfortunately, the vast majority of mechanistic studies have been carried out 
in rodents. What little we know about the human pharmacology of hallucino-
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gens essentially dates from a period 30-40 years ago. Nevertheless, it will serve 
no useful purpose to summarize the various animal behavioral paradigms that 
have been employed over the years. The primary choice of an animal model 
today appears to be the two-lever drug discrimination procedure, wherein rats 
are trained to discriminate between the effects of an injection of saline and a 
training drug, typically LSD or an hallucinogenic amphetamine derivative 
such as DOM or 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOl). 
U sing a variety of antagonists of the training drug effect, as well as substitution 
tests with various compounds of known pharmacology, one is able to deter
mine the underlying pharmacological basis for the training drug stimulus in 
the rat. 

Although one cannot be certain that studies carried out with this paradigm 
actually reflect what would happen in humans if similar experiments were 
performed, the model has certainly shown the best correlation with extant 
human data. A minor deficiency of the model is that from time to time it 
produces false positives, i.e., gives data predicting a compound to be hallucino
genic in man, when in fact it is known that the compound is not clinically 
active. Nevertheless, these are probably the best data available, and most of 
what we know about the in vivo mechanism of action of hallucinogens is based 
on drug discrimination studies in rats. The use of drug discrimination to study 
hallucinogens has recently been reviewed by WINTER (1994). 

The earliest hypothesis that hallucinogenic drugs acted specifically at 5-
HT2 receptor subtypes was offered by GLENNON et al. (1983), following drug 
discrimination studies showing that the 5-HT2 antagonists ketanserin and 
pirenperone blocked the discriminative stimulus effects of phenethylamine 
and tryptamine hallucinogens, including LSD (COLPAERT et al. 1982; LEY SEN et 
al. 1982; COLPAERT and JANSSEN 1983; GLENNON et al. 1983). At the present 
time, there seems to be a fairly clear consensus that the key site for hallucino
gen action is the 5-HT2A receptor subtype (BRANCHEK et al. 1990; McKENNA 
and SAAVEDRA 1987; PIERCE and PEROUTKA 1989; SADZOT et al. 1989; TITELER et 
al. 1988; TEITLER et al. 1990). This conclusion was largely developed by corre
lation of the rat behavioral activity of hallucinogenic amphetamines with their 
affinities and efficacies at the 5-HT2 receptor (GLENNON et al. 1983, 1984a,b, 
1986; SANDERS-BuSH et al. 1988). The most potent substituted phenethylamine 
hallucinogen analogue reported to date, DOTFM, had 5-HT2A/2C affinity (Ki = 
1.5 nM at the [125l]DOl-labeled site) slightly greater than that of DOl, and both 
DOl and DOTFM were full agonists at the cloned 5-HTzA and 5-HTzc recep
tors (NICHOLS et al. 1994). 

Although it is not yet proven that agonist activity at the 5-HT2A receptor 
is the essential feature of hallucinogen action in humans, there is one report 
that the mixed 5-HT2A/2C antagonist cyproheptadine was able to antagonize the 
subjective effects of DMT in some subjects (MELTZER et al. 1982). 

Because all of the hallucinogens have nearly equal potency in binding to 
the 5-HT2A and 5-HT2C receptor subtypes, there has been some uncertainty as 
to which of these receptors was more important to the mechanism of action. 
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Although ketanserin. used in earlier studies. is clearly more selective for 5-
HT2A sites, ISMAIEL et a1. (1993) developed a spiperone analogue with about 
2000-fold selectivity for the rat 5-HT2A over the 5-HT2C receptor that was able 
to block the discriminative cue of the hallucinogenic amphetamine DOM in 
the two-lever drug discrimination paradigm in rats. 

SCHREIBER et a1. (1994) were able to abolish the discriminative cue of the 
hallucinogenic amphetamine derivative DOl in rats with the highly selective 5-
HT2A receptor antagonist MDL 100,907 (SCHMIDT et a1. 1992). This antagonist 
has greater than 200-fold selectivity for 5-HT2A versus 5-HT2C receptors. A 
selective 5-HT2C receptor antagonist, SB 200,646 (KENNETT et al. 1994), did not 
block the stimulus effect of DOl at relatively high doses that were effective in 
antagonizing behavioral effects caused by 5-HTzc receptor activation. 

FIORELLA et al. (1995b) have recently provided additional compelling 
evidence for 5-HT2A receptor mediation of the hallucinogen stimulus in rats 
using antagonist correlation analysis. The ability of a series of nonselective 5-
HT2A!2C receptor antagonists to block the discriminative stimulus properties of 
(-)-DOM was correlated with their affinity for 5-HT2A sites, and not with 5-
HT'l affinity. The data reported by those authors have been plotted in Fig. 2 
to illustrate this conclusion. 

The head-twitch in rats also appears to be mediated by an agonist action 
at 5-HT2A receptors. Recently SCHREIBER et al. (1995) showed that head 
twitches induced by DOl were abolished by low doses of the 5-HT2A selective 
antagonist MDL 100.907. The selective 5-HT2C antagonist SB 200,646A failed 
to block DOl-induced head twitch. 

Although the preponderance of evidence suggests that hallucinogens are 
agonists, the issue is clouded by studies that show LSD to be a partial agonist 
(MCCLUE et al. 1989; SANDERS-BUSH et al. 1988). or even an antagonist 
(NORMAN et al. 1989; PIERCE and PEROUTKA 1990) at the 5-HT2A receptor. 
GLENNON (1990) has reviewed this controversy and has concluded that hallu-
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Fig.2. Data for antagonist correlation analysis. taken from the report of FIORELLA et al. 
(1995b). They illustrate that the blockade of the discriminative cue of (-)-DOM in 
LSD-trained rats by a series of mixed 5-HT2Ai2C antagonists is highly correlated only 
with affinity of the antagonist for the 5-HT2A receptor. and not for the 5-HT2C receptor 
subtype 
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cinogens are either agonists or in some cases may be partial agonists, but are 
not 5-HT2A antagonists. 

Some caution must still remain regarding the extrapolation of rat drug 
discrimination data to humans. It is particularly troubling that the 5-HT2 

antagonists ketanserin or pirenperone failed to block the LSD cue in drug 
discrimination studies with LSD-trained monkeys (NIELSEN 1985). Mescaline, 
another hallucinogenic 5-HT2 agonist, did not substitute for LSD in monkeys, 
but 5-methoxy-DMT, a mixed 5-HT1A/5-HT2 agonist (MARTIN and SANDERS
BUSH 1982), did. 

I. Mechanistic Basis for Rapid Tolerance to the Hallucinogens 

The administration of hallucinogens to humans results in extremely rapid 
development of tolerance. For example, LSD treatment on sequential days 
leads to tolerance and, by the 4th day, there is an almost complete loss of 
sensitivity to the effects of LSD (CHOLDEN et al. 1955; ISBELL et al. 1956). This 
development of tolerance to LSD and other hallucinogens (FREEDMAN et al. 
1958) has been of great interest because the elucidation of a basis for this 
tolerance would have relevance to understanding the mechanism of action of 
hallucinogens. 

There is evidence to support the idea that the phenomenon of tolerance is 
also mediated by 5-HTz receptors. LEYSEN et al. (1989) and LEYSEN and 
PAUWELS (1990) observed rapid desensitization and downregulation of central 
5-HTz receptors following repeated treatment ofrats with DOM. A significant 
reduction in the total number of cortical 5-HTz sites was observed after only 
two drug treatments (2.5 mg/kg s.c. every 8 h). After four injections in 24 h, the 
receptor number recovered only very slowly (TlI2 = 5 days). Chronic treatment 
of rats for 7 or 8 days with either DOB (BUCKHOLTZ et al. 1988) or DOl 
(McKENNA et al. 1989), respectively, also produced downregulation of brain 5-
HTz receptors in rat. There is no present evidence that repeated administra
tion of hallucinogens leads to downregulation of other receptor types. 

II. Possible Species Differences? 

Even though the interoceptive cue produced by hallucinogens may be medi
ated by 5-HTzA receptor stimulation, the hypothesis that this effect also medi
ates hallucinogen intoxication in humans is confounded by the fact that the rat 
and human 5-HTzA receptor subtypes have slightly different structure-activity 
relationships, apparently based on a single amino acid substitution in trans
membrane region V (see discussion below). Hence, effects of various halluci
nogens on rat behavior may not be strictly analogous to those in humans. 

KAO et al. (1992) first showed that residue 242 in transmembrane helix 5 
(TM V), which is serine in the human and alanine in the rat 5-HTzA receptor, 
could explain different binding affinities of these two receptors for 
mesulergine, an N-methylated ergoline 5-HTzc antagonist ligand. Mutation of 
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SerccJ2 in the human receptor to Ala gave a mutant receptor with binding 
characteristics similar to the rat wild type. 

Following a similar line of inquiry, JOHNSON et al. (1994) and NELSON et al. 
(1993) have shown that differential affinities of ergolines and their N(l)-alkyl 
derivatives for the rat and human 5-HT2A receptors can be attributed to the 
difference in this same amino acid. Ergoline and tryptamine ligands had higher 
affinity for the human receptor (Ser242), while N(I)-alkylated ergolines and 
tryptamines had higher affinity for the rat receptor (Ala242). JOHNSON et al. 
(1994) also prepared the mutant rat receptor Ala242 ~ Ser242, complementing 
the work of KAO et al. (1992), and showed that this converted the rat receptor 
into one having binding characteristics virtually identical to the human recep
tor. These workers speculated that the serine in the human receptor serves as 
a hydrogen bond acceptor for the indole NH, while in the rat receptor, the 
alanine residue interacts with the N-alkyl group of the alkylated ergolines. 

GALLAHER et al. (1993) found that psilocin had I5-fold higher affinity for 
the human than the rat 5-HT2A receptor and speculated that Ser242 in the 
human receptor might hydrogen bond to the 4-hydroxy of psilocin, leading to 
a binding orientation where the indole ring was rotated 1800 from its orienta
tion in that of N,N-dimethyltryptamine, serotonin, or bufotenin (5-hydroxy
N,N-dimethyltryptamine). These studies emphasize the probability that this 
residue is part of the ligand recognition site in the 5-HTzA receptor, and also 
point out that the binding orientations of ligands with only subtle structural 
differences (i.e., 4- versus 5-hydroxy) may differ dramatically and may not be 
intuitively obvious. Clearly, these observations create some uncertainty re
garding the degree to which rat data will parallel the human situation. 

F. Evidence for Involvement of the 5-HT2C 

Receptor Subtype 
Even though there may be compelling evidence that the most salient feature of 
the interoceptive cue of hallucinogens in rats is produced by stimulation 
of the 5-HT2A receptor. and that by inference this event may be a key compo
nent of hallucinogen action in man, it is still possible that activation of the 
5-HT2C receptor may playa role in the overall intoxication process. Lisuride, 
for example, is generally considered to be nonhallucinogenic. FIORELLA et al. 
(1995c) have recently reexamined the stimulus properties of lisuride, and 
provided evidence that lisuride substitution in hallucinogen-trained rats 
is mediated by stimulation of 5-HT2A receptors. In addition, lisuride is known 
to suppress the firing of dorsal raphe cells. as does LSD (ROGAWSKJ and 
AGHAJANIAN 1979). Further, both lisuride and LSD are potent dopamine Dc 
agonists. Hence, lisuride appears to possess the pharmacological components 
believed necessary for hallucinogenic effects in man. In contrast to LSD and 
other hallucinogens. however, lisuride is not an agonist at 5-HT2C receptors. 
Rather. it can actually block the agonist actions of 5-HT at this receptor 
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(SANDERS-BuSH 1994). Indeed, other known hallucinogens are potent seroto
nin 5-HTzc agonists (SANDERS-BuSH and BREEDING 1991; BURRIS et a1. 1991), 
while nonhallucinogenic analogues such as BOL and lisuride lack agonist 
properties. 

Additional supporting animal data have been reported by FIORELLA et a1. 
(1995a), who observed that p-chlorophenylalanine (PCPA) depletion of cen
tral serotonin resulted in supersensitivity to the stimulus effects of LSD in rats. 
While PCP A had no effect on the maximal level of PI hydrolysis mediated by 
5-HTzA receptors, the maximal phosphoinositide (PI) hydrolysis in response to 
5-HTzc receptor stimulation was increased by 46%. It has also been reported 
that humans are more sensitive to the effects of LSD following treatment with 
reserpine (RESNICK et a1. 1965), a regimen that would deplete eNS serotonin 
(among other effects). It seems possible, therefore, that stimulation of the 5-
HTzA receptor may be a necessary, but not sufficient, condition for 
hallucinogenesis. This issue cannot be resolved until an hallucinogen analogue 
is tested in man that possesses selective 5-HTzA agonist effects but lacks any 
action at the 5-HTzc receptor. 

The possible significance of the 5-HT2C receptor has not been widely 
appreciated, probably due to the lack of ligands, both agonists and antagonists, 
specific for this subtype, as well as a perception by many that it is primarily 
localized only in the choroid plexus. However, POMPEIANO et a1. (1994), using 
in situ hybridization histochemistry, have shown that the 5-HTzc receptor 
subtype is a principal 5-HT receptor in the rat brain. mRNA for the 5-HTzc 
receptor was expressed at high levels in many brain regions other than choroid 
plexus. The 5-HTzA and 5-HTzc receptor mRNAs appeared to be expressed in 
distinct (but overlapping) sets of brain regions. 

G. Evidence for 5-HT1A Receptor Involvement 
The earliest hypothesis for the mechanism of action of hallucinogens at the 
cellular level was based on a number of studies carried out by George 
Aghajanian and his colleagues.As discussed earlier, those experiments showed 
that LSD or psilocybin caused a reduction in the firing rate of cell bodies in the 
dorsal raphe nucleus (AGHAJANIAN et a1. 1968, 1970; HAIGLER and AGHAJANIAN 
1975). DMT also inhibits the firing rate of cells in the dorsal raphe 
(AGHAJANIAN et a1. 1970). These observations led to the hypothesis that this 
pharmacological effect might be the underlying mechanism for hallucino
genesis (AGHAJANIAN and HAIGLER 1975). DEMoNTIGNY and AGHAJANIAN 
(1977) also showed that administration of 5-methoxy-DMT produced a rapid 
and dose-dependent inhibition of unit activity in the dorsal raphe. 

These observations could not, however, be extended to the 
phenethylamine hallucinogens. For example, direct iontophoresis of mesca
line did not produce inhibition of raphe unit activity (HAIGLER and 
AGHAJANIAN 1973). Thus, the ability to inhibit raphe cell firing was not tenable 
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as a comprehensive explanation for the mechanism of action of hallucinogens. 
Furthermore, as noted earlier, a variety of 5-HT1A agonists that suppressed 
raphe firing were not hallucinogenic (SPROUSE and AGHAJANIAN 1987, 1988). 
Immunohistochemical studies have shown that the 5-HT1A receptors located in 
the midbrain raphe nuclei are almost exclusively localized on the cell mem
branes of serotonin neurons (SOTELO et al. 1990) and agonist drugs at the 5-
HTIA autoreceptor strongly inhibit central serotonin neuron activity 
(WILLIAMS et al. 1988). That hallucinogens of the phenethylamine class do not 
suppress raphe firing can then be rationalized by the fact that this class of 
molecule lacks significant affinity for the 5-HT1A receptor subtype (TITELER 
et al. 1988). 

LSD has high affinity for 5-HT1A receptors, as do potent tryptamine hallu
cinogens such as 5-methoxy-DMT and psilocin (McKENNA et al. 1990). LSD 
has been shown to be a full agonist at central 5-HT1A receptors linked 
to inhibition of adenyl ate cyclase (DEVIVO and MAAYANI 1986). DELIGANIS 
et al. (1991) also found DMT to bind to 5-HTIA receptors (Ki = 130nM), with 
affinity reduced (K, = 464 nM) by addition of guanyl nucleotides, suggesting 
that DMT was an agonist. Using forskolin-stimulated cAMP formation in rat 
hippocampal homogenate, these workers reported that DMT was equally 
efficacious to the 5-HT IA agonist 8-hydroxy-2-( di-n-propylamino )tetralin (8-
OH-DPAT) in inhibiting forskolin-stimulated cAMP formation. DMT 
also enhances the acoustic startle response in rats (DAVIS and SHEARD 1974), 
an effect now attributed to 5-HTIA receptor activation (NANRY and TILSON 
t 989). 5-Methoxy-DMT is also a full agonist at 5-HT1A receptors (DUMUIS 
et al. 1988). 

In addition to their role as somatodendritic autoreceptors, there are also 
postsynaptic 5-HTIA receptors. Their highest density is found in limbic regions 
of the brain (HAMON et al. 1990). While no studies have differentiated the 
effects of hallucinogens at postsynaptic versus somatodendritic receptors, 
there are data suggesting that the 5-HT1A effects of LSD may be detectable, at 
least in some animal behavioral assays. Drug discrimination studies in pigeons 
suggest that LSD may produce 5-HT1A receptor-mediated effects (WALKER et 
al. 1991; YAMAMOTO et al. 1991). The selective 5-HT1A receptor agonist 8-0H
DPA T is able to mimic LSD in rats trained to discriminate 0.16 mg/kg LSD 
from saline (WINTER and RABIN 1988: MEERT et al. 1990), but LSD can only 
partially mimic 8-0H-DPA T in rats trained to discriminate the latter agent 
(CUNNINGHAM and ApPEL 1987). 

As noted earlier, NIELSEN (1985) reported that ketanserin or pirenperone 
failed to block the LSD cue in LSD-trained monkeys. Further, while mescaline 
failed to substitute for LSD in these monkeys, substitution did occur with 5-
methoxy-DMT, a mixed 5-HT1A!2 agonist. These results, and others, prompted 
NIELSEN to conclude that there might be a "preferential role for 5-HT1 sites in 
mediating the LSD stimulus effect." While previous studies, cited earlier, have 
suggested that the nature of the LSD cue may be essentially expressed by 5-
HT2A receptor activation, it is clear that the cue can be modulated by effects of 
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LSD at 5-HT1A and at other monoamine neurotransmitter receptors (e.g., 
MARONA-LEWICKA and NICHOLS 1995). 

Recently, several studies have reported evidence of functional interac
tions between 5-HT1A and 5-HTz receptors. For example, in vivo, 5-HT1A 
agonists may appear to be 5-HTz antagonists (e.g., ARNT and HYITEL 1989; 
GLENNON 1991). Further, the behavioral syndrome induced by 5-methoxy
DMT can be stereoselectively antagonized by (-)-pindolol or propranolol 
(LUCKI et al. 1984; TRICKLEBANK et al. 1985). In addition, an early study by 
DIXON (1968) showed that propranolol could block the disruptive 
behavior induced by LSD in rats. At that time, this finding was related to a 
possible involvement of j3-adrenergic receptors. In view of present knowledge, 
however, this result may have been a consequence of 5-HT1A receptor antago
nism, a pharmacological property of propranolol that was unknown at 
the time. 

The 5-HT1A agonist 8-0H-DPAT has been shown to inhibit the DOI
induced head twitch in rats (ARNT and HYTTEL 1989; BERENDSEN 1991). In their 
studies of the rat head twitch induced by DOl, SCHREIBER et al. (1995) repli
cated this finding and also reported that the ability of the 5-HT1A agonist 8-
OH-DPAT to block the DOl-induced head twitch was antagonized by the 
5-HT1A antagonist (-)-tertatolol. SCHREIBER et al. (1995) concluded that activa
tion of 5-HT1A receptors inhibited functional effects mediated by 5-HTzA 
receptors. This conclusion is consistent with other studies suggesting func
tional interactions between these two receptor types in the modulation of 
various behaviors (BERENDSEN and BROEKKAMP 1990; DARMANI et al. 1990; 
YOCCA et al. 1990). GLENNON (1991) has reviewed many of the studies present
ing results suggesting that effects mediated through one subtype of serotonin 
receptor may be modulated by other serotonin receptor sUbtypes. 

Similarly, BACKUS et al. (1990) reported that 5-HTz antagonists enhanced 
the behavioral syndrome induced by 8-0H-DPAT, 5-methoxy-DMT, or 
gepirone. These workers suggested that 5-HT2 receptors may modulate 5-
HTIA receptors. Functional interactions clearly exist between 5-HT1A and 5-
HT2A receptors, evident not only in various behaviors, but also observable at 
the neuronal level, at least in rodent pharmacology (ASHBY et al. 1994; 
BRANDAO et al. 1991). 

While the observation that tryptamine hallucinogens can suppress raphe 
cell activity now seems largely ignored, simply because it did not cut across all 
the structural types of hallucinogens, it is still possible that this pharmacologi
cal effect may be relevant, at least for the actions of hallucinogens of the 
tryptamine type. 

What might be the consequences of 5-HT1A agonist activity in tryptamine 
hallucinogens? Clinical data are lacking that might clarify this issue. In gen
eral, however, LSD and tryptamines such as DMT or psilocybin are described 
as being particularly able to provoke highly colored and dynamic displays of 
visual imagery. By contrast, anecdotal data for many of the phenethylamine 
type hallucinogens, as provided for example by SHULGIN and SHULGIN (1991), 
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seem to indicate more of an effect on mood and emotion, and less production 
of visual imagery. The author offers the hypothesis that hallucinogens that 
have a significant agonist action at 5-HT1A receptors may elicit a greater effect 
on central visual processes than compounds that are purely 5-HT2A/2C agonists. 
This feature may be responsible, in part, for qualitative differences between 
the tryptamine and phenethylamine type hallucinogens. Although mescaline is 
a phenethylamine, its ability to produce impressive and colorful visual imagery 
is also well known. Like other phenethylamines, however, its affinity for 5-
HT1A receptors is in the low micromolar range. Nevertheless, the quantitative 
potency of mescaline is very low, and at effective doses in man (200-400mg) 
there would be significant interaction with the 5-HT1A receptor sUbtype. 

H. Potentiating Effects of Interactions at Other 
Receptor Subtypes 
In the study by FIORELLA et al. (1995b), only 56% of the variability in the 
potency of a given antagonist to block the interoceptive cue produced by LSD 
could be accounted for by 5-HT2A affinity alone. Further, except for pire
nperone, all of the antagonists tested in this study were more potent in block
ing responding elicited by (-)-DOM in LSD-trained rats than in blocking 
the responding to LSD itself. These results are consistent with the hypothesis 
that the primary cue of LSD can be modulated by interactions at other 
receptor types. 

Although the essential nature of the LSD cue in rats appears to be ex
pressed through 5-HT2A receptor activation, this cue may be modulated by 
effects of LSD at other monoamine receptors. These ancillary monoamine 
interactions could be important, particularly in conferring the extraordinarily 
high potency possessed by LSD. The affinity of LSD for the 5-HT2A and 
5-HT2C receptors is not significantly different from, and may actually be 
slightly less than, that of phenethylamine compounds such as DOB or DOL 
Similarly, the hydrophobicity of LSD is also of the same magnitude as these 
amphetamine derivatives. Nevertheless, the in vivo potency of LSD is 
about one order of magnitude greater than for these phenethylamines. These 
facts would seem to suggest that some other pharmacological property of 
LSD may be potentiating its effects. It is difficult to know what this action 
might be, however, since LSD binds with high affinity to a variety of receptors, 
including 5-HTIA' 5-HT lll • 5-HTJD, 5-HT2A. 5-HT2C' 5-HT6' 5-HT7' dopamine 
0 1 and O 2 receptors, and iX1- and OQ-adrenergic receptors (BURT 
et al. 1976; CREESE et al. 1976; HOYER 1988; LEYSEN 1985; MARONA-LEWICKA 
and NICHOLS 1995; MEIBACH et al. 1980; U'PRICHARD et al. 1977; WATTS et al. 
1995). By contrast, DOM lacks affinity for most of these receptors (LEYSEN 
et al. 1989). including 5-HT1A receptors, where it has micromolar affinity, and 
seems to have significant effects only at the 5-HT2 receptors (GLENNON et al. 
1984a; TITELER et al. 1988). 
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Which of these other sites, if any, might be responsible for synergism with 
5-HTzA agonism? It seems unlikely that the 5-HT1A agonist effects of LSD 
could be responsible for its remarkable potency, since the tryptamines in 
general (e.g., DMT, psilocin) possess 5-HTz and 5-HT1A affinities comparable 
to LSD, but are a good deal less behaviorally potent. Indeed, most present 
evidence suggests that 5-HT1A agonists may functionally antagonize 5-HTzA 
agonists (ARNT and HYTTEL 1989; BERENDSEN 1991; DARMANI et al. 1990; 
SCHREIBER et al. 1995). Hence, if anything, 5-HT1A agonist effects might be 
expected to attenuate rather than potentiate 5-HTzA agonist actions. 

Although there is no evidence to suggest that interactions with other 5-
HTl subtypes are responsible for potentiation of 5-HTzA effects, these cannot 
presently be ruled out as possibilities. Almost nothing is known about the 
functional significance of 5-HT6 or 5-HT7 receptors, where LSD also has high 
affinity. 

LSD has modest affinity for a-adrenergic receptors. It was recently shown 
that stimulation of ~-adrenoceptors by clonidine was able to potentiate the 
stimulus properties of LSD in the two-lever drug discrimination paradigm 
(MARONA-LEWICKA and NICHOLS 1995). This is a possible potentiating interac
tion, although the affinity of LSD itself for ~-receptors, reported in the same 
study (Kj = 37nM at [3H]clonidine sites), may not be great enough to make a 
significant contribution at relevant doses of LSD. 

LSD also has high affinity for dopamine Dz receptors (WATTS et al. 1995). 
The affinity of LSD for D2 receptors (Ko5 = 6.4nM) is certainly in a range 
where receptor activation might occur at behaviorally relevant doses. The 
dopamine D j affinity of LSD (Ko.s = 27 nM) is somewhat lower, similar to its 
affinity for ~-receptors, and would appear to be less important as a possibility, 
but cannot be excluded. Although a potentiating effect of D2-receptor stimu
lation has not been extensively investigated for hallucinogens, risperidone, a 
mixed 5-HTz and D2 antagonist, was more potent in antagonizing the discrimi
native cue of LSD in the rat than was ritanserin, a pure 5-HT2A/2C antagonist 
(MEERT et al. 1989). Those authors argued for a catecholamine component of 
the discriminative cue of LSD. Further, SCHREIBER et al. (1995) reported that 
the DOl head twitch response in rats, in addition to being blocked by 5-HT2A 
antagonists, was also potently blocked by both D J and D2 dopamine receptor 
antagonists. In addition, it has been recently shown that stimulation of the 5-
HT2A receptor can enhance dopaminergic function (HUANG and NICHOLS 1993; 
ICHIKAWA and MELTZER 1995; SCHMIDT et al. 1992). 

There is a large body of evidence now developing on the interaction 
between dopamine Dz and serotonin 5-HT2A receptors, with much of the focus 
being on the discovery of atypical antipsychotic agents (MELTZER 1991). Thus, 
the possibility that dopamine D2 receptor stimulation may potentiate 5-HT2A 
agonism seems to be a promising area for further research, and would lead the 
investigation of halllucinogens full circle, back to the premise that they may be 
useful tools for investigating schizophrenia and psychosis. 
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I. Conclusions 
At the present time there is compelling evidence that the most salient feature 
of the pharmacology of hallucinogens, at least in rats, is an agonist interaction 
with serotonin 5-HT2A receptors. There is also some evidence that this is a 
necessary, but perhaps not sufficient, mechanism, and that the concurrent 
stimulation of serotonin 5-HT2c receptors may also be required. There is no 
other distinguishing feature, at least of the phenethylamine hallucinogens, to 
suggest that additional pharmacological components are required. Tryptamine 
hallucinogens, including LSD, also potently activate serotonin 5-HT1A recep
tors, and the author hypothesizes that this may distinguish qualitative features 
of the actions of tryptamines from those of the phenethylamines. 

The exceptional potency of LSD, compared with other types of hallucino
gens, cannot be explained simply by its affinity for, or interactions with, sero
tonin 5-HTzA • 5-HT2e• or 5-HTli\ receptors. It is proposed here that the high 
affinity of LSD for dopamine D2 receptors may be a potentiating interaction to 
explain this high potency; this possibility would have relevance to current 
interest in the role of both dopamine and serotonin pathways in mediating 
various psychiatric disorders. It is also possible that the high potency of LSD 
may be a consequence of synergistic interactions resulting from the interplay 
of LSD with many of the receptors for which it has high affinity. Because of 
this complex interaction at so many different monoamine receptors, it seems 
likely that LSD will remain a unique psychopharmacological agent. with 
effects on the psyche that are never completely mimicked by any other 
substance. 

Finally, it must be kept in mind that all these comments should be consid
ered in the context of animal pharmacology studies. It is very unfortunate that 
legal restrictions have kept these extremely interesting substances from receiv
ing more clinical study in the past 4 decades. It is to be hoped that renewed 
interest in these molecules in the last few years will continue, eventually 
leading to greater knowledge of their human pharmacology, and providing us 
with a bcttcr understanding of why these unique molecules have such a pro
found effect upon the human psyche. 
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CHAPTER 22 

The Interaction of the Serotoninergic and 
Other Neuroregulatory Systems in Alcohol 
Dependence 

E.M. SELLERS, M.K. ROMACH, and A.D. LE 

A. Introduction 
Substantial progress in the treatment of mental disorders over the past 40 
years can be ascribed to the development of psychotropic medications for 
anxiety, sedation, depression, and psychosis. However, from a public health 
perspective, alcohol abuse and dependence have an even larger social, health, 
and economic impact than these other disorders. 

Since many of the patients (>50%) who enter an alcohol rehabilitation 
treatment program relapse within the first 3 months of treatment (NATHAN 
1986), improved pharmacotherapeutic or psychosocial approaches are needed 
to improve a patient's likelihood of maintaining abstinence (VOLPICELLI et al. 
1995). Available medications for alcohol dependence show quite limited effi
cacy; therefore, strategies to improve their efficacy are needed. While more 
selective and potent agents may be found that have greater efficacy than 
currently marketed agents, evidence suggests that agents selective for several 
neuropharmacologic systems might also be effective and possibly safer. 

In this chapter. we first examine studies which evaluate the general role of 
serotonin (5-HT) and specific 5-HT receptor types and/or SUbtypes on alcohol 
consumption in experimental animals and humans. Where applicable, we 
compare the effects of specific 5-HT receptor types on self-administration with 
other drugs. In addition, the possible interaction between 5-HT system and/or 
specific receptors with other neurotransmitters in the regulation of alcohol 
intake is discussed. The chapter concludes with a rationale for combined 
pharmacologic approaches that could target several neural systems concur
rently based on the clinically important role that these systems play in the basic 
and clinical phenomena of craving, impulse regulation. and regulation of 
internal dysphoric mood states in initiating, maintaining, and causing relapse 
to alcohol dependence. 

B. Role of the 5-HT System in Regulating 
Alcohol Consumption 
I. Anatomical Pathways 

The anatomy of 5-HT pathways and their various receptor types and subtypes 
are described in detail in other chapters in this book and will not be reviewed 
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here. Briefly, the ascending 5-HT system is comprised mainly of 5-HT neurons 
originating from median and dorsal raphe nuclei which are aligned along the 
midline, dorsal to the fourth ventricle. Serotoninergic innervation of the 
striatum, substantia nigra, and amygdala derives mainly from neurons origi
nating from the dorsal raphe nucleus, whereas septohippocampal 5-HT de
rives mainly from 5-HT neurons originating from the median raphe. A number 
of structures such as hypothalamus, cortex, and nucleus accumbens receive 5-
HT innervation from both nuclei. 

II. Role of Serotonin in Regulating Ethanol Consumption 

1. Preclinical Studies 

MYERS and VEALE (1968) were the first to report that general depletion of 5-
HT by administration of p-chlorophenylalanine, a 5-HT synthesis inhibitor, 
reduces alcohol consumption in rats. However, research during the 1970s 
resulted in conflicting results concerning the effects of various 5-HT manipu
lations on ethanol consumption in experimental animals. The development of 
better pharmacological agents for modifying central 5-HT activity and better 
models for assessing ethanol intake in experimental animals resulted in a 
consistent pattern of 5-HT effects on ethanol intake becoming apparent in the 
1980s. In general, manipulations which elevate 5-HT neurotransmission re
duce ethanol consumption. Examples of such drugs include the 5-HT releaser 
and re-uptake inhibitor dexfenfluramine (HIGGINS et al. 1992; ROWLAND and 
MORlAN 1992) and the selective 5-HT uptake inhibitors such as sertraline 
(GILL et al. 1988; HIGGINS et al. 1992), fluoxetine (HARAGUCHI et al. 1990), and 
zimelidine (AMIT et al. 1984). A recent review by SELLERS et al. (1992) summa
rizes the effects of various 5-HT agents on alcohol-related behaviors. 

In contrast, treatments which reduce 5-HT function, however, do not 
necessarily lead to an increase in ethanol consumption. In fact, in some cir
cumstances, reducing 5-HT function might produce a similar effect as that of 
stimulating 5-HT activity. Such apparent paradoxical effects of the 5-HT sys
tem on alcohol intake are related to the system's complexity. Over the last 10 
years, much progress has been made on identifying various 5-HT receptor 
types and subtypes as well as their functional significances. As will be dis
cussed, ethanol consumption not only depends on the particular 5-HT recep
tor types or subtypes, but also their location. 

2. Human Experimental and Clinical Studies 

In humans, there is evidence that 5-HT and its metabolites are decreased in 
the cerebrospinal fluid of many alcoholics (BORG et al. 1985; LINNOILA 1990), 
suggesting a central 5-HT deficiency in alcohol dependence (ROMACH and 
TOMKINS 1995). Variations in 5-HT function have been implicated in a large 
number of psychiatric disorders (COCCARO and MURPHY 1990). These include 
affective disorders, eating disorders, impulsivity, and violent behaviors. An 
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analogy is often drawn between the role of the 5-HT system in the appetite for 
food and for alcohol, and it has been suggested that excesses of eating and 
alcohol consumption represent a form of self-treatment for a disorder in 5-HT 
functioning (BREWERTON et a1. 1990). 

a) Serotonin Uptake Inhibitors (SSRIs) 

The most extensively studied group of serotoninergic drugs have been the 5-
HT uptake inhibitors. A number of short-term clinical trials, 2-4 weeks in 
duration and placebo-controlled, have been conducted in mild to moderately 
alcohol-dependent individuals (DSM-III-R criteria) (NARANJO and SELLERS 
1989). Zimelidine (NARANJO et a1. 1984), citalopram (NARANJO et a1. 1987, 
1992), viqualine (NARANJO et a1. 1989). and ftuoxetine (NARANJO et a1. 1990) 
reduced alcohol intake by an average of9%-17%. There appeared to be some 
minor differences in response patterns amongst the drugs. Zimelidine and 
citalopram increased the number of abstinent days, whereas viqualine, a 5-HT 
releaser and uptake inhibitor, and ftuoxetine decreased the number of drinks 
on drinking days. The effects seen were dose-related and in contrast to an 
antidepressant effect; the onset of effect was rapid. A similar trial with 
sertraline, another uptake inhibitor, has now been completed (NARANJO and 
SELLERS, unpublished data). The clinical patterns of response are consistent 
with observations in rats studied with a drinkometer in a continuous access 
paradigm in which SSRls increased the latency to drinking and decreased the 
probability of initiating drinking (HIGGINS et al. 1992). 

Recent human experimental ethanol self-administration studies with 
citalopram (NARANJO et a1. 1992) and ftuoxetine (GORELICK and PAREDES 1992) 
support the earlier findings of rapid onset within the first week of treatment 
and modest decreases in alcohol intake, 18% and 14%. respectively. Further
more, these studies reported diminution in craving and interest to use ethanol. 

SSRls are clinically efficacious antidepressants and depression is common 
in alcoholics. However, the effectiveness of 5-HT uptake inhibitors in the 
treatment of depressed alcoholics has not been systematically investigated. 
One open trial of ftuoxetine in 12 detoxified alcoholics showed significant 
improvements in measures of depressive symptomatology and alcohol intake 
(CORNELIUS et a1. 1992). A recently completed 6-month. double-blind. pla
cebo-controlled trial of ftuoxetine in alcohol-dependent individuals showed 
decreases in scores on scales of depression (KRANZLER et al. 1995). 

b) Dexfenfiuramine 

One clinical trial has been conducted (ROMACH et a1. 1996) in which 7.5-30mg 
dexfenfturamine (a 5-HT releaser and uptake inhibitor) twice daily was ad
ministered together with structured psychosocial treatment in chronic alcohol
ics in an attempt to follow up on the prediction that a drug with several 
mechanisms of action could be more effective than the SSRls. Due to a large 
placebo-control response (i.e., 50% reduction in drinking), no main drug 
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effect was found. The issue of whether dexfenfluramine has efficacy in the 
presence of minimal psychosocial treatment is left open by this trial. 

c) Role of General Serotoninergic Agents 

Despite consistent preclinical data, agents which generally increase 5-HT have 
not proven to have sufficiently large clinical effects to be of therapeutic impor
tance. Unfortunately, the dose ranges studied and duration of the trials have 
been very limited. 

c. Involvement of Selective 5-HT Receptor Types and 
Subtypes in Alcohol Consumption 

I. 5-HT Receptor Types and Subtypes 

At present, 5-HT receptor cloning work has identified at least seven different 
types of 5-HT receptors, which have been named 5-HT] to 5-HT7• A number 
of receptor subtypes also exists for these various 5-HT receptors. Readers are 
referred to an excellent review by HOYER et al. (1994) for a detailed description 
of these various receptor types, subtypes, their distribution, and their func
tional significances. At present, selective ligands, however, are available for 
certain numbers of 5-HT receptor types and subtypes. Experimental studies 
with alcohol or other behavioral aspects of these receptor functions are there
fore limited to such availability. 

II. 5-HT1 Receptor Type and Subtypes 

At present, various 5-HT] subtypes, namely, 5-HT1A' 5-HT1B' 5-HTw' 5-HT1E' 
and 5-HT1F' have been cloned. The 5-HT1C receptor has been renamed as the 
5-HTzc receptor on the basis of operational, transductional, and structural 
criteria (HUMPHREY et al. 1993). Among these various 5-HT1 receptor sub
types, the involvement of 5-HT1A and 5-HTlB on alcohol consumption has been 
examined. 

1. 5-HT1A Receptors 

a) Preclinical Studies 

Depending on their location, 5-HT1A receptors can be classified into 
soma to dendritic and postsynaptic receptors. The receptors located postsynap
tically to 5-HT axons in the forebrains are referred to as postsynaptic 5-HT1A 
receptors and are found in the hippocampus, septum, and amygdala, and in 
some cortical layers (HOYER et al. 1994). The 5-HT1A receptors located in the 
median and dorsal raphe are referred to as somatodendritic autoreceptors. 
Activation of the somatodendritic receptors causes a reduction in 5-HT syn
thesis, and in the release and firing activity of 5-HT neurons (HJORTH and 
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SHARP 1991; INVERNIZZl et a1. 1991). Activation of 5-HT1A receptors by sys
temic administration of an 5-HT1A agonist or antagonist would produce a 
complex pattern of responses that depends on the relative activation of both 
somatodendritic 5-HT1A autoreceptors and postsynaptic 5-HT1A receptors in
duced by the doses of the agonists or antagonists employed. 

8-Hydroxy-2-(di-n-propylamino) tetralin (8-0H-DPAT) is one of the 5-
HTIA agonists that has been most commonly employed to investigate the 
involvement of 5-HT1A receptors in alcohol consumption. In general, it can be 
said that the reported effects of 5-HT1A agonists from various laboratories on 
alcohol consumption are rather inconsistent, with decrease, increase, or no 
effects on alcohol consumption all having been reported. This is not surprising 
considering the complex action of 5-HT1A receptors mentioned above. A close 
examination of the data, however, reveals a number of critical factors which 
might account for the discrepancies observed from these various studies. 

With respect to studies which employed systemic administration of 8-0H
DPAT, the doses of 8-0H-DPAT and the duration of alcohol drinking appear 
to playa critical role in determining whether an increase or decrease in ethanol 
consumption is observed. 

When access to alcohol consumption was restricted to short duration or 
when alcohol consumption was monitored at repeated intervals, doses of 8-
OH-DPAT ranging from 0.5 to 2.0mg/kg suppressed alcohol intake (MURPHY 
et al. 1987a; McBRIDE et a1. 1990; HIGGINS et al. 1992). However, an increase 
in alcohol consumption was observed when low doses of 8-0H-DPA T (0.03-
0.06 mg/kg) were administered or when alcohol intake was measured several 
hours after administration of higher doses of 8-0H-DPAT (TOMKINS et a1. 
1994a; MURPHY et al. 1987b; HIGGINS et a1. 1992). A biphasic effect was ob
served with gepirone: low doses stimulate, whereas higher doses decrease or 
have no effect on alcohol drinking (KNAPP et a1. 1992; TOMKINS et al. 1993). 

The biphasic effect of 8-0H-DPAT with respect to doses and duration 
might be related to its differential action on somatodendritic and postsynaptic 
5-HT1A receptors. Low doses of 8-0H-DPAT might suppress 5-HT activity by 
preferentially acting at somatodendritic 5-HT1A receptors, thereby stimulating 
alcohol intake. Higher doses of 8-0H-DPAT have been shown to produce 5-
HT syndromes which cause motor impairment. at least during the early period 
following its administration. Such impairment would interfere with the 
animal's ability to consume alcohol and thereby produce a decrease in alcohol 
intake. The subsequent enhancement of alcohol consumption induced by 
higher doses at later times may be due to the elimination of 8-0H-DPAT, 
which results in a lower level of 8-0H-DPAT. 

This notion of the preferential activation of somatodendritic 5-HT1A re
ceptors induced by low doses of 8-0H-DPAT which produces an increase in 
ethanol intake is consistent with other studies employing microinjection of 8-
OH-DPAT into the raphe nuclei. Focal infusion of 5 or 2.5fg of 8-0H-DPAT 
into the median or dorsal raphe nucleus, which specifically activate 
somatodendritic 5-HT1A receptors in these areas, enhances alcohol intake. 
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Such effects of intraraphe injection of 8-0H-DPAT can be reversed by periph
eral administration of WA YI00135, a 5-HT1A receptor antagonist (TOMKINS 
and FLETCHER 1996). Intradorsal raphe injection of a higher dose of 8-0H
DPAT (10 J1g), however, has been reported to decrease alcohol preference but 
not the amount of alcohol consumption in Alko-alcohol (AA) rats which have 
been selectively bred for high ethanol consumption (SCHREIBER et al. 1993). It 
should be pointed out that the dose of 8-0H-DPAT employed in this study 
was four times higher than that employed in the TOMKINS et al. study (1994a), 
and much higher than that required to induce changes in other behaviors 
(HIGGINS et al. 1988; FLETCHER 1991). 

The effects of various partial 5-HT1A receptor agonists such as buspirone 
(PRIVETTE et al. 1988; KOSTOWSKI and DYR 1992; REZVANI et al. 1991), 
ipsapirone (ENGEL et al. 1990; SCHREIBER et al. 1993), and gepirone (KNAPP et 
al. 1992; TOMKINS et al. 1993) on alcohol consumption have also been 
examined. Ipsapirone in doses ranging from 2.5mg to 10mg/kg reduced 
alcohol intake in rats. A similar finding has also been observed for buspirone 
and gepirone, with the exception of the study by TOMKINS et al. (1993) 
which showed that gepirone in doses from 1-3mg/kg s.c. increased alcohol 
in rats that have a low preference for alcohol. On the other hand, doses 
of gepirone greater than 3 mg/kg reduced alcohol intake in high-alcohol
preferring rats. 

These studies with 8-0H-DPAT and various partial5-HT1A agonists, indi
cate that 5-HT1A receptors playa role in the regulation of alcohol consump
tion. The stimulation of ethanol intake induced by suppression of 5-HT 
activity through peripheral administration of low doses or intraraphe injection 
of 8-0H-DPAT is consistent with observations that certain alcohol-preferring 
strains of rats such as the preferring (P), high-alcohol drinking (HAD), and the 
Fawn-hooded rats have lower 5-HT levels than their lower alcohol-preferring 
counterparts (McBRIDE et al. 1990; WONG et al. 1990). The involvement of 
postsynaptic 5-HT1A receptors in the regulation of alcohol consumption is not 
clearly understood at present. Due to the complex nature of the 5-HT1A 

receptor with its somatodendritic and postsynaptic locations, studies that uti
lize direct administration of 5-HT1A receptor agonists into the relevant brain 
sites as well as an examination of the effects of 5HT1A agonists in animals with 
neurotoxin lesions of raphe nuclei are required to clarify the involvement of 
the postsynaptic 5-HT1A receptors in alcohol intake. 

b) Human Experimental and Clinical Studies 

Preclinical studies do not suggest 5-HT1A (partial) agonists to have a useful 
therapeutic role in directly decreasing alcohol consumption to clinically safe 
doses. However, the lack of any clinical evidence for a potential role, particu
larly in anxious alcoholics, has been reported. For example, an initial study 
with buspirone, an anxiolytic 5-HT1A partial agonist, in alcoholics suggested 
some decrease in drinking (BRUNO 1989). In a larger 12-week, placebo-
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controlled trial in 61 anxious alcoholics, buspirone therapy was associated with 
greater retention during the trial period, reduced anxiety, a slower return to 
heavy alcohol consumption, and fewer drinking days during the follow-up 
period (KRANZLER et al. 1994). In 51 dually diagnosed patients (generalized 
anxiety plus alcohol abuse/dependence), buspirone was superior to placebo as 
an anxiolytic and was associated with a reduction in the number of days of 
desiring alcohol and with an overall clinical improvement (TOLLEFSON et al. 
1992). In contrast, in a well-conducted, double-blind trial of buspirone versus 
placebo in highly anxious alcoholics who had recently completed inpatient 
detoxification for alcoholism, no benefit over placebo was observed in a num
ber of anxiety and alcohol use tests (MALCOLM et al. 1992). Clearly, further 
larger studies with careful characterization of anxiety in alcohol-dependent 
patients will be needed to establish a role for 5-HT1A agents. 

2. S-HT IB Receptors 

a) Preclinical Studies 

Few selective ligands are available for 5-HT 11l receptors. A number of 
compounds such as 5-methoxy-3-(1 ,2,3,6-tetrahydropyridin-4-yl)-1 H-indole 
(RU 24969), m-triftuoromethylphenylpiperazine (TFMPP) and m-chloro
phenylpiperazine (mCPP) have been claimed to act as agonists at 5-HTm 
receptors (HOYER et al. 1994). Among these compounds, the effects of mCPP 
on alcohol consumption have been examined. HIGGINS et al. (1992) demon
strated that, in rats which have been maintained on continuous access drink
ing, mCPP suppressed alcohol intake during the first hour post-injection; 
however, alcohol intake increased 6-12h post injection. In limited access 
drinking, mCPP produces dose-dependent (0.1-1 mg/kg) suppression of alco
hol intake in the rat. The effects of the highest dose of mCPP appeared to be 
nonspecific, as a suppression of water intake was also observed (BUCZEK et al. 
1994). Although mCPP has a good affinity as an agonist at 5-HTIB receptors, it 
is difficult to pinpoint the precise primary site(s) of mCPP action on ethanol 
drinking, and although mCPP has an agonist action at 5-HTI[l receptors, it also 
has comparable potency as agonist at 5-HT21l and 5-HT2C receptors (HOYER et 
al. 1994). In fact, in the same study, BUCZEK et al. (1994) also found that the 
effects of mCPP on ethanol is reversed by pretreatment with metergoline but 
not by ritanserin. Since metergoline has a better affinity than mCPP as an 
agonist at 5-HTIB receptors, it is also a highly selective 5-HT2C antagonist, 
whereas ritanserin is a good antagonist at both 5-HT1A and 5HT2C receptors. 
This raises the issues of whether the effects of mCPP on ethanol intake can be 
attributed to its action on 5-HT11l or 5-HT2C receptors. 

Probably the strongest evidence for the involvement of 5-HTm receptors 
in alcohol intake is derived from a recent study by CRABBE et al. (1996) with 5-
HTJIl knockout mice. 5-HTJfl receptor-deficient mice consume much more 
alcohol than the wild-type control. In fact, some of the mutants consume as 
much as 26 g/kg of ethanol per day, which is almost twice that of the C57BLI 
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6 mice which have a well-documented high preference for alcohol (CRABBE et 
al. 1996). 

b) Human Experimental and Clinical Studies 

KRYSTAL and colleagues (1994) presented data from a human study with the 
pharmacological probe mCPP, a drug which interacts with several5-HT recep
tor subtypes, which implicated the serotoninergic system in the discriminative 
properties of ethanol and suggested a serotoninergic contribution to craving. 
mCPP infusions generated dysphoric effects, and this was felt to have contrib
uted to its capacity to stimulate craving for alcohol. 

III. 5-HT2A Receptors 

1. Preclinical Studies 

Ritanserin and amperozide are the two prototype compounds that have been 
used quite extensively over the last several years to examine the involvement 
of 5-HT2A receptor antagonists on alcohol intake. The effects of ritanserin on 
alcohol consumption have been rather inconsistent with reduction (MEERT et 
al. 1991; MEERT 1993; PANOCKA and MASSI 1992; PANOCKA et al. 1993b,c) and 
no effects (HIGGINS et al. 1992; MYERS et al. 1993; PANOCKA et al. 1993a) both 
having been reported. 

MEERT et al. (1991) were the first to report that treatment with ritanserin 
markedly decreased preference for 3 % w/v ethanol solution in a dose
dependent manner(0.Ol--O.16mg/kg), as measured in a 24h/two-bottle choice 
drinking paradigm. In a subsequent study, they found that doses of ritanserin 
ranging from 0.4 to 2.5 mg/kg also reduced preference for alcohol. Doses of 
10 mg/kg of ritanserin, however, produced no effect on alcohol preference and 
slightly increased fluid intake (MEERT 1993). PANOCKA and co-workers 
(1993a,b,c; PANOCKA and MASSI 1992) have carried out extensive investigation 
into the role and mechanisms of ritanserin effects on alcohol preference. 
Employing a similar paradigm as that of MEERT (1993), they showed that daily 
treatment with 1 or 10mg/kg of ritanserin for a period of 9 days produced a 
marked suppression of alcohol preference. The suppression of alcohol prefer
ence by ritanserin was found to be long lasting, as it was still observed at 20 
days after the cessation of the treatment. These investigators have also shown 
that the effects of ritanserin on alcohol intake were different from that of 
haloperidol, a dopamine D2 receptor antagonist, and risperidone, a mixed 
serotoninergic and dopaminergic receptor antagonist. The suppression of al
cohol preference by haloperidol or by a high dose of risperidone (lOmg/kg) 
was rapid in its onset but of short duration, whereas the effects of ritanserin or 
a low dose of risperidone (0.1 mg/kg), which preferentially binds to 5-HT2 

receptor on alcohol preference, were of slow onset and long-lasting effect 
(PANOCKA and MASSI 1992). These results suggest that the effects of ritanserin 
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on alcohol preference are likely to be due to its antagonism of 5-HT2A receptor 
rather than its possible action on dopamine receptors. The effects of ritanserin 
On alcohol preference have also been suggested by the same group of investi
gators to be mediated centrally and possibly through its antagonism of 5-HT2A 

receptors located in the nucleus accumbens, as intracerebroventricular or 
intra-accumbens injection of ritanserin also suppresses alcohol preference 
(PANOCKA et al. 1993b). 

Failure to observe any effects of ritanserin On alcohol drinking and/or 
alcohol preference has also been reported by PANOCKA et al. (1993a) as well as 
by other investigators (MYERS and LANKFORD 1993; HIGGINS et al. 1992; 
SVENSSON et al. 1993). In all these studies, ritanserin in doses ranging from 0.3 
to lOmg/kg was found to have nO effects On alcohol preference (PANOCKA et al. 
1993a; SVENSSON et al. 1993; MYERS and LANKFORD 1993) or alcohol consump
tion (HIGGINS et al. 1992; MYERS and LANKFORD 1993). Although HIGGINS et al. 
(1992) found no effect of ritanserin on alcohol consumption by itself, pretreat
ment with 0.3 or 3 mg/kg of ritanserin attenuated the suppression of alcohol 
intake induced by dexfenfluramine. 

The effects of amperozide on alcohol consumption and/or preference has 
been derived mainly from Myers' laboratory. Amperozide has been found to 
decrease alcohol preference and/alcohol intake in Sprague Dawley rats 
(MYERS et al. 1992; McMILLEN et al. 1993) or the P rats (McMILLEN et al. 
1994), which have been selectively bred for high alcohol consumption. 
McMILLEN et al. (1994) have also shown that while amperozide was effective 
in reducing alcohol intake in the P rats, similar treatment with trazodone, 
another 5-HT2A receptor antagonist, was ineffective in reducing alcohol 
consumption. 

It is difficult to reconcile various findings concerning the effects of 
ritanserin On alcohol consumption. In all these studies, the same paradigm of 
alcohol consumption, 24 h/two-bottle choice, was employed to assess the effect 
of ritanserin. It is possible, however, that the effects of ritanserin might be 
related to the amount of alcohol consumed by the animals. In studies which 
reported a positive effect of ritanserin on alcohol consumption. the amount of 
alcohol consumed by the animals was relatively low (2-3 g/kg per day) as 
estimated from the preference, total fluid consumption. and the percentage of 
alcohol solution employed (MEERT et al. 1991: MEERT 1993; PANOCKA and 
MASSI 1992; PANOCKA et al. 1993a,c). Negative effects of ritanserin were ob
served in studies that employed high-alcohol-preferring rats (PANOCKA et al. 
1993b) or normal rats which consumed high amounts such as 5-6 g/kg per day 
(MYERS and LANKFORD 1993). It is clear that further work is required before 
any definite conclusion regarding the effects of ritanserin On alcohol consump
tion can be evaluated. Data on the effects of ritanserin treatment in different 
paradigms of alcohol drinking, such as an operant paradigm or a limited access 
drinking paradigm where the amount and/or pattern of alcohol consumption 
during a particular period of time are known, would be of importance to 
evaluate the effect of ritanserin on alcohol consumption. 
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Although ritanserin and amperozide are both 5-HT2A receptor antago
nists, amperozide has also been shown to inhibit 5-HT re-uptake in vitro and 
also to increase extracellular dopamine in the nucleus accumbens (McMILLEN 
et al. 1993). It is possible that the effects of amperozide on alcohol consump
tion might be operated through more mechanisms than that induced by 5-HT 
receptor blockade alone. 

2. Human Experimental and Clinical Studies 

Ritanserin is a selective 5-HT2A/2c antagonist which in several animal para
digms of alcohol dependence has been suggested, but not strongly, to playa 
role in alcoholism treatment. Three clinical trials are reported to be underway 
(JANSSEN 1994). To date only one human experimental study has been re
ported. The short-term effects of ritanserin in 39 (35 male, four female) heavy 
social drinkers (consuming at least 28 drinks/week) aged 19-63 years and who 
were not seeking treatment have been studied (NARANJO et al. 1995). After 
an intake assessment, they received placebo for 7 days in a single-blind 
baseline. They were then randomly assigned to one of three double-blind 
treatments for 14 days: ritanserin 5mg/day (n = 12), ritanserin lOmg/day (n = 
13) or placebo (n = 14). Experimental drinking sessions were conducted after 
baseline (EDSl) and treatment (EDS2); in each session, subjects were offered 
18 mini-drinks (total = six standard) and rated their desire to drink, intoxica
tion and mood (POMS). The outpatient results were as follows: ritanserin 
5 mg/day decreased desire and craving for alcohol (versus baseline, p < 0.05), 
but not alcohol intake. Liking of alcohol decreased from baseline with 
ritanserin 10mg/day (p = 0.01) and placebo (p = 0.05). Changes in alcohol 
intake from baseline with ritanserin 10mg/day (increase,p > 0.05) and placebo 
(decrease, p > 0.05) were different (p < 0.05). Both ritanserin 5 mg/day and 
lOmg/day enhanced alcohol-induced decreases in fatigue compared with pla
cebo (p < 0.05). These results indicate that ritanserin may have differential 
effects on alcohol intake, desire, craving, and liking, as well as intoxication and 
some of alcohol's effects on mood. However, they suggest that ritanserin has 
limited efficacy in reducing alcohol intake in heavy drinkers (NARANJO et al. 
1995). 

A double-blind crossover design trial was carried out to investigate the 
effect of simultaneous administration of alcohol (0.5 g/kg) and ritanserin 
(lOmg) on biological and behavioral functioning. Twenty healthy volunteers 
were selected to participate in the study. Psychomotor performance and vital 
signs during the ritanserin session did not differ significantly from the placebo 
session. Similar results were obtained with respect to alcohol intoxication, 
euphoria, and mood, except for tiredness and alertness, which were signifi
cantly different compared to placebo. The findings tend to indicate that 
ritanserin neither enhances the central nervous system depressant effect of 
alcohol nor produces a pharmacokinetic interaction during acute alcohol in
gestion (ESTEVEZ et al. 1995). 
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A trial has also been carried out to determine the effect of ritanserin or a 
placebo on sleep and mood in two groups of abstinent alcoholic patients 
(MONTI et al. 1993). Ritanserin was given at a daily dose of 10mg for 28 days 
and was preceded (10 days) and followed (2 days) by a placebo. In the 
ritanserin group, there was a reduction of total waking time. Total sleep time 
increase was associated with significantly larger amounts of nonrapid eye 
movement sleep. Slow wave sleep and rapid eye movement sleep were not 
significantly modified. Compared to the placebo group, a statistically signifi
cant decrease in the Hamilton Rating Scale for Depression and Hamilton 
Rating Scale for Anxiety was found in the ritanserin group after 1 week of 
treatment. The absence of an effect in the placebo-treated group suggests that 
the clinical response and sleep improvement were mainly related to ritanserin 
administration (MONTI et al. 1993). 

IV. 5-HT3 Receptors 

1. Preclinical Studies 

In contrast to the reported effects of 5-HT, receptor antagonists, pretreatment 
with 5-HT, receptor antagonists has been shown to produce a consistent 
reduction in ethanol intake in various paradigms of alcohol self
administration. Various 5-HT3 receptor antagonists such as ondansetron 
(TOMKINS et al. 1995). zacropride (KNAPP and POHORECKY 1992), MDL72222 
(FADDA et al. 1991), tropisetron, or ICS 205-930 (HODGE et al. 1993; 
KOSTOWSKI et al. 1993) have been reported to reduce alcohol consumption or 
decrease alcohol preference in rats. SVENSSON et al. (1993), however. failed to 
observed any effect of ondansetron on ethanol preference. This disparity may 
be partly due to the short length of the ethanol acquisition procedure em
ployed in this study as compared to other studies. In addition, the absence of 
the effects of ondansetron on ethanol intake in the SVENSSON et al. (1993) 
study might be related to the duration of ondansetron treatment. Depending 
on the experimental conditions, the effects of 5-HT3 receptor antagonists on 
ethanol intake might require several days of treatment to become manifest. 

5-HT, receptor antagonists might reduce ethanol intake by modifying its 
reinforcing properties. It has been proposed that ethanol-induced release of 
dopamine in the nucleus accumbens may playa major role in ethanol rein
forcement (DI CHIARA and IMPERATO 1988; KOOB 1992). Pretreatment with 5-
HT, receptor antagonists has been shown to attenuate such effects of ethanol 
(CARBONI et al. 1989; WOZNIAK et al. 1990; YOSHIMOTO et al. 1991). Recent 
studies by JANKOWSKA and KOWTOWSKI (1995) and J ANKOWSKA et al. (1995) 
also support this view. These workers demonstrated that bilateral infusion of 
tropisetron into the nucleus accumbens can reduce ethanol intake 
(JANKOWSKA and KOWroWSKI 1995). Moreover, they also showed that the 
reduction of ethanol intake by peripheral administration of tropisetron is 
attenuated in rats subjected to dopamine lesions by intracerebral administra
tion of 6-hydroxydopamine (JANKOWSKA et al. 1995). 
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Since 5-HT3 receptors also exist in the terminals of sympathetic and para
sympathetic of the peripheral nervous system and have also been implicated in 
the control of gastric motility (COHEN 1992), one could argue that 5-HT3 
receptors might alter alcohol intake by a pharmacokinetic mechanism. Indeed, 
one of the 5-HT3 receptor antagonists, MDL 72222, has been shown to reduce 
ethanol absorption in the rats when ethanol is administered by the oral route 
(GRANT 1995) but not when ethanol is administered by the intraperitoneal 
route. However, other 5-HT3 antagonists such as ondansetron or tropisetron 
did not affect alcohol absorption (GRANT and COLOMBO 1993; TOMKINS et al. 
1995) in rats or in humans (JOHNSON et al. 1993a), indicating that the observed 
effects of 5-HT3 receptor antagonists on ethanol consumption are unlikely to 
be attributed to an alteration in ethanol kinetics. 

5-HT3 receptor antagonists appear to selectively reduce ethanol self
administration, but not other reinforcers such as saccharin and food. In addi
tion, pretreatment with 5-HT3 receptor antagonists did not affect cocaine 
(LANE et al. 1992; PELTIER and SCHENK 1991), heroin (HIGGINS et al. 1994), or 
nicotine (CORRIGALL and COEN 1994) self-administration. 

2. Clinical Studies 

Ondansetron, a 5-HT3 antagonist, has also been shown to have significant but 
modest efficacy in decreasing alcohol consumption in a treatment trial of 
alcohol dependence (SELLERS et al. 1991, 1994). In a randomized, placebo
controlled study, the efficacy of 6 weeks of ondansetron (0.25mg bj.d. or 
2.0 mg bj.d.) was tested in the treatment of 71 non-severely alcohol-dependent 
males. The results showed a reduction in drinking, with the differences steadily 
increasing toward the end of the treatment period and approaching signifi
cance at week 7 in the 0.25 mg group (p = 0.06). Twice as many patients in this 
group showed a 2 standard deviations decrease in drinking compared with the 
other groups. When patients drinking more than ten drinks per drinking day at 
baseline (n = 11) were excluded from the analysis, significant group differences 
were found at both treatment and follow-up, with the lower ondansetron dose 
producing the greatest reduction from baseline (i.e., 2.8 standard drinks; 35% 
compared with baseline and 21 % compared with placebo; p < 0.02-0.001). 
Within this group, there was an almost fourfold greater number of patients 
showing a clinically meaningful decrease in drinking. 

In an experimental study, the effect of the 5-HT3 receptor antagonist 
ondansetron (4 mg administered orally) on some of the psychological effects of 
a small dose of alcohol (580ml of 3.6% alcohol content by volume of lager) 
was studied in 16 healthy male volunteers using a double-blind placebo con
trolled, Latin Square crossover design. Pretreatment with ondansetron signifi
cantly attenuated several of the sUbjective pleasurable effects of alcohol, and 
also decreased the sUbjective desire to drink. These findings are consistent 
with preclinical studies, suggesting that the reinforcing properties of alcohol 
may be attenuated by 5-HT3 receptor blockade (JOHNSON et al. 1993b). 
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V. 5-HT4 Receptors 

1. Preclinical Studies 
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So far there is only one study which has examined the effects of 5-HT 4 receptor 
antagonists on ethanol intake. GRl13808, which has been shown to have 3000-
fold selectivity for 5-HT4 compared to 5-HT3 receptors, has been shown to 
reduce ethanol intake in water-sated or water-deprived Sardinian alcohol 
preferring (sP) rats. The inhibition of ethanol intake induced by pretreatment 
with GR-113808 (1-10mg/kg subcutaneously) was observed during the 2h 
daily access to ethanol solution (PANOCKA et al. 1995). Indirect evidence for 
the involvement of 5-HT 4 receptors on ethanol intake can also be derived from 
a study which employed high doses of tropisetron (HODGE et al. 1995). Doses 
of tropisetron (10 and 17 mg/kg) have been shown to attenuate the stimulation 
of ethanol intake induced by morphine, while having no effect on ethanol 
intake on their own. High doses of tropisetron (>l.Omg/kg), however, have 
been shown to have antagonist activity at 5-HT4 receptors (DuMUIs et al. 
1988). No studies in humans have been conducted. 

D. Interaction Between 5-HT and Other 
Neurotransmitters in the Regulation of Alcohol Intake 
Pharmacologic approaches to understanding neurobiological mechanisms un
derlying alcohol abuse have typically focused on manipulating the activity of a 
single neurochemical system. Neurochemical systems, however, do not act 
singly but interact with one another to exert various physiological or behav
ioral effects. It is not surprising, therefore, that a number of neurotransmitters 
have been shown to affect alcohol consumption. For example, beside the 5-HT 
system, other neurotransmitters such as dopamine, GABA, and opioids have 
been shown to play a role in alcohol consumption. In this section we will 
examine the interaction between 5-HT and such other neurochemical systems 
in the regulation of alcohol consumption. 

I. 5-HT and Opioid Systems 

1. Preclinical Studies 

Acute administration of 5-HT agonists such as lysergic acid diethylamide 
(LSD) and mCPP has been shown to decrease the level of immunoreactive L
enkephalin in various brain regions (KMIECIAK-KoLADA and KOWALSKI 1986). 
Similarly, a number of studies have shown a significant increase in the levels of 
met- and leu-enkephalins or .B-endorphin 24 h after acute administration of 
fenfiuarmine or dexfenfluramine (GROPETTI et al. 1984; HARSING et al. 1982a,b; 
MAJEED et al. 1986). Administration of morphine, on the other hand, has been 
shown to increase 5-HT utilization (BRASE 1977). Similarly, administration of 
enkephalinase inhibitors produces an increase in 5-HT turnover (LLORENS-



600 E.M. SELLERS et al. 

CORTES and SCHWARTZ 1984). Behaviorally, it was shown that combined ad
ministration of 5-hydroxytryptophan and naloxone reduced food intake at 
doses that had no effect on food intake when administered separately 
(FERNANDEZ-ToME et al. 1988). Similarly, tropisetron, which does not have any 
effect on food intake on its own, can potentiate naloxone-induced hypophagia 
in rats (BECZOWSKA et al. 1991). 

Despite such evidence for the interaction between the opiate and 5-HT 
systems, little attention has been focused on the role of such interactions in 
ethanol intake. We have examined the interaction between the 5-HT and 
opiate systems on alcohol over the last few years. Low doses of fluoxetine and 
naltrexone, which had no effects on alcohol intake on their own, produced a 
strong suppression of alcohol intake when given together (LE and SELLERS, 
unpublished results). Similarly, we have also found that the 5-HT3 antagonist 
ondansetron can potentiate the reduction of ethanol intake induced by 
naltrexone (LE and SELLERS 1994). Given that both 5-HT and opiate 
compounds have been used clinically for possible treatment of alcohol depen
dence on their own, the combined use of these agents might be of potential 
importance in the development of medication for the treatment of alcohol 
abuse. 

2. Clinical Studies 

Two clinical trials with the opiate antagonist naltrexone have shown the medi
cation to be useful in the treatment of alcoholism. In a double-blind study, 
VOLPICELLI et al. (1992) treated detoxified alcoholics with 50mg ofnaltrexone 
or placebo for 12 weeks. Naltrexone-treated subjects had significantly lower 
relapse rates, fewer drinking days, and significantly less craving for alcohol 
than placebo-treated subjects. Naltrexone-treated subjects felt less "high" 
than usual after drinking alcohol. Only 17% of the naltrexone-treated subjects 
relapsed to clinically significant drinking after treatment compared with nearly 
66% of placebo-treated patients. O'MALLEY et al. (1992) found that patients 
who received naltrexone and supportive psychotherapy for 12 weeks ab
stained from drinking alcohol longer than subjects who received placebo and 
supportive therapy. Naltrexone-treated subjects who also received coping 
skills therapy to prevent alcohol relapse were less likely to progress from a slip 
to excessive drinking than placebo-treated subjects who received similar cop
ing skills therapy. In both these studies, naltrexone-treated patients who did 
drink reported that they consumed fewer drinks per drinking day. Sixteen 
alcoholic patients treated with naltrexone and 27 treated with placebo who 
participated in a 12-week clinical trial reported retrospectively on their subjec
tive responses to their first episode of a lapse into alcohol consumption and on 
their reasons for terminating the drinking episode. Compared to the subjects 
who received placebo, the subjects who received naltrexone reported lower 
levels of craving for alcohol and were more likely to give reasons for terminat
ing drinking that were consistent with decreased incentive to drink. These 
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findings support the hypothesis that one central effect of naltrexone is the 
modification of alcohol-induced craving. A pilot study with an experimental 
opioid antagonist, nalmefene, has shown similar effects in alcohol-dependent 
individuals compared to placebo, a significantly lower rate of relapse, and a 
significant decrease in the number of drinks per drinking day (MASON et al. 
1994). 

BOHN et al. (1994) studied the effects of adding naltrexone to brief coun
seling in 14 non dependent heavy drinkers. Naltrexone significantly decreased 
desire for alcohol, drinking frequency, frequency of heavy alcohol consump
tion, and total alcohol consumption. In an experimental double-blind cross
over study of the effects of naltrexone versus placebo in social drinkers, SWIFT 
et al. (1994) examined a number of sUbjective alcohol intoxication measures. 
When subjects were treated with naltrexone before they consumed alcohol, 
they reported reduced positive reinforcing stimulant effects and augmented 
sedative and "central" effects (e.g., feeling down, slow thoughts, head spin
ning) compared to subjects pretreated with placebo. 

Recently, DAVIDSON et al. (1996) studied drinking by 16 non-alcohol
dependent young men and women in an experimental cocktail bar in a double
blind trial of placebo versus naltrexone versus no drug. Naltrexone 
significantly increased the time to sip the first drink and consume the second 
drink and had an effect on the self-reported urge to drink. Interestingly, 
naltrexone also increased predrinking tension and fatigue on the POMS and 
increased nausea during drinking. 

II. 5-HT and GABA Systems 

1. Preclinical Studies 

Drugs acting at the GABAergic system have been shown to modulate alcohol 
intake. Peripheral administration of GABAA agonists increased both acquisi
tion and maintenance of alcohol intake (SMITH et al. 1992; BOYLE et al. 1992, 
1993), whereas GABA antagonists such as picrotoxin and the partial benzodi
azepine inverse agonist Ro 15-4513 have been shown to reduce alcohol intake 
(SAMSON et al. 1987; RASSNICK et al. 1993). 

Part of the neurochemical and behavioral effects of GABAergic agents 
have been shown to be mediated through their action on 5-HT neurons lo
cated in the raphe nuclei. Injection of muscimol into the dorsal raphe nucleus 
decreased 5-HT release in several brain areas (NISHIKAWA and SCATTON 1985). 
Recently, TOMKINS et al. (1994b; TOMKINS and FLETCHER 1996) have shown 
that injection of muscimol into the median and dorsal raphe increases alcohol 
consumption in rats. The stimulation of alcohol intake induced by injection of 
muscimol into the dorsal raphe is specific for alcohol as such injection did not 
produce any changes in water consumption. On the other hand, the effect of 
muscimol in the median raphe appears to be due to an enhancement in 
behavioral activation, as an increase in water consumption was also observed 
(TOMKINS et al. 1994a; TOMKINS and FLETCHER 1996). 
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III. Alcohol, 5-HT and Mood Disorders 

Alterations in 5-HT have also been reported consistently in depression (5-HT 
decreased). Therefore, the linkage of mood disorders and alcohol dependence 
is of special importance. Data from the NIMH Epidemiologic Catchment 
Area (ECA) Study (REGIER et al. 1990) indicate that 37% of alcohol-abusing 
individuals meet DSM-III-R criteria for at least one other mental disorder. 
This is important because comorbidity may alter the time of onset and clinical 
course of alcoholism, affect the therapeutic intervention selected, and alter 
treatment outcome, and because there may be gender differences 
(ROUNSAVILLE et al. 1987; KRANZLER et al. 1992). The prevalence rates of 
depression vary considerably due to heterogeneous patient populations, the 
diagnostic criteria used, the chronology of disorders, and the temporal relation 
of drinking or withdrawal. The reported frequency ranges from 8% to 53% in 
clinical samples (MERIKANGAS and GELERNTER 1990; KRANZLER and LIEBOWITZ 
1988), but is also common in the general population (GRANT and HARFORD 
1995). Depression is a serious disorder accompanied by extensive distress and 
disability (BROADHEAD et al. 1990; VON KORFF et al. 1992) and an increased risk 
(10%-15%) of suicide completion in alcoholism (SCHUCKIT 1986). In a recently 
completed 12-week controlled clinical trial of dexfenfluramine versus placebo, 
34 % of alcoholics presenting for treatment had a lifetime history of major 
depression as determined using a validated structured diagnostic interview 
(Structured Clinical Interview for DSM-III-R Diagnoses, SCID) (SPITZER et 
al. 1989) and extensive depressive symptomatology irrespective of diagnostic 
category (ROMACH et al. 1995). 

Even though SSRIs do decrease alcohol consumption, they are foremost 
highly effective antidepressants. However, surprisingly, the utility of SSRIs 
and other serotoninergic antidepressants in treating alcohol dependence in 
depressed patients, for either immediate efficacy or relapse prevention has 
been understudied (LITTEN and ALLEN 1995). JAFFE and CIRAULO (1986) re
viewed the usefulness of the tricyclic antidepressants for the treatment of 
depression in alcoholics and concluded that, although a few (imipramine, 
doxepin, amitriptyline) showed some positive effect, the poor methodology 
precluded any firm conclusions. A recent study of desipramine (DMI) (n = 71) 
incorporated multidimensional treatment outcome measures (e.g., DMI 
plasma level monitoring, depressive symptoms, and alcohol consumption) and 
provided support for DMI treatment efficacy of depression secondary to alco
holism. Depressed alcoholics who received DMI showed significant improve
ments in mood and a trend to maintain sobriety for a longer period of time, 
compared to the placebo group (MASON and KOCSIS 1991; MASON et al. 1996). 
A similar trial with imipramine and placebo in 69 alcoholic patients with 
primary depressive disorders showed that in patients whose mood improved, 
their alcohol consumption had also decreased. This reduction was more 
marked in the imipramine group (MCGRATH et al. 1996). MASON et al. (1996) 
showed that antidepressant therapy produced greater treatment satisfaction in 
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alcoholics with major depression. In another trial in alcoholics, those with a 
diagnosis of depression had HAM-D scores which declined significantly with 
treatment with f1uoxetine compared to placebo, but this trial had small num
bers of patients with depression and retention was not specifically examined 
(KRANZLER et al. 1995). In a trial of dexfenfluramine in alcohol dependence, 
the HAM-D in those patients completing week 4 was significantly lower (p < 
0.01) than in those who were early drop outs (5.8 ± 4.3 versus 9.4 ± 6.4) irre
spective of a diagnosis of major depression. Similar data were found with the 
Beck Depression Inventory (BDI) and Symptom Checklist-90 (SCL-90) de
pression subscale, suggesting that depressive symptoms are associated with 
early dropout (ROMACH et aJ. 1995). 

While it has been traditional to consider the role of depression and alcohol 
dependence using diagnostic approaches and to separate depression in alco
holism into primary and secondary (SCHUCKlT 1986), this temporal conve
nience of classification fails to account for the complex and intertwined nature 
of mood disorders with the drinking behavior and largely ignores the observa
tion that "diagnosis" of major depression seems to have little to do with 
symptoms and function (GOTLIEB et aJ. 1995). Negative affective states such as 
anxiety and depression appear to initiate and maintain maladaptive drinking 
patterns (MARLATT and GORDON 1985) and, therefore, modification of these 
dysphoric states pharmacologically and/or psychologically could lead to a 
decrease in or cessation of excessive drinking. Modification of these symptoms 
and drinking triggers could have a beneficial effect in decreasing drinking if 
drinking and depressive symptoms are functionally linked (MCGRATH et aJ. 
1(96). 

IV. Alcohol and Craving 

Urges, craving, and compulsion to use alcohol, tobacco and other drugs are 
believed to contribute importantly to the maintenance of dependence and to 
relapse after abstinence. As a result, treatment approaches as diverse as cog
nitive-behavioral and pharmacotherapy either target the decreasing of such 
urges as their primary goal or look for evidence post hoc that the urge or 
compulsion to use has decreased. A larger literature, reviewed by BLUNDELL 
(1991), supports an important role of 5-HT in the modulation of feeding. 
Detailed analysis of feeding sequences suggest that satiety is earlier with 5-HT 
increases, and that the microstructure of feeding is markedly altered by drugs 
such as dexfenfluramine and 5-HT uptake inhibitors. In a 12-h access, two
bottle ethanol-water choice paradigm, HIGGINS et aJ. (1992) examined the 
impact of sertraline, dexfenfturamine, and mCPP on ethanol-drinking behav
ior. These authors observed that sertraline and dexfenfturamine increased 
latency to first ethanol drink, delayed the time to drink 50% of the ethanol, 
and decreased the number of drinking bouts. These data suggest that initiation 
of drinking (initial drink) or between bout interval are prolonged by a general 
increase in 5-HT levels. Whether this altered behavioral control is a model for 
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a decrease in craving is unknown. The data do, however, suggest that 5-HT 
agents may have a modulatory role in the behavior consequent to "craving". 
Earlier in this chapter, we included clinical and experimental evidence that 
naltrexone and selected serotoninergic agents can decrease "craving" in the 
context of alcohol use. 

v. Alcohol, 5-HT and Impulsivity 

1. Preclinical Studies 

Epidemological studies have found a high correlation between high impulsiv
ity and alcohol abuse (LACEY and EVANS 1986; DULIT et al. 1990). In fact a 
number of clinical studies have identified impulsivity as a defining feature of 
alcohol abuse in certain types of alcoholics (CLONINGER 1987; MILLER and 
BROWN 1991). An animal study also showed a strong correlation between level 
of impulsivity and alcohol consumption, with high level of impulsivity corre
sponding to high level of alcohol consumption (POULOS et al. 1995). 

There is substantial evidence that the serotoninergic system plays an 
important role in regulating behavioral inhibitions that underlie impulse con
trol (DEAKIN 1983; SOUBRIE 1986; FLETCHER 1993). It is likely that the reduction 
in alcohol consumption induced by serotoninergic agents might be mediated 
through their effects on impulsivity. Pharmacological manipulations that en
hance 5-HT activity reduce impulsivity as well as alcohol consumption 
(THIEBOT et al. 1985; SELLERS et al. 1992). This correlation has also been 
recently shown by POULOS et al. (1996) with 8-0H-DPAT. Low doses of 8-
OH-DPATwhich augmented alcohol consumption also increased impulsivity, 
whereas high doses of 8-0H-DPAT which suppressed alcohol consumption 
also decreased impulsivity as measured in a delay-reward paradigm (POULOS 
et al. 1996), in a similar manner to that observed for its effect on alcohol intake 
(TOMKINS et al. 1994a). 

E. Conclusions 
The preclinical behavioral pharmacology of the serotoninergic agents suggest 
that they alter the reinforcing properties of alcohol, or the regulation of the 
behavior controlling self-administration (cf. craving or impulsivity). Clinically, 
mechanisms affecting craving, impulsivity, or mood could be important. In the 
case of opiate antagonists, similar pharmacologic properties exist, except that 
there is no evidence for an important effect of opiate antagonists on mood. 
Since none of the existing agents has major clinical effects, the combination of 
5-HT agents and opiate antagonists could produce major clinical effects by 
variously affecting ethanol reinforcing properties, craving, and dysphoric 
mood. 

Other synergistic interactions can be postulated on the basis of the known 
neuroanatomicallocalization and role of 5-HT receptor and opioid receptor 
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subtypes, because the two drugs decrease alcohol consumption by different 
mechanisms. Side effects should not be more severe than for either drug alone. 
because the mechanisms of producing side effects differ from the mechanism 
of decreasing alcohol consumption. The greatest potential for combination 
therapy would seem to be in those clinical conditions for which serotoninergic 
agents are already used and effective (e.g., major depression and anxiety 
disorders such as panic or agoraphobia). The basis for the interaction, there
fore, would not only be the primary treatment of the alcohol dependence 
disorder, but also the amelioration of the trigger symptoms for drinking, such 
as dysphoric mood. 

Alcohol dependence is a heterogeneous disorder in which a variety of 
factors contribute to excessive alcohol consumption. It is unlikely that anyone 
pharmacologic agent or anyone psychosocial intervention will be effective in 
treating all types of alcohol-dependent patients. Rather than focusing on 
discovering medications with high selectivity and specificity, the identification 
of agents with selective but several mechanisms of action may meet with 
considerable success. 
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CHAPTER 23 

Neuronal Pathophysiology of Migraine as a 
Basis for Acute Treatment with 5-HT Receptor 
Ligands * 
M.A. MOSKOWITZ and C. W AEBER 

A. Introduction 
Migraine, which afflicts 12%-15% of the general population, is acknowledged 
as the first neurological condition which can be treated successfully by admin
istering relatively selective drugs targeted to specific 5-hydroxytryptamine 
receptor subtypes. The receptor subtypes involved in the effects of anti
migraine drugs might include 5-HT1B' 5-HTlD and possibly 5-HT1F' as 
sumatriptan binds to each with high affinity. However, there is still no 
universal agreement as to sumatriptan's specific mechanism of action in mi
graine. Some propose the importance of vascular smooth muscle constriction 
whereas others suggest that sumatriptan binding to neuronal receptors on 
trigeminovascular fibers is important for its headache-relieving action. We 
believe that the significance of each mechanism will become clearer as more 
selective 5-HT ligands are developed and applied to the human condition. 
Major discoveries at the preclinical level have already advanced and await 
testing in humans. 

This chapter reviews the preclinical data supporting an important role 
for neuronal receptors in the actions of sumatriptan and related compounds. 
Most of the evidence has been developed in animal models, which in
clude neurogenic inflammation within the meninges and c-Fos expression 
within trigeminal nucleus caudalis following noxious meningeal stimulation. 
Molecular evidence will also be reviewed which points to the expression 
of selective 5-HT receptor subtypes in human and animal tissues relevant 
to migraine. Results from animal models complemented by human studies 
provide powerful information about migraine which will likely advance 
our understanding of human pathophysiology and treatment into the next 
millennium. 

* Note concerning the nomenclature of 5-HTJB and 5-HTlD receptors: Receptors previ
ously known as 5-HT lDu and 5-HTlDfi have been named 5-HTlD and 5-HTJB throughout 
this chapter (as recommended by HARTIG et a1. 1996). The prefixes h. gp, rand mare 
used to specify the species (human, guinea pig. rat and mouse. respectively). "5-HT[H" 
(with no prefix) denotes a species-specific pharmacology (high affinity for f3-blockers 
and CP-93.129). 



614 M.A. MOSKOWITZ and C. W AEBER 

B. In Vivo Animal Models 
I. Dural Plasma Extravasation 

Neurogenic inflammation has been proposed as a mechanism relevant to 
vascular headache pathogenesis and treatment (MOSKOWITZ 1992). This pro
cess involves vasodilation and plasma protein extravasation and is mediated 
by the release of vasoactive neuropeptides [substance P, neurokinin A, calcito
nin gene-related protein (CGRP)] from trigeminovascular sensory fibers. The 
tachykinins induce both an endothelium-dependent vasodilation and en
hanced permeability via receptors located on the vascular endothelium. 
CGRP induces vasodilation by activating receptors on vascular smooth muscle 
cells. While the factors leading to activation of the sensory trigeminovascular 
fibers during migraine are unknown, it is possible to mimic this activation in 
anesthetized rodents by stimulating the trigeminal ganglion electrically 
(MARKOWITZ et al. 1987). Alternatively, sensory fibers can be activated by an 
intravenous administration of capsaicin (or stereotactic microinjection of cap
saicin into the ganglion), which releases vasoactive neuropeptides (BUZZI and 
MOSKOWITZ 1990). 

Unilateral electrical stimulation of the trigeminal ganglion (5 Hz, 5 ms, 
0.6-1 rnA, 5 min) is usually preceded by a femoral vein injection of 
[ 125I]albumin. Five minutes after stimulation, the animals are perfused with 
saline to remove residual tracer from the vessel lumen and the dural tissues 
from both sides are harvested. The radioactivity on the stimulated side is then 
compared with that on the unstimulated side and expressed as a ratio (1.6-1.7 
in vehicle-treated rats or guinea pigs). Test drugs are usually administered 10-
30min prior to electrical stimulation. 

To determine whether drugs act on receptors located on the trigeminal 
neurons or on post junctional sites, it is possible to elicit extravasation by 
intravenous injection of substance P (1 nmol/kg) and compare the drug re
sponse to that observed after electrical trigeminal stimulation (LEE and 
MOSKOWITZ 1993; LEE et al. 1995). Drugs acting on prejunctional sites are 
expected to inhibit extravasation induced by electrical (or capsaicin) stimula
tion, but not that induced by substance P injection. 

Light and electron microscopy studies have shown that following electrical 
stimulation of the trigeminal ganglion, striking changes occur in the appear
ance of endothelial and mast cells as well as in the platelets surrounding or 
within postcapillary venules (DIMITRIADOU et al. 1991, 1992). Platelet aggre
gates appeared within the lumen of the stimulated side shortly after stimula
tion; some were found adhering to the endothelium. Endothelial cells later 
developed numerous clear cytoplasmic vesicles and vacuoles; the endothelium 
hypertrophied and microvilli formed. Mast cells also showed signs of secretion 
and degranulation. All of these changes depended on the presence of small, 
unmyelinated fibers, as they were not observed in rats neonatally treated with 
capsaicin. 
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Table 1. Potency of a series of 5-HT1 receptor agonists at inhibiting of plasma protein 
extravasation in the rodent dura mater 

Drug Species Threshold dose Reference 

Ergotamine Rat 75 nmol/kg SAITO et al. (1988) 
Dihydroergotamine Rat 75 nmol/kg SAITO et al. (1988) 
Methysergide Rat 100 nmol/kg" SAITO et al. (1988) 
5-CT Rat 3 pmol/kg BUZZI et al. (1991) 
5-benzyloxytryptamine Rat 35 nmol/kg BUZZI et al. (1991) 
8-0H-DPAT Rat 900 nmol/kg BuzZ! et al. (1991) 
Metergoline Rat 2.5 ,umollkg BuzZ! et al. (1991) 
Methiothepin Rat 2.2 ,umollkg BUZZI et al. (1991) 
Sumatriptan Rat 250 nmollk/;i BUZZI et al. (1991) 
Sumatriptan Rat 14 nmollkg BEATTIE and CONNOR (1995) 
CP-93J29 Rat 140 nmol/kg MATSUBARA et al. (1991) 
CP-93,129 Mouse 200 nmol/kg Yu et al. (1996) 
LY334370 Rat 20 pg/kgh PHEBUS et al. (1996) 
LY334370 Guinea pig 30 pg/kgh PHEBUS et al. (1996) 
GTI Guinea pig 150 nmol/kg Yu et al. (in preparation) 
Sumatriptan Guinea pig 1 nmol/kg Yu et al. (1997) 
CP-93,129 Guinea pig inactive at MATSUBARA et al. (1991) 

1400 nmollkg 
CP-I22.288 Guinea pig I pmol/kg LEE and MOSKOWITZ (1993) 
CP-122,288 Rat 0.3 pmollkgh BEATTIE and CONNOR (1995) 
CP-122.288 Rat 6 pmol/kg GUPTA et al. (1995) 
CP-122.638 Guinea pig 0.1 pmollkii, LEE and MOSKOWITZ (1993) 
MK-462 Rat 75 nmol/kg SHEPHEARD et al. (1995a) 

, Chronic treatment (four times a day for.1 days). 
h [D,,, val ue. 

Several factors indicate the relevance of neurogenic inflammation to the 
acute treatment of migraine. Ergotamine and sumatriptan have been shown to 
block C2°I]albumin extravasation in the dura mater as well as endothelial and 
mast cell activation (SAITO et a1. 1988; BuzZ! and MOSKOWITZ 1990). The 
dosages required to block neurogenic inflammation in rodents are comparable 
to those efficacious in relieving migraine headache. These drugs block the 
inflammatory response even when administered 45 min after electrical stimu
lation (HUANG et a1. 1993). Finally, other medications effective in the treat
ment of migraine attacks but inactive at 5-HT, receptors block plasma protein 
extravasation: opiates (SAITO et a1. 1988), valproate (LEE et a1. 1995) and 
ketorolac (LEE and MOSKOWITZ, unpublished). 

1. Studies Using Agonists 

The potency of a series of 5-HT receptor agonists at inhibiting plasma protein 
extravasation after electrical stimulation is summarized in Table 1. With the 
exception of 8-hydroxy-dipropylaminotetralin (8-0H-DPAT), CP-93,129 and 
L Y334370, all the agonists listed in Table 1 have a high affinity for both 5-HTm 
and 5-HTJD receptors in all species. 8-0H-DPAT is a selective 5-HT1A agonist; 
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its weak potency in the model rules out a contribution of this subtype and is 
compatible with the very low potency of this compound at inhibiting adenylate 
cyclase in rat substantia nigra (an effect mediated by r5-HTJB receptors). It 
should be mentioned that at this dose, 8-0H-DPAT only partially blocked 
plasma extravasation in rats (BUZZI et al. 1991). CP-93,129 has been shown to 
recognize specifically r5-HT1B , and not h5-HTJB or h5-HTJD receptors (MACOR 
et al. 1990). Its potency in rats (species where 5-HTJB receptors show a distinct 
pharmacological profile) and lack of effect in guinea pig indicate the involve
ment of r5-HTJB in rats and gp5-HTJB (or gp5-HTJD) receptors in guinea pigs 
(MATSUBARA et al. 1991). 

While these data strongly imply that 5-HTlB/lD receptors inhibit plasma 
extravasation, they do not rule out a role of other receptors. In particular, 
sumatriptan's and CP-122,288's effects could be mediated by 5-HT1F receptors 
(WAEBER and MOSKOWITZ 1995a). Indeed, JOHNSON et al. (1996) have recently 
shown that the potency of drugs at inhibiting dural plasma extravasation 
in guinea pig correlated most significantly with their binding affinity at 5-HT1F 

receptors. Interestingly, L Y334370 is a selective, high-affinity 5-HT1F receptor 
agonist (Kj = 1.6nM), suggesting that these receptors, in addition to 5-HTJBIlD 
sites, might also be involved in the inhibition of neurogenic inflammation. 
Furthermore, 5-CT might act at 5-HTs or 5-HT7 receptors (HOYER et a1. 1994). 
The most striking feature of the profile in Table 1 is the fact that 5-
carboxamidotryptamine (5-CT), CP-122,288 and CP-122,638 (the latter two 
compounds are conformationally restricted sumatriptan analogues) are 100-
1000 times more potent than expected from their affinity at 5-HT1B/JD re-· 
ceptors. This suggests that these agonists might act at an additional site to 
inhibit plasma extravasation (see below). 

The possible functional significance of 5-HT1E' 5-HT3, 5-HT4 and 5-HT6 
receptors in this system has not been explored, mainly because of the lack of 
selective agonist at the time the studies were performed. Similarly, the role of 
subtypes of the class (5-HT2A/2B/2d has not been investigated; the 5-HT2 

receptor agonist a-methyl-5-HT stimulates endothelial cell leakage directly, 
and this effect is blocked by pretreatment with the 5-HT2 antagonist pimozide 
(MOSKOWITZ 1993). The opposing effects of 5-HT1 and 5-HT2 receptors on 
dural plasma extravasation might explain why 5-HT itself is inactive in 
the model. 

The partial inhibition of plasma extravasation in rat dura by me
thiothepine is unlikely to be accounted for by an action at r5-HTJB receptors, 
as this effect is also observed in mice lacking m5-HTJB receptors (see below). 
Also methiothepine is an antagonist at 5-HT1A' 5-HTlB/m, 5-HT1P, 5-HTs, 5-
HT6 and 5-HT7 receptors, as well as at lXz-adrenoceptors (the stimulation of the 
latter sites also inhibits plasma extravasation; MATSUBARA et a1. 1992). 
Methiothepin's effect on extravasation might be explained by inhibition of a 
receptor stimulating vascular leakage. Alternatively, methiothepin might in
hibit extravasation via a receptor similar to the site where it mediates 
hypoalgesia in 5-HT-depleted mice (EIDE et al. 1988). 
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2. Studies Using Antagonists 

The interpretation of pharmacological data based on agonist potencies can be 
misleading, particularly in the presence of receptor reserves or when multiple 
receptors are involved in the observed response (KEN AKIN 1993). Antagonists 
provide more reliable data, which can directly be compared to binding affini
ties obtained in vitro. Unfortunately, a selective 5-HTlD antagonist has been 
developed only recently (SKINGLE et al. 1996) and the antagonists used in the 
original plasma extravasation studies (metergoline and methiothepine) lacked 
specificity (BuzzI et al. 1991). In rats, pretreatment with meter go line only 
partially reversed the response to sumatriptan, while methiothepine did not 
reverse the response at all; the effects of 5-CT were not blocked by either 
antagonist. In guinea pigs, pretreatment with metergoline partially antago
nized the effect of CP-122,288 (LEE and MOSKOWITZ 1993). However, 
methiothepine blocks the inhibitory effect of sumatriptan on nicotine-induced 
basilar artery relaxation in vitro, a response mediated predominantly via sub
stance P release from trigeminal nerve terminals (O'SHAUGHNESSY and 
CONNOR 1994). 

While methiothepin (also called metitepine) is consistently reported as an 
antagonist at both 5-HTlIJ and 5-HTlD receptors, metergoline seems to behave 
as an agonist in most systems containing nonrodent 5-HT1BIID receptors 
(SCHOEFFTER et al. 1988; SCHOEFFTER and HOYER 1989; MILLER et al. 1992), with 
some exceptions, however (MIDDLEMISS et al. 1988; SCHOEFFTER and HOYER 
1990; SCHLICKER et al. 1989). Its behavior at 5-HTJB receptors is also complex, 
as it has been described as an agonist by some authors (SCHOEFFTER and HOYER 
1989; PAUWELS and PALMIER 1994) and an antagonist by others (BOUHELAL et 
a1. 1988), even in very similar experimental conditions (inhibition of adenylate 
cyclase). An additional level of complexity can be expected with methio
thepine, as this compound has been suggested to be an inverse agonist at 
recombinant h5-HTHl and h5-HTm receptors (WATSON et al. 1995; THOMAS 
et al. 1995) as well as at the rat terminal 5-HT autoreceptor (MORET and 
BRILEY 1993). 

GR-127,935 has been shown to be a potent antagonist against hypother
mia induced by 5-HT1B!lD receptor agonists in guinea pig (SKINGLE et al. 1996). 
In in vitro experiments, GR-127,935 has a 100-fold selectivity for 5-HTJD (both 
h5-HT1B and h5-HTJD) receptors over 5-HT1A, 5-HT1E and 5-HT2C receptors, 
and negligible affinity for 5-HT3. 5-HT4, 5-HTs and 5-HT uptake, and (;(1- and 
Q2-adrenoceptor, dopamine DI-4 and muscarinic M I - 3 binding sites (SKINGLE et 
al. 1996). It has a somewhat higher affinity for 5-HT2A receptors. PAUWELS and 
COLPAERT (1995) have also shown that GR-127,935 behaves as a partial agonist 
in cell lines transfected with h5-HTJD receptors, but does not show any intrinsic 
activity in cells transfected with h5-HT1B receptors. 

We have used GR-127,935 in order to characterize further the profile of 
the receptors mediating the effects of sumatriptan, 5-CT and CP-122,288 in the 
plasma extravasation model (Yu et al. 1997). As described in other paradigms, 
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1 mg/kg G R -127 ,935 was a partial agonist in guinea pigs; however, it seemed to 
be a silent antagonist in rats. In rats, a dose of O.lmg/kg GR-I27,935 was 
sufficient to shift sumatriptan's dose/response curve to the right; in guinea pigs, 
a significant shift of sumatriptan's dose/response curve was only observed with 
1 mg/kg GR-127,935. Interestingly, this dose did not reverse the inhibitory 
effects of CP-122,288 and 5-CT. 

These results indicate that sumatriptan is likely to act via 5-HTJB/JD recep
tors to inhibit extravasation (although sumatriptan also displays a high affinity 
for 5-HT1P receptors, GR-127,395 is not expected to block this subtype, for 
which it only shows a low affinity; Yu et al. 1997). The higher potency 
of GR-I27,935 in rats than in guinea pigs, taken together with its partial 
agonist activity in the latter, but not the former species, suggests that 
sumatriptan acts via the species homologue of h5-HTJD receptors in guinea 
pigs, via r5-HT1B receptors in rats. The lack of effect of the antagonist against 
5-CT and CP-122,288 indicates that these agonists act at another receptor 
(see next section). 

3. Studies in Mice Lacking 5-HTlB Receptors 

As mentioned earlier, a selective 5-HTIB/JD antagonist was lacking until re
cently, and even GR-127,935 seems to be of limited use in view of its partial 
agonist activity in guinea pigs. Rene Hen and his group have developed a 
mouse "knockout" lacking m5-HTlB (pharmacologically similar to r5-HT1B) 

receptors (see Chap. 15, this volume). These animals display enhanced aggres
siveness, but do not seem to synthesize more m5-HTm receptors as a compen
satory mechanism. 

In order to use these animals in the extravasation model, we have charac
terized the profile of the 5-HT receptors inhibiting neurogenic inflammation 
in SV-129 wild-type mice (Yu et al. 1996). As expected, this profile is identical 
to that found in rats, with 5-CT and CP-122,288 showing enhanced potency, 
and the 5-HTJB-selective agonist CP-93,129 displaying a higher potency 
than sumatriptan. Both CP-93,129 and sumatriptan were ineffective in mice 
lacking m5-HTJB receptors (as was the 5-HTJBIlD-selective serotonin-5-0-
carboxymethyl-glycyl-tyrosinamide, also called GTI). The lack of effect of 
sumatriptan indicates that, in mice, m5-HTm and m5-HT1P receptors are not 
involved in the response to a significant extent. 

Interestingly, 5-CT and CP-122,288 were fully effective in knockout mice 
in agreement with their effects in guinea pigs in the presence of GR-127,935. 
Perhaps more surprisingly, dihydroergotamine retained its potency as well. 
The drug-binding profile of CP-I22,288 at 5-HT receptor subtypes is very 
similar to that of sumatriptan (WAEBER and MOSKOWITZ 1995a). Exclusion 
criteria thus suggest that CP-I22,288 acts at a presently uncharacterized 5-HT 
receptor (it cannot act at 5-HT1B, 5-HTm and 5-HT1P' and has a much lower 
affinity for the other sUbtypes). The situation with 5-CT is more complex, as it 
possesses a high affinity for 5-HT1A, 5-HTs and 5-HT7 receptors (HOYER et al. 
1994). However, methiothepin is a potent antagonist at these three subtypes, 



Neuronal Pathophysiology of Migraine as a Basis for Acute Treatment 619 

and does not block the effects of 5-CT in rats. Also, 8-0H-DPAT is very 
weak in the rat model. ruling out 5-HT1A receptors. 5-HT5A sites are unlikely 
to be involved as 5-CT keeps its potency in 5-HTsA-knockout mice (unpub
lished observation, in collaboration with Rene Hen, Columbia University, 
New York). 

Data obtained with the antagonist GR-127,935 in guinea pigs agree with 
the observations in 5-HT1H knockout mice. They indicate that a receptor other 
than 5-HTJBIID mediates the inhibition of plasma extravasation in the dura 
mater. This receptor also appears to be located prejunctionally (i.e., on 
trigeminovascular fibers), as CP-122,288 does not inhibit the extravasation 
induced by substance P injection (LEE and MOSKOWITZ 1993). Importantly, 
CP-122,288 is devoid of vasoconstrictor activity in either the dog carotid or 
coronary artery at concentrations which fully inhibit neurogenic inflammation 
in the dura (GUPTA et al. 1995). Molecules with a similar profile might consti
tute the next generation of antimigraine drugs, with an improved safety profile 
over sumatriptan. 

II. Neuropeptide Release 

When trigeminovascular fibers depolarize, impulses are transmitted centrally 
toward the superficial laminae of the trigeminal nucleus caudalis (STRASSMAN 
et al. 1986; DAVIS and DOSTROVSKY 1986). In addition, depolarization and 
antidromic conduction cause the release of sensory neuropeptides from widely 
branching perivascular trigeminal axons. These neuropeptides (substance P, 
neurokinin A, CGRP) mediate neurogenic inflammation. It has been demon
strated that substance P. neurokinin A and CGRP immunoreactivities are 
colocalized in neurons of the trigeminal ganglion of several species, including 
humans (UDDMAN and EDVINSSON 1989). 

After electrical stimulation of the trigeminal ganglion in rats (BUZZI et al. 
1991), CGRP levels increased in the draining venous effluents (sagittal sinus). 
The effect was maximal after 1 min. Pretreatment with dihydroergotamine 
(75 nmol/kg, i.e., a dose similar to that inhibiting plasma extravasation) did 
not change baseline CGRP concentrations but decreased the levels of CGRP 
during stimulation by 55% at 1 min and by 50% at 3 min. Sumatriptan 
(700nmollkg) attenuated the increase by 57% at 3min. Increased CGRP 
and VIP levels were also observed in a slightly different paradigm (electrical 
stimulation of the superior sagittal sinus in cats; ZAGAMI et al. 1990). GOADSBY 
and EDVINSSON (1994) recently reported that stimulation of the trigeminal 
ganglion in the cat led to increases in both CGRP and vasoactive intestinal 
polypeptide (VIP) levels in the external jugular vein. These were both 
attenuated markedly by administration of the antimigraine drug 311C90 in a 
dose of 100mg/kg (about 200nmollkg). KNYIHAR-CSILLIK et al. (1995) con
firmed the trigeminal origin of increased blood CGRP content after trigeminal 
stimulation by showing increased CGRP immunoreactivity in fibers inner
vating the dura mater after brief electrical stimulation; longer-lasting 
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stimulation produced irregular terminals with corroded outlines, indicative 
of release. 

In humans, neurogenic inflammation develops in the facial skin during 
thermocoagulation of the trigeminal ganglion (SWEET and WEPSIC 1974) and is 
associated with increased CGRP and substance P levels in the jugular vein 
(GOADSBY et al. 1988). Interestingly, high venous levels of CGRP have been 
found in patients with migraine (GOADSBY et al. 1990), and this increase was 
reversed after sumatriptan administration (GoADSBY and EDVINSSON 1991). 
CGRP levels are also elevated in patients with subarachnoid hemorrhage 
(JUUL et al. 1990), as is tachykinin gene expression within trigeminal ganglia 
(LINNIK et al. 1989), suggesting that this condition is also associated with 
activation of the trigeminovascular system. In fact, blood placed in the sub
arachnoid space in rats induces c-Fos expression (a marker of cell activation, 
see Sect. B.I1I) in the trigeminal nucleus caudalis, which can be blocked by 
pretreating the animals with sumatriptan and dihydroergotamine (NOZAKI et 
al. 1992a). These data indicate that 5-HTJ agonists may be useful for the 
alleviation of pain in headache associated with meningeal activation (e.g., 
bacterial and viral meningitis) and that a response to treatment is not reliable 
diagnostically. 

Although CGRP is a potent vasodilator (MCCULLOCH et al. 1986), sub
stance P, but not CGRP, causes plasma extravasation in dura mater or ex
tracranial tissues innervated by the trigeminal ganglion (MARKOWITZ et al. 
1987). Increased blood flow in the medial meningeal artery after electrical 
stimulation of the rat dura mater is blocked by the CGRP receptor antagonist 
CGRPS-37, but not by the NK1 receptor antagonist RP-67,580 (MESS LINGER et 
al. 1995). Conversely, NK1 receptor antagonists inhibit neurogenic plasma 
extravasation completely, suggesting the importance of substance P in this 
process (LEE et al. 1994). Although substance P levels in venous meningeal 
effluents have not been measured directly during migraine attacks, increased 
concentrations of this peptide have been found in the external jugular vein of 
both humans and cats after trigeminal ganglion stimulation (GOADSBY et al. 
1988). An in vitro study also reported that substance P is released from 
afferent nerve endings in bovine pia arachnoid following excitation by chemi
calor depolarizing stimuli (MOSKOWITZ et al. 1983). It is not known whether 
substance P release would be blocked using 5-HTJ agonists, but this seems 
likely, in view of the reported costorage of substance P with CGRP in the 
trigeminal ganglion (LEE et al. 1985) and the simultaneous release of CGRP 
with several tachykinins in rat spinal cord slices after capsaicin stimulation 
(SARIA et al. 1986). 

III. c-Fos Expression in the Trigeminal Nucleus Caudalis 

The nuclear phosphoprotein c-Fos is the product of an immediate early gene 
(i.e., it is expressed rapidly and transiently in stimulated cells without the 
requirement for de novo protein synthesis) which may playa role in long-term 
alterations of cellular function (SHENG and GREENBERG 1990). Trauma, 
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ischemia, seizures and more subtle forms of neuronal stimulation induce c-Fos 
expression in neuronal tissues (DRAGUNOW and FAULL 1989; ONODERA et al. 
1989). Detection of the c-Fos protein by immunohistochemistry can thus be 
used to identify areas of neuronal activity and map functionally related neu
ronal pathways. The induction of c-Fos protein-like immunoreactivity occurs 
in the dorsal horn of the spinal cord and the trigeminal nucleus caudalis within 
1-2h following peripheral noxious and non-noxious stimulation (HUNT et al. 
1987; ANTON et al. 1991). 

NOZAKI et al. (1992a,b) noted the appearance of c-Fos immunoreactive 
cells within the trigeminal nucleus caudalis (laminae I and lIo) in response to 
autologous blood injected in the subarachnoid space of the rat. The number 
of positive cells corresponded to the amount of administered blood. Morphine 
decreased the number of labeled cells by 63%, while sumatriptan (720nmol/ 
kg, twice), dihydroergotamine (86 nmol/kg, twice) and the selective r5-HT1B 

agonist CP-93,129 (460 nmol/kg, twice) decreased this number by 31 %, 33 % 
and 39%, respectively. No decrease was observed in the nucleus of the solitary 
tract and area postrema. Drug-induced blockade of c-Fos expression was 
likely to be mediated by an action on primary afferent fibers, since CP-93,129 
did not reduce the number of expressing cells in rats treated as neonates 
with capsaicin. 

Capsaicin has been extensively employed as an activating stimulus for c
Fos expression (PELTo-HuIKKO et al. 1991). STRASSMAN and VOS (1993) 
showed that injection of capsaicin into the supraorbital region of rats evoked 
c-Fos expression in laminae I and II of the trigeminal nucleus caudalis. Capsai
cin evoked a more robust c-Fos response than subarachnoid blood injection 
(CUTRER et al. 1995a,b), but the laminar distribution of labeled cells was similar 
with both stimulants. Pretreatment with the conformationally restricted 
sumatriptan analogue CP-122,288 (lOOpmol/kg, i.v.) decreased the number of 
positive cells by 50%-60% in laminae I and II (CUTRER et al. 1995a). This dose 
is 1000 times lower than the effective dose of dihydroergotamine and almost 
10000 times lower than that of sumatriptan (NOZAKI et al. 1992a). Although 
the models are slightly different (capsaicin in guinea pigs versus autologous 
blood in rats), the enhanced potency of CP-122,288 at inhibiting c-Fos expres
sion seems to mirror its high potency in the plasma extravasation paradigm 
(LEE and MOSKOWITZ 1993). 

Apparently discrepant results were recently published using sumatriptan 
to inhibit c-fos mRN A expression in the trigeminal nucleus of rats (SHEPHEARD 
et al. 1995b): sumatriptan (1 mg/kg. i.e .. about 2.5 mmol/kg) pretreatment only 
resulted in a nonsignificant 26% ± 8% reduction of c-Fos mRNA expression. 
Interestingly, this dose of sumatriptan reduced the level of c-Fos hybridization 
signal by 65% when the blood-brain barrier was disrupted by prior hyper
osmolar mannitol injection. These results suggest that the antimigraine action 
of sumatriptan is predominantly peripherally mediated (inhibition of dural 
neurogenic inflammation or vasoconstriction). The variance between these 
findings and the efficacy of sumatriptan at inhibiting subarachnoid blood
induced c-Fos expression might be caused by experimental factors (electrical 
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stimulation might induce a stronger, i.e., less prone to inhibition, c-Fos expres
sion than subarachnoid blood; also, c-fos mRNA was measured 30min after 
stimulation, whereas immunohistochemistry was performed 2h after blood 
administration). Furthermore, electrical trigeminal stimulation may cause 
widespread c-Fos expression by discharging many more afferents than those 
innervating the meninges. Alternatively, the subarachnoid hemorrhage might 
have altered the blood-brain barrier to some extent, allowing sumatriptan to 
access central sites. In line with these data, HOSKIN et al. (1995) recently 
reported that dihydroergotamine produced a stronger inhibition than 
sumatriptan of c-Fos expression after superior sagittal sinus stimulation, corre
lating this finding with the higher brain penetration of dihydroergotamine 
(GOADSBY and GUNDLACH 1991). The brain penetration properties of CP-
122,288 have not been reported; however, the incorporation of the C3-
aminoethyl side chain of sumatriptan into a C3-(R)-pyrrolidine-2-yl-methyl 
group in CP-122,288 might be expected to increase the lipophilicity of the 
molecule and hence its brain barrier permeation. 

Activation of sensory trigeminovascular fibers causes the release of neu
ropeptides (including substance P, neurokinin A and CGRP) both locally, as 
part of the meningeal neurogenic inflammatory response, and centrally, in 
the dorsal horn of the lower medulla. Substance P has been shown to 
coexist with glutamate in some nociceptive neurons (BATTAGLIA and RUSTIONI 
1988), and both molecules act synergistically on dorsal horn neurons in 
response to noxious as well as innocuous stimuli (DOUGHERTY and WILLIS 
1991). The NK1 receptor antagonist RPR-100,893 has been shown to 
reduce the number of c-Fos-positive cells in the trigeminal nucleus caudalis 
after intracisternal capsaicin injection by up to 50% (CUTRER et al. 1995b). 
Similar results were found with another NK1 antagonist, CP-99,994 
(SHEPHEARD et al. 1995b). Hence, it might be hypothesized that 5-HT 1 agonists 
inhibit c-Fos expression by blocking substance P release from primary afferent 
neurons. 

In a search for a more physiological inducer of c-Fos expression, we have 
found that recurrent neocortical spreading depression (an excitatory wave of 
depolarization followed by inhibition, moving over neocortical gray matter at 
a rate of 2-6 mm/min), increases c-Fos labeling within the ipsilateral superficial 
lamina of the rat trigeminal nucleus caudalis (MOSKOWITZ et al. 1993); this 
expression is dependent upon trigeminovascular activation and is inhibited by 
sumatriptan (700nmollkg). Spreading depression itself, however, is not 
blocked by sumatriptan. The fact that spreading depression induces trigeminal 
nucleus activation suggests that endogenous neurophysiological events in the 
neocortex are capable of stimulating trigeminovascular fibers innervating the 
surrounding meninges and penetrating blood vessels. 

This finding also suggests that sumatriptan does not block migraine etiol
ogy per se, but inhibits selectively the response of a common pathway. The site 
of sumatriptan's effect in spreading depression is most likely to be the primary 
afferent fiber, since spreading depression is not known to alter the properties 
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of the blood-brain barrier within brain stem. It is not known whether spread
ing depression occurs in humans, although some investigators have postulated 
that it underlies the focal neurological events during the aura or initial stages 
of migraine headache. 

c. Data from In Vitro Experiments 
I. Autoradiographic Data 

The functional data mentioned in the previous sections point to a role for 5-
HTIBIlD receptors in the inhibition of neurogenic inflammation by sumatriptan 
and ergot alkaloids. However, the significance of other receptors, mainly 5-
HTIF and 5-HT7' but also 5-HT1A and 5-HT5' cannot be completely ruled out. 
Moreover, there is evidence that 5-CT and CP-122,288 might inhibit plasma 
extravasation and c-Fos expression via a novel receptor subtype (see plasma 
extravasation studies with GR-127,935 and 5-HT1B knockout mice). Most 
of the functional models listed above are elaborate and do not lend themselves 
to easy pharmacological characterization (one animal is needed for each data 
point in the extravasation and c-Fos models). Radioligand binding studies 
can test a substantial number of drugs in a much shorter period of time, but 
are mostly performed on homogenates from transfected cells or easily acces
sible brain tissues (such as cortex or striatum), but irrelevant to migraine. 
The advantage of in vitro autoradiography is that binding studies can be 
performed on tissues that are actually involved in inhibition of neurogenic 
inflammation. 

Cerebral blood vessels, the dura mater, trigeminal ganglion and trigeminal 
nuclear complex in the lower medulla are all likely to contain target receptors 
for antimigraine drugs. Although binding sites for some receptors (histamine 
Hlo (X- and j3-adrenergic and muscarinic) have been detected on cerebral 
vessels and meninges (OTTOSON et al. 1990; NAKAI et al. 1986; LASBENNES et al. 
1992; DAUPHIN and HAMEL 1992), studies of 5-HT receptors are scarce and 
contradictory (PEROUTKA and KUHAR 1984: MIYAMOTO et al. 1994: DE KEYSER 
et al. 1993). [:1H]Sumatriptan-binding sites have been found in the guinea pig 
trigeminal ganglion, but only at high radioligand concentration (W AEBER and 
MOSKOWITZ 1995a). Previous studies failed to detect C25 I]GTI 5-HT1BIID-
binding sites in rat and human trigeminal ganglia (BRVTNVELS et al. 1992, 1993); 
hence these [3H]sumatriptan-binding sites might correspond to 5-HT1F recep
tors. We have also detected low densities of CH]5-CT-binding sites in guinea 
pig trigeminal ganglion; the fact that labeling was displaced by 100nM 8-0H
DPAT indicates that the ligand was probably binding to 5-HT1A receptors. 
This is confirmed by the previous finding of intermediate densities of [3H]8-
OH-DPAT of binding sites in the rabbit trigeminal ganglion (Waeber and 
Palacios, unpublished). 

In contrast with the tissues mentioned above, where autoradiographic 
techniques detected few, if any, 5-HT-binding sites. the superficial laminae of 
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Fig. lA-F. Distribution of binding sites labeled using ligands selective for different 
receptor subtypes in the guinea pig trigeminal nucleus. A [ 3H]Sumatrigtan binding in 
the absence of displacer (labels both 5-HTJD and 5-HT1F sites). B [H]Sumatriptan 
binding in the presence of lOOnM 5-CT (labels 5-HTJF sites). C [3H]5-CT binding in the 
absence of displacer (labels 5-HT1A, 5-HTJD and 5-HT7 sites). D eH]5-CT binding in the 
presence of lOOnM dihydroergotamine (labels 5-HT7 Sites),. E [3H]8-0H-DPAT bind
ing in the absence of dis placer (labels 5-HT1A sites). F [ H]L-694247 binding in the 
absence of displacer (labels 5-HTJD sites) 

the trigeminal nucleus caudalis display intermediate to dense labeling with 
most of the 5-HT receptor ligands used (see Fig. 1). The selective 5-HTlBllD 

ligand e2SI]GTI labels sites in the guinea pig medulla, while the selective 5-
HT1BIlD ligand eH]L-694,247 labels sites in the guinea pig and human medulla. 
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Fig. 2. Density of ['C'I]serotonin-5-0-carboxymethyl-glycyl-iodo-tyrosinamide 
(['CSI]GTl)-binding sites in the superficial laminae (I and II) ofthe guinea pig trigeminal 
nucleus after unilateral trigeminal rhizotomy (see text for details) 

[,H]Sumatriptan labeling in the guinea pig trigeminal nucleus does not seem to 
be displaced by lOOnM 5-CT (WAEBER and MOSKOWITZ 1995a). suggesting that 
the labeling corresponds mostly to 5-HTIf receptors under those conditions. 
Finally, ['H]5-CT seems to label 5-HT1A • 5-HTID and 5-HT7 sites in this area 
(W AEBER and MOSKOWITZ 1995b). It should also be mentioned that the spinal 
trigeminal nucleus and the substantia gelatinosa of the spinal cord contain the 
highest densities of 5-HT, receptors found in the brain of several species 
(W AEBER et al. 1990). 

Although 5-CT seems to block plasma extravasation via a novel receptor, 
autoradiographic studies with CH]5-CT did not find evidence for labeling of 
receptors other than 5-HT1A, 5-HT lIlID and 5-HT7 in the brain parenchyma 
(W AEBER and MOSKOWITZ 1995b; To et al. 1995). Despite their high affinity for 
5-CT (HOYER et al. 1994), 5-HT, sites do not seem to be labeled under the 
conditions of these studies. 5-HT'A receptors did, however. present some 
atypical properties, in particular in hippocampus, where they showed a very 
low affinity for antagonists such as methiothepine and spiperone (W AEBER and 
MOSKOWITZ 1995b), but there is no indication that these sites may be related to 
the receptor inhibiting extravasation. 

In vitro receptor autoradiography cannot distinguish whether the ob
served binding sites are located on primary afferent terminals of the trigeminal 
ganglion. on the cell bodies of second-order neurons (or interneurons) in the 
trigeminal nucleus or on the terminals of other neurons projecting to this area. 
Two approaches have been used to gain insight into the cellular location of 
receptors. The first technique involves selective lesioning of tracts or path
ways, or the destruction of specific cell popUlations. The second method relies 
on the use of in situ hybridization histochemistry to examine the location of 
the cell bodies synthesizing a given receptor. 
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We have performed unilateral trigeminal rhizotomy on guinea pigs and 
found a 25%-30% loss of C25I]GTI-binding sites on the side ipsilateral to 
the lesion 8 days after surgery (Fig. 2). The loss was significant between 0 
and 2mm posterior to obex, which is in agreement with the known distribution 
of trigeminal sensory afferents. While the lost receptors might correspond 
to those mediating sumatriptan's prejunctional inhibition of neuropeptide 
release, the location and functional significance of the remaining sites is not 
certain. They might correspond to the sites mediating inhibition of central 
trigeminal neurons by sumatriptan only after blood-brain barrier disruption 
(KAUBE et al. 1993; SHEPHEARD et al. 1995b). Although their role in migraine 
and neurogenic inflammation is unknown, it is worth mentioning that 
about 20%-30% of 5-HT1A and 50% of 5-HT3 receptors in the substantia 
gelatinosa of the spinal cord are located on capsaicin-sensitive fibers (DAVAL et 
al. 1987; HAMON et al. 1989) and are likely to correspond to the 5-HT1A and 5-
HT 3 sites labeled in the dorsal root ganglia (W AEBER and PALACIOS, unpub
lished). The presynaptic location of 5-HT1A receptors in the lumbar spinal cord 
was, however, not confirmed in a more recent study (CROUL et al. 1995). Since 
the spinal trigeminal nucleus is generally considered as the rostral extension 
of the spinal substantia gelatinosa, it is likely that some presynaptic 5-HT1A 

and 5-HT3 receptors also exist in the trigeminal system. Indeed, the 5-HT3 
receptor antagonist ICS-205,939 (5-HT is excitatory at 5-HT3 receptors) 
has been shown to reduce c-Fos expression in the trigeminal nucleus after 
noxious chemical stimulation of the rat nasal mucosa (EBERS BERGER et al. 
1995). 

As the sequence of the mRNA encoding most of currently known recep
tor subtypes has become available, it has been possible to use in situ hybridiza
tion histochemistry to localize the cells expressing specific receptors. Thus, 
BRUINVELS et al. (1992, 1993) have shown that trigeminal ganglion neurons 
contain mRNA for 5-HTlB and 5-HTJD receptors, confirming the prejunctional 
location of at least some 5-HTlB sites. ADHAM et al. (1996) also demonstrated 
the presence of 5-HT1F receptor mRNA in the guinea pig trigeminal ganglion, 
suggesting that 5-HT1F receptors might also playa role in the prejunctional 
inhibition of neuropeptide release. Unfortunately, most of the other published 
in situ hybridization studies have concentrated on the forebrain and no other 
data are available yet on the trigeminal ganglion. 

II. Detection of the mRNA for Different 5-HT Receptor Subtypes 

REBECK et al. (1994) used reverse transcriptase polymerase chain reaction 
(RT-PCR) to obtain molecular evidence for the expression of an mRNA 
species encoding the h5-HTlD receptor subtype in human trigeminal ganglia; 
no h5-HTlB mRNA was detected. In guinea pigs, a single amplification product 
was detected, which showed an 85% sequence homology to h5-HTlD and 71 % 
to h5-HTlB • Recently, these results were partially confirmed (BOUCHELET et al. 
1996) by the demonstration of similar amounts of both h5-HTlD and h5-HT1B 
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mRNA in human trigeminal ganglia. 5-HTIl receptor mRNA was also found 
in human trigeminal ganglia, indicating a presynaptic location of these recep
tors. The facts that 5-HTID and 5-HT1F receptors possess similar affinities for 
sumatriptan and act via similar second messenger systems suggest that both 
receptors might mediate the antimigraine effects of sumatriptan. 

Interestingly, BOUCHELET et al. (1996) found both h5-HT lB and S-HTIF 
receptor mRNAs on cerebrovascular tissues, but only trace amounts of hS
HTlD receptor mRNA. h5-HTlB mRNA was also found in one coronary artery. 
In view of the reported cardiovascular side effects of sumatriptan (MACINTYRE 
et al. 1993), these data suggest that selective h5-HTm agonists (with no effect 
at h5-HT 1B receptors) might alleviate headache with greatly reduced side 
effects, provided efficacy in the neurogenic inflammation model is predictive 
for antimigraine efficacy (see below for alternative models and theories). 

It was mentioned earlier that 5-CT-induced inhibition of plasma ex
travasation might be mediated by 5-HT7 receptors. Recently, the mRNA 
encoding these receptors was found on the smooth muscle cells of a variety of 
blood vessels (ULLMER et al. 1995); functional studies showed that 5-HT7 
receptors mediate endothelium-independent relaxation of the jugular vein and 
possibly other vessels (LEUNG et al. 1996 and references therein). Since cere
bral arteries reportedly dilate during migraine attacks (FRIBERG et al. 1991), 
the vasorelaxant properties of 5-HT7 receptors might weaken their suitability 
as a useful anti migraine target. 

FOZARD and KALKMAN (1994) recently contended that 5-HT2B (or possibly 
5-HT2c) receptor activation might be a key factor in the initiation of migraine. 
Their hypothesis was based on the fact that meta-chlorophenyl-piperazine 
(mCPP. an agonist at these receptors) triggers migraine attacks in control 
patients and migraineurs. and that the human daily doses of a series of 
antimigraine prophylactic drugs (methysergide, pizotifen, Org GC 94. cy 
proheptadine, mianserin. amitriptyline, chlorpromazine and propanolol) are 
in close correlation with their antagonist potencies at 5-HTzB receptors, while 
ketanserin and pindolol are inactive as antimigraine agents and weak S-HT2B 
antagonists. 5-HT2B receptor mRNA is present on all blood vessels investi
gated (ULLMER et al. 1995) and 5-HTzIl receptor activation induces endothe
lium-dependent vasodilation. presumably as a consequence of nitric oxide 
release. This release might activate and sensitize trigeminovascular neurons 
and initiate the neurogenic inflammation process associated with migraine. 
The linkage between nitric oxide and migraine is likely to be important al
though poorly understood at the present time (OLESEN et al. 1994). 

III. Antimigraine Drugs and Vasoconstriction 

Both vascular (HUMPHREY and FENIUK 1991) and neuronal effects (see above) 
have been invoked to explain the antimigraine action of sumatriptan and ergot 
alkaloids. Stretching of the arterial wall produced by extracranial vasodilation 
was traditionally thought to be the source of pain in migraine (GRAHAM and 
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WOLFF 1938). During migraine attack, the middle cerebral artery was found to 
be dilated on the headache side in one study and the dilation was reversed by 
sumatriptan injection (FRIBERG et al. 1991). It has also been shown that 
sumatriptan increases blood velocity in the middle cerebral and internal ca
rotid arteries, suggesting that constriction of the large basal intracranial arter
ies might mediate the antimigraine effect of sumatriptan (CAEKEBEKE et al. 
1992). Possible effects on arteriovenous anastomoses have also been hypoth
esized (PERREN et al. 1989; DEN BOER et al. 1991). 

The study of contraction and relaxation of arterial ring segments from 
cerebral vessels is commonly used to determine the direct effect of drugs 
on the cerebral vasculature. Since marked species differences are known to 
exist with regard to transmitters and receptors on cerebral blood vessels 
(HAMEL et al. 1985), studies should ideally be conducted using human tissues. 
It has also been recognized that vessels from different vascular beds 
react differently (V ANHOUTTE 1978). Despite these limitations, it is interesting 
to note that sumatriptan was developed by screening compounds for a vaso
constrictor activity in the dog saphenous vein (HUMPHREY et al. 1988). A 
number of blood vessels have been found to contract in response to 
sumatriptan (human, dog and rabbit saphenous vein, human dural vessels, 
the basilar artery of most species, as well as the renal, umbilical, iliac and 
coronary artery; see SAXENA and TFELT-HANSEN 1993 for individual refer
ences). It is, however, unclear whether these effects are all mediated by 5-HTJD 
receptors or whether mere vasoconstriction is therapeutically important in 
migraine. 

Using pharmacological correlation and Northern blot analysis, HAMEL et 
al. (1993a,b) demonstrated that the h5-HT1B receptor subtype mediates vaso
constriction in human cerebral blood vessels. These results were recently 
confirmed using RT-PCR analysis (BOUCHELET et al. 1996). Whether an
timigraine efficacy can be dissociated from vasoactive properties still needs a 
definitive clinical demonstration; this might be provided by the effectiveness of 
drugs such as CP-122,288 or h5-HTJD-selective agonists in clinical trials. The 
former drugs have been shown to inhibit neurogenic inflammation at 
doses far below those required to detect vasoconstrictor activity (GUPTA et al. 
1995; BEATTIE and CONNOR 1995). Considering the presence of the mRNA 
for nearly all 5-HT receptor subtypes on most blood vessels (ULLMER et al. 
1995), the lack of 5-HT lDa mRNA on cerebral vessels points to this subtype as 
a rare opportunity to target antimigraine agents devoid of cardiovascular 
side effects. 

D. Conclusion 
Although the safety profile of sumatriptan has been considerably improved 
over that of ergot alkaloids, it still displays some cardiovascular side effects 
that might reflect its action at several5-HT receptor subtypes. If the described 
models in rodents are indeed relevant and predictive for anti migraine 
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efficacy, it is likely that decreasing the affinity of antimigraine drugs at hS-HTul 
receptors, while conserving their affinity at hS-HTJD receptors, might result in 
active agents with greatly reduced side effects. The target of CP-122,288 and S
eT-mediating inhibition of neurogenic inflammation might also be promising 
for this purpose, provided an homologous site exists in humans. 
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CHAPTER 24 

Modulation of N ociception by Descending 
Serotoninergic Projections 

J. SAWYNOK 

A. Introduction 
5-Hydroxytryptamine (5-HT) plays a multifaceted role in the regulation of 
nociceptive transmission. Complexity arises from actions at multiple sites 
within the pain transmission system (periphery, spinal cord, supraspinal sites), 
actions at multiple 5-HT receptor subtypes with the potential for opposing or 
interactive influences, and interactions with a number of endogenous media
tors at all levels. At sensory nerve terminals in the periphery, 5-HT plays a role 
in the inflammatory response and mediates pronociceptive effects by activa
tion of 5-HT1A' 5-HT2 and 5-HT, receptors (RICHARDSON et a1. 1985; MELLER et 
a1. 1991; T AIWO and LEVINE] 992). Within the spinal cord. 5-HT can modulate 
sensory neurotransmission in a complex manner. as there is evidence for both 
pain facilitatory (5-HTIA and 5-HT2 receptors) and pain inhibitory actions (5-
HT lB • 5-HT2 and 5-HT, receptors) (Sect. E). The spinal 5-HT system consti
tutes the area of termination of a descending system that originates in the 
brainstem and projects to the dorsal horn of the spinal cord. and is a significant 
substrate for antinociception by systemicany administered morphine as well as 
for analgesia mediated by stimulation of midbrain and brainstem sites (re
viewed by BASBAUM and FIELDS 1984; BESSON and CHAOUCH 1987). At 
supraspinal sites, forehrain projections of 5-HT also can contribute to analge
sia by morphine, as wen as providing a supraspinal circuitry that modifies pain 
transmission in ascending pain projection pathways (reviewed by LEBARS 
1988; WANG and NAKAI 1994). In the present chapter. the focus is on the spinal 
regulation of nociception by the various 5-HT receptors which subserve the 
descending serotoninergic projection from the brainstem. and on the interac
tions of 5-HT receptors with endogenous systems within the spinal cord. 

B. Raphe-Spinal Serotoninergic Projections 
5-HT immunoreactive neurons within the dorsal horn of the spinal cord origi
nate primarily within the rostroventral medulla, which includes the nucleus 
raphe magnus and adjacent reticular formation. with additional inputs from 
the caudal pons (BOWKER et a1. 1982; SKAGERBERG and BJORKLUND 1985; KWIAT 
and BASBAUM 1992). Descending 5-HT fibres project to the dorsal horn prima
rily via the ipsilateral dorsolateral funiculus. while those in more ventral areas 
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arise from ventral and ventrolateral funiculi (BASBAUM and FIELDS 1979; 
SKAGERBERG and BJORKLUND 1985; BULLITT and LIGHT 1989). Pontine and 
medullary regions innervate all levels of the spinal cord while midbrain regions 
project mainly to cervical and rostral thoracic levels (BOWKER et al. 1982). 

The highest concentrations of 5-HT immunoreactive profiles are in lami
nae I and II (II outer; II inner contains few profiles), with laminae III, IV and 
V containing intermediate levels (RUDA et al. 1986; MARLIER et al. 1991a). 
Cellular and dendritic targets have been identified for 5-HT nerve terminals in 
the superficial dorsal horn, indicating the establishment of synaptic contacts 
(RUDA et al. 1982; LIGHT et al. 1983; GLAZER and BASBAUM 1984). However, 
other studies have emphasized that most serotoninergic axons in this area do 
not establish classical synapses and may provide a diffuse innervation 
(MAXWELL et al. 1983; MARLIER et al. 1991a; RIDET et al. 1993). This profile is 
similar to that seen in telencephalic regions (DESCARRIES et al. 1990). A diffuse 
innervation may mediate diverse effects of 5-HT by actions at various cellular 
locations within the dorsal horn, and allow for considerable neuroplasticity 
following sensory denervation (MARLIER et al. 1990). 

While 5-HT neurons originate primarily from the rostroventral medulla, it 
is important to appreciate that non-5-HT neurons outnumber 5-HT neurons in 
this region (KWIAT and BASBAUM 1992; JONES and LIGHT 1992). Pep tides such 
as substance P, somatostatin, enkephalin and thyrotropin-releasing hormone 
have been shown to be colocalized with 5-HT in the same neurons in the 
rostroventral medulla and spinal cord (JOHANSSON et al. 1981; BOWKER and 
ABBOTT 1990), and may modify spinal actions of 5-HT in both the dorsal and 
ventral spinal cord. 

C. 5-HT Receptors in the Spinal Cord 
Multiple 5-HT receptors have been characterized using traditional pharmaco
logical classification techniques such as binding techniques and functional 
responses to selective agonists and antagonists (5-HT1' 5-HT2' 5-HT3' 5-HT4)' 
More recently, molecular biology techniques have revealed the existence of 
several further 5-HT receptors for which there was little prior pharmacological 
characterization (5-HTlE' 5-HTm 5-HTs, 5-HT6' 5-HT7)' Within the spinal 
cord, 5-HT1' 5-HT2 and 5-HT3 receptors have been identified using binding 
and autoradiographic techniques. Both the laminar and rostrocaudal distribu
tions of receptors have been defined, and specific lesion methods have pro
vided some information on the localization of these receptor populations. 

Quantitative analysis of high-affinity [3H]5-HT binding (5-HT1 receptors) 
reveals the highest levels of binding in laminae I and II of the dorsal horn 
along the rostrocaudal axis (MARLIER et al. 1991b). 5-HT1A sites account for 
20%-50% of total 5-HT1 sites (HUANG and PEROUTKA 1987; ZEMLAN et al. 
1990; MARLIER et al. 1991b). 5-HT1A receptors are more numerous at sacral and 
lumbar levels than at thoracic and cervical levels (MARLIER et al. 1991b; THOR 
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et al. 1993). 5-HTJIl sites are less numerous than 5-HTJA sites, exhibit fewer 
differences between the different laminae, and show no rostrocaudal gradient 
along the spinal cord (HUANG and PEROUTKA 1987; DAVAL et al. 1987; ZEMLAN 
et al. 1990; MARLIER et al. 1991b). An additional 5-HT) receptor which is 
selectively localized in the spinal cord and may account for a significant pro
portion of total 5-HT 1 receptors has been identified and designated as a 5-HT)s 
receptor (ZEMLAN et al. 1990; ZEMLAN and SCHWAB 1991). This also is concen
trated in the superficial laminae of the dorsal horn, showing additional high 
levels in laminae IX and X (MURPHY and ZEMLAN 1992). In contrast to 5-HT1 
receptors, 5-HT2A receptors occur in much lower levels throughout the spinal 
cord, and are more diffusely distributed throughout the various layers, with 
some of the highest levels occurring in the ventral motor area (MARLIER et al. 
1991b; THOR et al. 1993). 5-HT2C receptors (formerly 5-HTJC receptors) also 
are present in the spinal cord (MOLINEAUX et al. 1989), but levels are quite low 
(HUANG and PEROUTKA 1987; ZEMLAN et al. 1990; CESSELIN et al. 1994). 5-HT3-
binding sites in the dorsal spinal cord (GLAUM and ANDERSON 1988) are 
selectively concentrated in the superficial dorsal spinal cord (HAMON et al. 
1989). 

The specific location of 5-HT receptors has been further investigated using 
lesion studies. Dorsal rhizotomy and/or capsaicin treatment of neonates re
duce levels of 5-HTJ, 5-HT1A , 5-HTJIl (by 20%-30%, DAVAL et al. 1987; 
CESSELIN et al. 1994) and 5-HT3 receptors (by 50%-80%, HAMON et al. 1989; 
KmD et al. 1993) in the dorsal spinal cord, indicating the presence of a signifi
cant population of receptors on sensory afferent nerve terminals. Lesions to 
descending 5-HT pathways by intrathecal (i.t.) 5.7-dihydroxytryptamine (5,7-
DHT) produces no change or an increase in receptor density for 5-HTJJ\ and 5-
HTJH receptors (BROWN et al. 1989; CESSELIN et al. 1994), indicating a 
predominant postsynaptic localization of these receptors in relation to 5-HT 
pathways. It needs to be recognized that postsynaptic upregulation probably 
masks detection of the loss of a presynaptic population of 5-HT1B receptors 
which function as autoreceptors to inhibit 5-HT release (BROWN et al. 
1988; MURPHY and ZEMLAN 1988; MATSUMOTO et al. 1992). Lesions to descend
ing noradrenergic pathways by DSP4 (N-2-chloroethyl-N-ethyl-2-
bromobenzylamine) also produce an increase in 5-HT1A and 5-HTlB receptor 
binding (CESSELIN et al. 1994), providing binding evidence for a functional 
interaction between spinal 5-HT and NA systems (Sect. F.l). 5-HT3-binding 
sites are unaffected by 5,7-DHT or DSP4 (KIDD et al. 1993), suggesting they 
are not present on spinally projecting monoaminergic nerve terminals. 

D. Tonic Regulation of Nociceptive Transmission 
The extent to which tonic activity in raphe-spinal projections regulates ongo
ing nociceptive thresholds has been addressed using a number of approaches. 
(a) 5-HT uptake inhibitors. 5-HT is released tonically from the spinal cord, as 
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inferred from the presence of basal 5-HT levels in spinal cord dialysate fluid 
(SORKIN et al. 1988). The spinal administration of fluoxetine, a selective 5-HT 
reuptake inhibitor, has been reported to have no effect in the tail flick (HWANG 
and WILCOX 1987; but see Xu et al. 1994) or hot plate tests (SAWYNOK and REID 
1994). In all cases, the doses of fluoxetine were sufficient to enhance the action 
of 5-HT administered spinally. These observations question a significant role 
of tonically released 5-HT in regulating nociceptive thresholds in thermal 
tests. (b) Intrathecal antagonists. The i.t. administration of the non-selective 5-
HT antagonists methysergide and metergoline has been reported to produce 
hyperalgesia in the tail flick and hot plate thermal threshold tests (PROUDFIT 
and HAMMOND 1981; BERGE et al. 1983; SAWYNOK and DICKSON 1985), and 
these observations are consistent with tonic activity. Hyperalgesia induced by 
systemic administration of 5-HT antagonists has been attributed to changes 
in skin temperature (TJ0LSEN et al. 1989), but the contribution of tempera
ture changes to determining nociceptive thresholds subsequently has been 
questioned (LICHTMAN et al. 1993). (c) Intrathecal neurotoxins. The i.t. ad
ministration of the serotoninergic neurotoxins 5,6- and 5,7-DHT produces 
hyperalgesia in the tail flick test 2-5 days following administration but this is 
no longer observed at 10-14 days (BERGE et al. 1983; FASMER et al. 1983). The 
detection of hyperalgesia is intensity dependent, as it is more readily observed 
when a milder stimulus intensity is used (SAWYNOK and DICKSON 1985). Some 
studies suggest that hyperalgesia is an apparent effect due to changes in skin 
temperature rather than reflecting tonic activity (TJ0LSEN et al. 1988; EIDE et 
al. 1988). In the formalin test, a reduction in formalin-induced behaviours is 
seen at 3---4 days following i.t. 5,7-DHT, but this is not apparent at later time 
intervals (FASMER et al. 1985; TJ0LSEN et al. 1991). In this case, data suggest a 
tonic facilitatory rather than tonic suppressive role for the 5-HT. The loss of 
responses seen at the later time interval most likely occurs due to the develop
ment of receptor supersensitivity which masks an acute effect (HOWE and 
YAKSH 1982; SAWYNOK and REID 1994). Supersensitivity may occur due to 
upregulation of 5-HT receptors, the removal of reuptake systems, or an in
creased efficacy in coupling between the receptor and its effector systems. 
Within the spinal cord, supersensitivity to agonists selective for 5-HT1 but not 
5-HT2 or 5-HT3 receptor agonists has been demonstrated following i.t. 5,7-
DHT (SAWYNOK and REID 1994). 

E. 5-HT Agonists and Spinal Antinociception 
The pharmacology of spinal 5-HT systems has been examined most directly 
following direct spinal application of 5-HT and agonists selective for specific 
receptor sUbtypes. While effects of systemic administration have been attrib
uted to spinal actions on the basis of some mimicry by spinal application, there 
is always the potential for the confounding of observations by peripherally or 
supra spinally mediated responses that could either enhance or oppose spinal 
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actions. The spinal application approach is limited by the selectivity of 5-HT 
agonists and antagonists. While selective agents are available for a number of 
receptors, the degree of selectivity is often less than optimal, and highly 
selective agonists exhibiting 1000-fold selectivity are only available for 5-HT1A 
receptors. Ideally, effects of agonists attributed to a particular 5-HT receptor 
subtype should be confirmed by the use of selective antagonists. Even with a 
direct spinal application of selective agonists, observations may still be con
founded by: (a) dose, as this has the potential to activate one receptor subtype 
at some doses, and others at higher doses; (b) type of nociceptive test (e.g. 
thermal threshold versus pressure versus chemical models), which may have 
differences in the way they are regulated; and (c) influences due to effects on 
temperature, blood flow or motor function. With this potential for variability, 
it is perhaps not surprising that there is some controversy as to effects of the 
various 5-HT agonists on nociceptive transmission within the spinal cord. 
Nevertheless, some consensus has emerged with respect to such actions. 

I. 5-HT1A Receptors 

The activation of spinal 5-HT IA receptors most likely facilitates noxious sen
sory transmission as there are multiple lines of evidence to support this notion. 
Lt. administration of 5-HTIA ligands [8-hydroxy-2-( di-n-propylamino )-tetralin 
(8-0H-DPAT), buspirone] produces a decrease in nociceptive thresholds in 
the tail flick test (SOLOMON and GEBHART 1988; CRISP et al. 1991; ALHAIDER and 
WILCOX 1993: ALI et aJ. 1994) and enhances the scratching response following 
i.t. injection of substance P or n-methyl-o-aspartate (NMDA) (WILCOX and 
ALHAIDER 1990). In electrophysiological studies, 5-HT1A agonists enhance 
spinal reflexes (MURPHY and ZEMLAN 1990; NAGANO et al. 1988: WALLIS and 
Wu 1992) and the responsiveness of dorsal horn neurons to noxious stimuli 
(ALI et al. 1994). 5-HT1 receptors (most likely 5-HT1A in view of the absence 
of pronociceptive effects for other subtypes) may also mediate descending 
facilitation following brainstem stimulation (REN et al. 1991; ZHOU and 
GEBHART 1991). Spinal facilitatory effects of 5-HTIA agonists have been pro
posed to result from an expansion of receptive field, promotion of nociceptive 
reflexes, and the facilitation of rostral transmission (ALI et al. 1994). 

Systemic administration of 8-0H-DPAT elicits spontaneous tail flicks 
(MILLAN et aJ. 1991) and attenuates analgesia by morphine and other Ji
opioids (MILLAN and COLPAERT 1991a,b). These actions were attributed to 
spinally located 5-HT1A receptors as spinal administration of appropriate ago
nists produced spontaneous tail flicks and blocked the action of systemically 
administered opioid agonists; both actions were reversed by 5-HT1A antago
nists (BERVOETS et al. 1993; ALHAIDER et al. 1993). 

The effects of 5-HT1A agonists on spinal sensory transmission are contro
versial, as there are a number of reports that contradict the above observa
tions. In some cases, the reason for the controversy is clear, but in others this 
is less apparent. In the tail flick test the spinal application of 5-HT1A agonists 
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produces an increase in reaction latency which appears independent of 
changes in skin temperature (EIDE et al. 1990; EIDE and HOLE 1991; Xu et al. 
1994). However, changes induced are mild in extent and a bell-shaped curve is 
expressed (Xu et al. 1994). In the hot plate test, 8-0H-DPAT produces an 
increase in reaction latency (CRISP et al. 1991; SAWYNOK and REID 1994), but 
the involvement of 5-HT1A receptors was not confirmed using selective antago
nists. 5-HT lA agonists have analgesic properties in a colorectal distension 
model (DANZEBRINK and GEBHART 1991), but this is not blocked by a non
selective 5-HT antagonist (methysergide), and actions could be mediated by 
receptor systems other than 5-HT. 5-HT1A agonists decrease the amount of 
biting following i.t. substance P or NMDA (ALHAIDER and WILCOX 1993; 
MJELLEM et al. 1993), but the relationship of this behaviour to sensory trans
mission has been questioned (FRENK et al. 1988). 

Administered systemically, 5-HTJA agonists produce antinociception in 
the writhing and hot plate (but not tail flick) tests, but these effects are blocked 
by lXz-adrenergic antagonists rather than 5-HT1A antagonists (MILLAN and 
COLPAERT 1991c; MILLAN 1994). Many 5-HT1A agonists have appreciable affin
ity for lXz-receptors (VAN WIJNGARARDEN et al. 1990), and antinociception 
appears to be mediated by this receptor system. It appears that when 
antinociceptive actions of 5-HT1A agonists have been reported, 5-HT1A recep
tors have not necessarily been definitively implicated in these actions. 

II. 5-HT 18 Receptors 

5-HTJB receptors have consistently been implicated in mediating anti
nociception. Spinal administration of 5-HTJB agonists produces 
antinociception in the tail flick and hot plate tests (EIDE et al. 1990; CRISP et al. 
1991; ALHAIDER and WILCOX 1993; Xu et al. 1994; SAWYNOK and REID 1994; 
ALI et al. 1994) and the substance P and excitatory amino acid behavioural 
models (EIDE 1992; ALHAIDER and WILCOX 1993). Electrophysiological studies 
have revealed an inhibition of spinal reflex responses following spinal 5-HTJB 
receptor activation (ZEMLAN et al. 1988; MURPHY et al. 1992) and inhibition of 
neuronal activity elicited by noxious stimulation (EL Y ASSIR et al. 1988; ALI et 
al. 1994). There are some reports of the 5-HT1B agonist RU 24969 producing 
hyperalgesia (SOLOMON and GEBHART 1988) or lack of effect in the tail flick test 
(SAWYNOK and REID 1994), but this agent has a high affinity for 5-HT1A recep
tors as well, and potential anti nociceptive effects could be opposed by a 
simultaneous activation of this receptor system. 

III. 5-HT2 Receptors 

There is evidence for both pain facilitatory and pain inhibitory effects follow
ing activation of spinal5-HT2 receptors. Thus, higher doses of 5-HT and 5-HT2 

agonists [1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOl), a-Me-5-
HT] produce a caudally directed biting, scratching behaviour similar to that 
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seen with substance P and excitatory amino acids (HYLDEN and WILCOX 1983; 
WILCOX and ALHAIDER 1990; EIDE and HOLE 1991; MJELLEM et al. 1993), 
and augment responses produced by NMDA (MJELLEM et al. 1993). These 
actions are blocked by 5-HT2 antagonists such as ketanserin and ritanserin. 
This response may result from the spinal release of substance P by 5-HTz 
receptor stimulation, as it is blocked by a substance P antagonist (EIDE and 
HOLE 1991). 

In other nociceptive paradigms, 5-HTz agonists produce antinociception 
in the tail flick and hot plate tests (SOLOMON and GEBHART 1988; CRISP et al. 
1991; EIDE and HOLE 1991; SAWYNOK and REID 1992a, 1994), and the colorectal 
distension model (DANZEBRINK and GEBHART 1991). One mechanism impli
cated in such antinociceptive actions is activation of inhibitory interneurons 
(Sect. Ell). 

IV. 5-HT3 Receptors 

Activation of spinal 5-HT, receptors has uniformly been reported to inhibit 
spinal nociceptive processing. Thus. the i.t. administration of 2-Me-5-HT and 
phenylbiguanidine produces antinociception in the tail flick and hot plate tests 
(GLAUM et al. 1988, 1990; ALHAIDER et al. 1991; CRISP et al. 1991; SAWYNOK and 
REID 1991. 1994), the colorectal distension model (DANZEBRINK and GEBHART 
1991), and inhibits biting scratching behaviours elicited by i.t. substance P and 
NMDA (WILCOX and ALHAIDER 1990; ALHAIDER et al. 1991). Electrophysi
ological studies have also produced evidence for a 5-HT,-mediated inhibition 
of neurons that respond to noxious stimulation (ALHAIDER et al. 1991). Both 
behavioural and electrophysiological effects of 5-HTl agonists are blocked by 
5-HTl receptor antagonists, confirming the involvement of this receptor sub
type in such actions (ALHAIDER et al. 1991). Activation of inhibitory interneu
rons is implicated in antinociception by 5-HTl agonists (Sect. F.1I). 

V. 5-HTls Receptors 

A novel spinal cord receptor, the 5-HT 1S receptor (Sect. C), is anatomic
ally located in an ideal area to regulate pain transmlSSlOn. 5-
Methoxydimethyltryptamine (5-MeODMT) exhibits a high affinity for this 
receptor, yet it is difficult to clearly implicate this receptor subtype in the 
actions of 5-MeODMT as this agent also exhibits a high affinity for 5-HT1A and 
5-HTIIl receptors (TRICKLE BANK et al. 1985). The spinal application of 5-
MeODMT produces antinociception in the tail flick and hot plate tests 
(SAWYNOK and REID 1994) and substance P and NMDA assays (ALHAIDER et 
al. 1993), and this spinal action most likely accounts for systemically mediated 
antinociception (e.g. ARCHER et al. 1986a,b). Antinociception by i. t. 5-
MeODMT is variously blocked by antagonists for 5-HT1A' 5-HTIB' 5-HT1S' 5-
HT, and GABA receptors, and it has been suggested that this agent acts by the 
release of endogenous 5-HT and subsequent activation of multiple receptor 
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populations (ALHAIDER et al. 1993). However, i.t. 5,7-DHT, which substan
tially depletes 5-HT levels in the spinal cord, does not inhibit but rather 
enhances (likely due to receptor supersensitivity) antinociception by 5-
MeODMT (SAWYNOK and REID 1994), suggesting 5-HT release may not be a 
major factor in such antinociception. Lt. 5-MeODMT enhances scratching 
behaviours by substance P and this is inhibited by 5-HT1A antagonists, which is 
consistent with some 5-HTIAreceptor activation by this agent (ALHAIDER et al. 
1993). 

VI. Receptor Subtypes Activated by 5-HT 

In view of the heterogeneity of responses produced by selective 5-HT agonists, 
it is perhaps not surprising that i.t. 5-HT can produce both pain facilitatory 
and pain inhibitory responses. The most prominent effect of 5-HT is 
antinociception following i.t. administration (e.g. YAKSH and WILSON 1979; 
SCHMAUSS et al. 1983), but pro nociceptive effects are observed at certain doses 
(HYLDEN and WILCOX 1983) and following spinal transection (ADvoKAT 1993). 
The latter observation indicates that important aspects of the action of 5-HT 
may be mediated by interactions with other systems that are eliminated by 
spinalization. The antinociceptive actions of 5-HT can be blocked by antago
nists for 5-HT), 5-HT2 and 5-HT3 receptors (SCHMAUSS et al. 1983; GLAUM and 
ANDERSON 1988; CRISP et al. 1991), indicating a potential multiplicity of actions 
for the endogenous compound. Electrophysiologically, 5-HT has diverse ef
fects on dorsal horn neurons, and these actions are mediated by different 
receptor subtypes (TAN and MILETIC 1992; ALI et al. 1994). 5-HT administered 
exogenously has the potential to activate receptors that normally are inner
vated in a conventional synaptic manner as well as synapses that may receive 
a more diffuse input (Sect. B), and this may contribute to the diversity of 
receptor subtypes involved in 5-HT responses. 

F. Interactions with Endogenous Systems 
The inhibitory effects of 5-HT on pain transmission in the spinal cord may 
involve a direct inhibition of nociceptive projection neurons, inhibition of 
excitatory interneurons, excitation of inhibitory interneurons, and interactions 
with primary afferents (reviewed by BESSON and CHAOUCH 1987; FIELDS et al. 
1991). Anatomically, 5-HT-containing fibres establish synaptic contacts 
with spinothalamic tract neurons in the superficial dorsal horn, but axoaxonic 
profiles are rarely seen (RuDA et al. 1982; LIGHT et al. 1983; HYLDEN et al. 
1986; BAsBAuM and RALSTON 1986). This suggests that 5-HT effects on presyn
aptic control mechanisms may not be a prominent feature of its action. A 
number of endogenous mediators of the spinal actions of 5-HT have been 
identified. 
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I. Noradrenaline 

There is a significant amount of evidence supporting an interaction of 5-HT 
with descending noradrenergic projection pathways in the dorsal horn. Spinal 
antinociception by 5-HT is dependent on an intact noradrenaline (NA) system 
as depletion of NA by the i.t. administration of 6-hydroxydopamine (6-
OHDA) or DSP4 markedly reduces antinociception by i.t. 5-HT (ARCHER et 
al.1986b; SAWYNOK and REID 1992a) and systemic 5-MeODMT (ARCHER et al. 
1986b; POST et al. 1986; MINOR et al. 1988). Conversely, inhibition of the 
reuptake of NA with desipramine potentiates antinociception by i.t. 5-HT 
(SAWYNOK and REID 1992b). Both electrophysiological effects of 5-HT 
(NAKAGAWA et al. 1990) and antinociceptive effects of i.t. 5-HT (SAWYNOK and 
REID 1992a) and systemic 5-MeODMT (ARCHER et al. 1986a) are reduced by 
OQ-adrenergic antagonists. Collectively, such observations suggest that 5-HT 
and 5-MeODMT facilitate NA release from the spinal cord. This has been 
directly demonstrated using spinal cord slice and synaptosomal preparations 
(MATSUMOTO et al. 1990; REIMANN and SCHNEIDER 1993). The positive 5-HT
NA interaction is mediated by a 5-HT] (but not 5-HTlB) receptor (SAWYNOK 
and REID 1992a, 1995). 

Interactions of 5-HT with NA systems have the potential to be con
founded by the activation of multiple receptor SUbtypes. Thus, 5-HT can 
inhibit NA release from the spinal cord by activation of 5-HT2 receptors 
(CELUCH et al. 1992), which potentially could oppose 5-HT] receptor-mediated 
augmentation of release. An additional complexity in interpreting 5-HT-NA 
interactions is the fact that blockade by OQ-adrenergic antagonists may not be 
sufficient evidence to implicate endogenous NA in a particular process. Thus, 
OQ-antagonists can inhibit the actions of 5-HT2 and 5-HT3 receptor agonists 
without endogenous NA necessarily being involved (SA WYNOK and REID 
1995). This could reflect a direct adrenergic receptor interaction of certain 5-
HT ligands (V AN WlJNGAARDEN et al. 1990). 

II. GABA and Glycine 

The superficial laminae of the dorsal horn contain large numbers of y 
aminobutyric acid (GABA) immunoreactive profiles (TODD and McKENZIE 
1989) as well as appreciable levels of glycine receptors and uptake sites 
(RIBEIRO-DA-SILVA and COIMBRA 1980; ZARBIN et al. 1981). Spinal 
antinociception mediated by 5-HT3 receptor activation has been attributed to 
release of GABA from inhibitory interneurons, as GABA antagonists 
(GABAA > GABAB ) inhibit antinociception and inhibitory electrophysi
ological actions produced by 2-methyl-5-hydroxytryptamine (2-Me-5-HT) 
(ALHAIDER et al. 1991). Activation of 5-HT2 receptors also appears to promote 
GABA and glycine release in the medullary dorsal horn (SUGIYAMA 
and HUANG 1995). Such release may result from a direct depolarization 
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of the inhibitory interneuron by 5-HT2 and 5-HT3 agonists (TAN and MILETIC 
1992). 

III. Enkephalin 

5-HT immunoreactive profiles have been shown in close proximity to en
kephalin containing interneurons (MILETIC et al. 1984; GLAZER and BASBAUM 
1984), and it has been proposed that an enkephalin link mediates some of the 
actions of 5-HT in the dorsal spinal cord (BASBAUM and FIELDS 1984). Some 
studies have indeed observed that i.t. naloxone inhibits spinal antinociception 
by 5-HT (KELLSTEIN et al. 1988; YANG et al. 1994b).1t has been noted that the 
dose of naloxone required to produce this effect exceeds that required to block 
the action of morphine, and activation of spinal K- rather than f.l-opioid recep
tors may be involved (YANG et al. 1994b). Other studies did not observe 
inhibition of the action of 5-HT with naloxone (Y AKSH and WILSON 1979; 
YANG et al. 1994a), but this may have been due to inadequate dose. 

IV. Adenosine 

Adenosine deaminase and adenosine uptake sites have been selectively local
ized in capsaicin-sensitive small-diameter afferent fibres in the dorsal horn of 
the spinal cord (GEIGER and NAGY 1985; NAGY and DADDONA 1985). 
Methylxanthine adenosine receptor antagonists inhibit antinociception by i.t. 
5-HT (DELANDER and HOPKINS 1987; SAWYNOK and REID 1992a; but see YANG 
et al. 1994a), and 5-HT has been shown to release adenosine from spinal cord 
preparations (SWEENEY et al. 1988, 1990). This release is capsaicin-sensitive, 
suggesting release originates from small-diameter primary afferent fibres. 
Methylxanthines inhibit antinociception by a number of 5-HT1 (but not 5-HT2 

or 5-HT3) receptor ligands (SAWYNOK and REID 1995), but the particular 
receptor subtype involved remains to be further clarified. 

V. Peptides 

While 5-HT1A and 5-HTJB receptors have been localized on sensory afferents 
(Sect. C), agonists for these receptors have generally not been shown to inhibit 
the release of peptides contained in sensory afferents (substance P, calcitonin 
gene-related peptide) (BOURGOIN et al. 1993; CESSELIN et al. 1994). Presynaptic 
inhibition thus does not appear to be a prominent mechanism by which activa
tion of these receptors produces spinal antinociception. 5-HT does, however, 
inhibit substance P and somatostatin release from the spinal cord and trigemi
nal nucleus in a methysergide-sensitive manner (YONEHARA et al. 1991; 
KURAISHI et al. 1991), suggesting a possible 5-HT2 receptor mediation of such 
actions. In the ventral spinal cord, 5-HT2 receptor activation augments sub
stance P release (IVERFELDT et al. 1986), but such release originates from a 
different pool than from the dorsal spinal cord. 5-HT3 receptor activation does 
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not inhibit (CESSELIN et al. 1994) and may actually increase peptide release 
from the spinal cord (SARrA et al. 1991), but the physiological significance of 
this latter action is unclear. 

G. Conclusion 
Multiple 5-HT receptor subtypes exist in the spinal cord and can contribute to 
the regulation of nociceptive transmission, in some cases in a complex manner. 
While the specific mechanisms recruited by each receptor subtype in mediat
ing their respective actions are incompletely resolved, some of the endogenous 
substrates with which they interact are beginning to be understood. The use of 
multiple experimental approaches is required to further define these actions. 
Such studies are aimed at providing information which contributes to the 
development of strategies that can optimize the relief of pain, as well as 
understanding how analgesic paradigms (either drug- or stimulation-induced) 
can activate brainstem-spinal circuitry to produce antinociception. 
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CHAPTER 25 

Molecular Biology of Monoamine Oxidase A 
and B: Their Role in the Degradation of 
Serotonin 

J.e. SHIH, J. GRIMSBY, and K. CHEN 

A. Introduction 
Monoamine oxidase [MAO; amine:oxygen oxidoreductase (deaminating) 
(flavin-containing), EC 1.4.3.4] catalyzes the oxidative deamination of 
various biogenic amines in the CNS and peripheral tissues. MAO is integral to 
the outer mitochondrial membrane (GREENWALT' and SCHNAITMAN 1970) and is 
classified as type A and type B (JOHNSTON 1968; SQUIRES 1968). MAO A 
preferentially oxidizes serotonin (5-hydroxytryptamine, 5-HT) and norepine
phrine (NE) and is selectively inhibited by low concentrations of the irrevers
ible inhibitor clorgyline (JOHNSTON 1968) and by the reversible inhibitors 
R041-1049, brofaromine and moclobenride (DA PRADA et al. 1990). MAOB 
has a high affinity for f3-phenylethylamine (PEA) and is selectively inhibited 
by deprenyl (KNOLL and MAGYAR 1972), R019-6327 (DA PRADA et al. 1990) 
and MDL-72145 (BEY et al. 1984). Tyramine (T A) and dopamine (DA) are 
common substrates for both enzymes. 

MAO is widely distributed in mammalian and nonmammalian species 
(DENNEY and DENNEY 1985; BERRY et al. 1994). Both forms are coexpressed in 
most tissues; however, placenta (THORPE et al. 1987) and platelets (DONNELLY 
and MURPHY 1977) contain predominantly MAOA and MAOB, respectively. 
In brain, MAOA is expressed predominantly in catecholaminergic neurons, 
whereas MAOB is expressed in serotoninergic neurons, astrocytes and glia 
(LEVITT et al. 1982: THORPE et al. 1987). 

B. Molecular Biology of MAO 
I. MAOA and B cDNAs and Genomic Structure 

After the classification of MAOA and MAOB it was unknown whether they 
were separate polypeptides or a single polypeptide with active sites or differ
ent lipid attachments. BACH et al. (1988) unequivocally proved that MAOA 
and MAOB are distinct proteins, encoded by separate genes. We isolated full
length MAOA and MAOB cDNAs by screening a human liver eDNA library 
with oligonucleotide probes derived from the sequences of MAOA and 
MAOB peptide fragments. Comparison of the deduced amino acid sequence 
shows that MAOA and MAOB share 70% sequence identity and have mo-
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lecular weights of 59700 and 58800, respectively. Partial sequencing of a 
human placenta MAOA cDNA (Hsu et al. 1988) showed >99% homology to 
liver MAOA cDNA clones (Hsu et al. 1988) in 1.2kb of the coding region and 
150 nucleotides in the 3'-untranslated region. The deduced amino acid se
quence for human liver MAOB (BACH et al. 1988) is identical to the sequence 
encoded by human platelet, frontal cortex (CHEN et al. 1993) and retina 
MAOB cDNAs (CHEN and SHIH 1995). cDNA clones for trout liver MAO 
(CHEN et al. 1994), bovine adrenal medulla MAOA (POWELL et al. 1989), rat 
liver MAOA (KUWAHARA et al. 1990), rat adrenal medulla MAOA (KWAN 
and ABELL 1992) and rat liver MAOB (ITO et al. 1988) have been cloned thus 
far. Comparison of the amino acid sequence between human, bovine and rat 
MAOA shows ~88% sequence identity. Similarly, comparison of MAOB 
amino acid sequences from human and rat also show ~88% sequence identity. 

The availability of MAO cDNA clones (review by SHIH 1990) made 
possible the isolation and characterization of the human MAOA (GRIMSBY et 
al. 1991; CHEN et al. 1991; KWAN et al. 1992) and MAOB (GRIMSBY et al. 1991; 
KWAN et al. 1992) gene structures. Both of the MAOA and MAOB genes are 
composed of 15 exons and span over 60kb (Fig. 1). The exon-intron junctions 
for the MAO genes are at identical positions, which suggests the genes arose 
from duplication of an ancestor gene (GRIMSBY et al. 1991) more than 500 
million years ago (CHEN et al. 1991). The genes encoding MAO A and MAOB 
are closely linked on the X-chromosome at position pl1.23-11.4 (OZELIUS et 
al. 1988; LEVY et al. 1989; LAN et al. 1989b). The core promoter elements for 
both MAOA (ZHU et al. 1992, 1994; DENNEY et al. 1994; CHEN et al. 1995) and 
MAOB (ZHU et al. 1992) have been identified. Despite the coexpression of 
MAOA and MAOB in most tissues, the transcription factor-binding se
quences are not conserved at corresponding positions, which is reflective of 
divergence after a duplication event. Loss of MAOA function in males results 
in mild retardation and prominent behavioral abnormalities (BRUNNER et al. 
1993a,b). Both genes encoding MAOA and MAOB are deleted in some 
atypical Norrie disease patients (LAN et al. 1989b; SIMS et al. 1989a). 

1. Allelic Associations 

Restriction fragment length polymorphisms (RFLPs) and dinucleotide repeats 
in the MAOA (OZELIUS et al. 1988, 1989; HOTAMISLIGIL and BREAKEFIELD 
1991; BLACK et al. 1991; HINDS et al. 1992) and MAOB genes (KONRADI et al. 
1992; GRIMSBY et al. 1992; KURTH et al. 1993) have been identified. Since 
abnormal MAO activity is associated with several neurological and psychiatric 
diseases such as "stimulus seeking," suicidal behavior, alcoholism, schizophre
nia and affective disorders (ORELAND et al. 1984), polymorphic markers are 
critical for identifying alleles associated with MAO activity or disease. 

Many authors have used genetic markers to find an association or linkage 
between MAO and liability to a disorder. MAOA activity in human skin 
fibroblasts can vary by 50-fold among control individuals and evidence exists 
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for a genetic determinant (BREAKEFIELD et al. 1980). This led to the question 
of whether the structural gene for MAOA determines enzymatic activity. 
HOTAMISLIGIL and BREAKEFIELD (1991) provided evidence for a strong correla
tion between allelic status and MAOA activity, indicating that noncoding, 
regulatory sequences in the MAOA gene, in part, control enzyme activity. 
MAOB activity can also vary among control populations (MURPHY et al. 1976) 
and evidence exists for a genetic determinant (RICE et al. 1982). However, in 
contrast to the association of MAOA alleles and activity state, GIRMEN et al. 
(1992) found no correlation of platelet MAOB activity in 41 control males, 
which suggests that allelic status is not the primary determinant of enzymatic 
activity. This does not exclude the possibility that different MAOB alleles 
contribute to enzyme activity and playa role in disease. 

Preliminary data by VANYUKOV et al. (1995) showed an association be
tween "long" dinucleotide repeats in the MAOA gene and increased risk of 
early onset alcoholism/substance abuse in males, but not females. This repre
sents the first report showing an association between behavior and expansion 
of a dinucleotide (CA)n repeat. It is unknown whether the length of this repeat 
influences MAOA activity. However, the localization of both MAOA and 
MAOB dinucleotide repeats to intron 2 suggests a functional significance 
(SHIH et al. 1993). 

BRUNNER et al. (1993b) found linkage between MAOA and a kindred with 
affected males having borderline mental retardation and impulsive aggressive 
behavior. Subsequent studies by BRUNNER et al. (1993a) found that the af
flicted individuals lack MAOA enzymatic activity due to a point mutation 
which introduces a premature stop codon in the structural gene for MAOA 
(see below for a discussion of altered biogenic amine amounts). LIM et al. 
(1995) hypothesized that the point mutation reported by BRUNNER et al. 
(1993a,b) or other MAOA mutations may be involved in bipolar affective 
disorder. They have reported evidence for an association of MAOA polymor
phisms with bipolar disorder. However, these results were not replicated in a 
subsequent study (CRADDOCK et al. 1995). 

Allelic association studies have also been examined for the MAOB gene. 
KURTH et al. (1993), using single-stranded conformational polymorphism 
(SSCP) analysis of the MAOB gene, found an allele that is associated with a 
twofold relative risk for Parkinson's disease. In contrast, no association was 
found when using a MAOA polymorphism to determine allelic frequencies in 
the same population. However, Ho et al. (1994, 1995) found no association 
between MAOB alleles with regard to risk for Parkinson's disease. 

Recently, SOBELL et al. (1995) used a method called dideoxy fingerprinting 
(SARKAR et al. 1992) to scan for mutations primarily in the coding exons of the 
MAOB gene. They found no alterations of functional significance in 100 male 
schizophrenics. 

The most consistently reproducible marker associated with alcoholism is 
lowered platelet MAOB activity when compared to controls (VON KNORRING 
et al. 1985; DEVOR et al. 1993a), and this does not reflect a decrease in enzyme 
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molecules but possibly a variant form of MAO or endogenous inhibitor 
(DEVOR et al. 1993b). Genetic familial studies suggest that a single major locus 
controls MAOB activity and concentration, but only the enzymatic activity is 
significantly different between alcoholics and controls (Devor et al. 1993b). 

2. Heterologous Expression 

Heterologous expression of enzymatically active MAO is a valuable method 
for obtaining large homogeneous quantities of enzyme for structure and func
tion studies. Expression of the MAOA and MAOB cDNAs in mammalian 
cells by LAN et al. (1989a) first demonstrated that a single polypeptide was 
enzymatically active and its substrate and inhibitor selectivities were similar to 
the endogenous enzymes (Fig. 2). 

WEYLER et al. (1990) expressed catalytically active human MAOA in 
Saccharomyces cerevisiae and showed that it displayed properties such as 
human placental MAOA and contained a covalently bound cysteinylflavin. 
Since it is likely that yeast lacks a cysteinylflavinholoenzyme to catalyze FAD 
attachment, the reaction may proceed by an autoflavination mechanism 
(WEYLER et aJ. 1990). TAN et al. (1991) have compared the substrate specifici
ties for various natural and synthetic substrates between human liver MAO A 
expressed in yeast and MAOA isolated from human placenta and found 
significant differences for bulky tetrahydropyridine derivatives. Comparison 
of the partial amino acid sequence of placental MAOA obtained from peptide 
sequencing with the deduced sequence of liver MAO A showed divergences in 
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Fig. 2. Inhibition of MAOA and MAOB expressed in COS cells by clorgyline (£) and 
deprenyl (J). MAOA and MAOB activity was assayed using 5-HT and PEA, respec
tively, as substrates in the presence of various concentrations of inhibitors. (Data from 
LAN et al. 1989a) 
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five residues. However, because the human placenta cDNA shows >99% 
homology to the liver cDNA sequence (Hsu et al. 1988), it suggests that these 
sequence divergences are due to peptide sequencing errors. 

a) Site-Directed Mutagenesis 

Expression of site-directed mutants in COS cells has confirmed that covalent 
attachment of FAD to a cysteine (Cys) residue in MAOA, Cys-406 (Wu et al. 
1993), and MAOB, Cys-397 (Wu et al. 1993; GOTIOWIK et al. 1993), is critical 
for enzymatic activity. Furthermore, site-directed mutagenesis of a glutamic 
acid residue located in the ADP-binding ~a-f3 unit of human MAOB, a 
residue that plays a crucial role in binding to the 2'-hydroxyl group of ribose 
in the AMP moiety of FAD, drastically reduced catalytic activity (KWAN et al. 
1995). 

Since cysteine has been suggested to be an active-site residue in MAOB 
(SILVERMAN and ZIESKE 1986), we systematically converted all cysteine resi
dues in MAOA and MAOB to serine (Wu et al. 1993). In addition to the Cys 
residue that forms a covalent bond to FAD, we identified one Cys residue 
(374) in MAOA and two Cys residues (156 and 365) in MAOB that are critical 
for enzymatic activity. It is unknown whether these are active-site cysteine 
residues that are directly involved in catalytic reactions or are important for 
the conformation of active enzymes, for example, by forming disulphide 
bonds. Nevertheless, MAOA and MAOB have different active-site structures 
to accommodate broad and restrictive substrate specificities, respectively 
(YOUDIUM 1978). 

b) Chimeric MAO Forms 

Expression of chimeric MAO forms in COS cells and yeast has been used by 
numerous laboratories to elucidate its substrate and inhibitor-binding region. 
Chimeric MAO forms created by exchanging an ADP-binding motif located in 
the NH2-terminus of MAOA (residues 1-45) with the same region from 
MAOB (residues 1-36) showed no changes in substrate or inhibitor selectivity 
compared to parental enzymes (GOTIOWIK et al. 1993; CHEN et al. 1996). A 
detailed examination of 18 human chimeric MAO forms, made by progres
sively moving the junction of the NH2-terminus of one form with the COOH
terminus of the other form, has recently been published (GOTIOWIK et al. 
1995). None of these chimeras showed a shift in specificity from one form to 
the other. However, one region in MAOB (residues 62-103) appears to playa 
role in conferring substrate specificity and another region (residues 146-220) 
appears to be more relevant to inhibitors than to substrates. By exchanging the 
internal region between human MAOA and MAOB, GRIMSBY et al. (1996) 
have localized a substrate- and inhibitor-binding site between MAOB resi
dues 152-366. Taken together, it appears that MAOB residues 62-103 consti
tute part of a substrate-binding site that interacts with other determinants 
located between residues 152 and 366. Other studies using chimeric MAO 
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Table 1. Oxidation of 5-HT and PEA by rat brain MAOA and MAOB. Data are 
means ± SD 

Inhibitor 

Deprenyl 
Clorgyline 
None 
Deprenyl 
Clorgyline 
None 

Substrate 

5-HT" 
5-HT" 
5-HT" 
PEAb 

PEAb 

PEAb 

Form 
remaining 

MAO A 
MAOB 
MAOA+ MAOB 
MAO A 
MAOB 
MAOA+MAOB 

178 ± 2 
1170 ± 432 

162 ± 38 
40.2 ± 7.6 
12.2 ± 4.3 
17.6 ± 2.1 

a Data obtained from FOWLER and TIPTON (1982). 
"Data obtained from KINEMUCHI et al. (1980). 

Vmax 

(nmol/min/mg protein) 

0.73 ± 0.06 
0.09 ± 0.02 
0.90 ± 0.01 
1.09 ± 0.21 
2.10 ± 0.13 
3.31 ± 0.15 

Table 2. MAO activity in transfected COS cells. Data are 
means ± SD. (Values obtained from LAN et al. 1989) 

Enzyme 

MAO A 
MAOS 

ND. not detectable. 

MAO activity (nmol/min/mg protein) 

5-HT 

0.17 ± 0.06 
ND 

PEA 

ND 
0.18±0.13 

forms have concluded that residues 120-220 and 50-400 are responsible for 
the substrate specificity of rat MAOA and MAOB, respectively (TSUGENO et 
al. 1995). 

c. Serotonin Oxidation by MAO 
It is an oversimplification to suggest that 5-HT and PEA are substrates for 
only MAOA and MAOB, respectively. In fact, both of these substrates can be 
oxidized in vitro by MAOA and MAOB, albeit at reduced catalytic effective
ness compared to their preferred substrates (KINEMUCHI et al. 1980; FOWLER 
and TIPTON 1982). FOWLER and TIPTON (1982) treated rat brain homogenates 
with a concentration of clorgyline to selectively inhibit MAOA and found that 
the remaining MAOB was capable of de aminating 5-HT (Table 1). Similarly, 
KINEMUCHI et al. (1980) selectively inhibited MAOB with deprenyl and 
showed that the remaining MAO A oxidized PEA (Table 1). 

Expression of human MAOA and MAOB cDNAs in mammalian COS 
cells by LAN et al. (1989a) showed that MAO A preferentially oxidizes 5-HT 
and MAOB preferentially oxidizes PEA (Table 2). However, the oxidation of 
PEA by MAOA and the oxidation of 5-HT by MAOB was not detected 
because of low enzyme expression levels. 
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Table 3. Kinetic constants for MAO expressed in yeast. Data are means ± SD. (Values 
obtained from GRIMSBY et al. 1996) 

Enzyme Substrate Km K cat Kca/Km 
JIM (Is) (lsIM) 

MAOA 5-HT 66.1 ± 2.3 9.89 ± 1.17 1.5 x 105 

MAOA PEA 96.5 ± 8.4 2.07 ± 0.12 2.1 x 104 

MAOB 5-HT ND ND ND 
MAOB PEA 2.2 ± 0.06 1.77 ± 0.24 8.0 x 105 

ND, 5-HT oxidation is not detectable using a substrate concentration of 100JiM. 

Expression of MAOA and MAOB cDNAs in yeast (GRIMSBY et al. 1996) 
also demonstrated that MAOA can metabolize PEA at low substrate con
centrations (10 J.lM) that are normally used to determine MAOB activity 
(Table 3). However, MAOB does not oxidize 5-HT using concentrations 
(100J.lM) that are normally used to measure MAOA activity. This may reflect 
low expression levels of MAOB in the yeast expression system and/or low 
affinity of 5-HT for MAOB. TSUGENO et al. (1995) have also shown the lack of 
5-HT oxidation by rat MAOB expressed in yeast. 

I. Effect of MAO Deficiencies on 5-HT Levels 

Altered 5-HT levels have been associated with various psychiatric disorders 
including depression, aggression, anxiety states, schizophrenia and alcoholism 
(review by VAN PRAAG et al. 1987). In order to understand the role of MAO in 
the oxidation of 5-HT and other biogenic amines, it is essential to determine 
the levels of these neurotransmitters after MAO inhibition. This provides 
insight into the in vivo role of MAOA and MAOB. The recent discovery of a 
MAOA deficiency in humans (BRUNNER et al. 1993a,b) and mice (CASES et al. 
1995) and deletion of the MAO genes in atypical Norrie disease enables the 
functional significance of these enzymes towards the oxidation of 5-HT and 
other biogenic amines to be assessed without the concern of cross-inhibition as 
observed in some cases with MAO inhibitors. 

1. MAO A-Deficient Humans and Mice 

BRUNNER et al. (1993a,b) identified a Dutch kindred in which the affected 
males completely lack MAOA and display impulsive aggression and border
line mental retardation. They determined amine and amine metabolite excre
tion in three individuals lacking MAOA and showed that the concentrations of 
5-HT, 3-methoxytyramine (3-MT, an O-methylated metabolite of DA), TA 
and normetanephrine (NMN, an O-methylated metabolite of NE) increased 
about fivefold compared to controls. In contrast, concentrations of the NE
de aminated metabolites vanillymandelic acid (VMA) and 3-methoxy-4-
hydroxy-phenyl(vanil)glycol (MHPG) decreased by about tenfold. Further-
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more, the concentrations of 5-hydroxyindole-3-acetic acid (5-HIAA, a deami
nated metabolite of 5-HT) and vanilglycolic acid (HV A, a deaminated me
tabolite of DA) were marginally decreased. PEA excretion was not evaluated, 
but it is not expected to change based on its rapid inactivation by MAOB. 

CASES et al. (1995) generated interferon-fJ transgenic mice and noticed X
linked recessive abnormal behavior of mouse pups in one of the transgenic 
lines. Based on the report by BRUNNER et al. (1993a), they surmised that these 
mice might be MAOA deficient and found that the transgene integrated into 
the MAOA gene, causing a deletion of exons 2 and 3. 

In MAOA-deficient pup brains, 5-HT levels increased ninefold over con
trollevels with a concomitant decrease in 5-HIAA. NE levels increased two
fold in pup and adult brains compared to wild-type mice. Surprisingly, with 
increasing age, the concentration of 5-HT increased and 5-HIAA levels de
creased in the MAOA-deficient mice. By 210 days the 5-HT and 5-HIAA 
concentrations were normal. These age-related changes in the concentrations 
of 5-HT and 5-HIAA can be represented as a 5-HIAA/5-HT ratio, a value 
used to represent 5-HT turnover by MAO (Table 4). These ratios show a 
drastic difference in young MAO A-deficient mice compared to controls, but 
with increasing age the ratios approach normal values. MAOB activity shows 
an age-related increase in mice brain (SAURA et al. 1994), which suggests that 
5-HT oxidation by MAOB is more significant in older mice (Table 4). CELADA 
and ARTIGAS (1993) compared the brain concentrations of 5-HT and 5-HIAA 
in rats after treatment with selective and nonselective MAO inhibitors. They 
observed that tranylcypromine, a nonselective MAO inhibitor, increased 5-
HT and decreased 5-HIAA more than clorgyline. Furthermore, BEL and 
ARTIGAS (1995) used intracerebral micro dialysis to measure 5-HT output in 
rats and showed that broforamine, a MAOA inhibitor, increased 5-HT levels 
by 200%, whereas a combination of broforamine and deprenyl (a MAOB
specific inhibitor) increased it to 500%. Similar results were obtained with 

Table 4. Age-related changes in the 5-HIAA/5-HT ratios and MAOB activity for 
MAOA-deficient mice brains. The 5-HfAA/5-HT ratios were obtained from Cases 
et al. (\995). MAOB activity was determined using PEA as a substrate 

Age (days) 

1 
8 

12 
28 
46 
90 

210 
395 

-. not determined. 

5-HIAA/5-HT 

MAO A deficient 

0.01 
0.03 
0.03 
0.1 
0.1 
0.1 
0.4 

Wild-type 

0.9 
0.9 
0.9 
0.5 
0.3 
0.3 
0.4 

MAOB activity 
(nmol/20 min/mg protein) 

5.3 
9.6 

15.9 

33.0 



664 J.e. SHIH et al. 

clorgyline and deprenyl. Broforamine and clorgyline are both MAOA-specific 
inhibitors, except the former is also a 5-HT uptake blocker. These results 
suggest that when MAOA is inhibited the concentration of 5-HT increases to 
a level suitable for oxidation by MAOB. 

The MAOB inhibitor deprenyl caused a near disappearance of 5-HIAA in 
MAOA-deficient mice but had no effect in control mice (CASES et al. 1995). 
These results demonstrate the important role of MAOB in 5-HT metabolism. 
However, the contribution of 5-HT oxidation by MAOB under normal condi
tions is unknown. 5-HT oxidation in cells coexpressing both forms of MAO 
would likely be mediated by MAOA because of its higher affinity for 5-HT. In 
contrast, the cellular localization of MAOB in serotoninergic neurons suggests 
that it plays an important role in regulating 5-HT levels in these neurons. 
These results demonstrate that 5-HT oxidation by MAOB is more pro
nounced with increasing age. 

MAOA-deficient mice display signs of abnormal behavior that are strik
ingly different between pups and adults (CASES et al. 1995). The pheno
typic traits of mice between the age of postnatal days 1 and 16 range from 
intense head nodding to frantic running. In contrast, adult males display 
offensive aggressive behavior. Treatment with the 5-HT synthesis inhibi
tor parachlorophenylalanine reversed these abnormal behavioral traits in 
MAOA-deficient pups, whereas the catecholamine synthesis inhibitor a
methylparatyrosine had no effect. 

These results are consistent with earlier studies using MAO inhibitors. 
The effects of MAOA inhibitors on monoamine concentrations in rat brain 
show an increase in 5-HT, DA, NE, NMN and 3-MT whereas the concen
trations of 5-HIAA, 3,4-dihydroxyphenylacetic acid (DOPAC), HVA and 
MHPG decrease (DA PRADA et al. 1990; COLZI et al. 1990; KUMAGAE et al. 
1991). 

2. Deletion of the MAOA and MAOB Genes in Norrie Disease 

Loss of function of the Norrie disease (ND) gene results in congenital blind
ness (NORRIE 1927; W ARBURG 1966), with half of the patients manifesting 
mental retardation and/or progressive sensorineural hearing loss (W ARBURG 
1975). GAL et al. (1985a,b) mapped the ND gene to Xp11.3-11.2 by linkage to 
locus DXS7. The deletion of DXS7 (DE LA CHAPELLE et al. 1985; GAL et al. 
1985a) and close proximity of the ND gene to the MAOAlMAOB locus 
prompted investigations into the status of the MAO genes. Hybridization of 
MAO cDNAs to DNA obtained from ND individuals having a deletion of the 
DXS7 locus revealed the complete absence of MAO-hybridizing sequences 
(LAN et al. 1989b; SIMS et al. 1989a; review, CHEN et al. 1995). Atypical ND is 
associated with the loss of MAOA/MAOB function and is characterized by 
additional symptoms including somatic growth failure, severe mental retarda
tion, autistic-like behavior, atonic seizures, autonomic dysfunction and altered 
sleep patterns (SIMS et al. 1989a,b; MURPHY et al. 1990; COLLINS et al. 1992). 
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Amine and amine metabolite amounts for Norrie disease patients with a 
deletion of the MAOA and MAOB have been determined. Marked elevations 
in the urinary excretion of PEA, 3-MT, NMN, o-tyramine, m-tyramine and p
tyramine (metabolites of tyramine) were observed, whereas the concentra
tions of VMA and MHPG decreased (MURPHY et al. 1990, 1991; COLLINS et al. 
1992). Urinary excretion of 5-HT was not determined in these studies. Surpris
ingly, 5-HIAA, HVA and DOPAC were normal, which suggests that other 
metabolic pathways such as plasma amine oxidase and/or benzylamine oxidase 
or other atypical amine oxidases compensate for loss of the MAO genes 
(MURPHY et a1. 1991). 

D. Conclusions 
Successful isolation of the MAOA and MAOB cDNA and genomic clones has 
provided a great deal of knowledge about the structure and function of these 
important enzymes. Site-directed mutagenesis and construction of chimeric 
MAO forms has made possible the localization of amino acid residues in
volved in FAD covalent attachment, putative active-site cysteine residues and 
substrate- and inhibitor-binding regions. Such advances are crucial to a better 
understanding of MAO function that may lend itself to the development of 
better MAO inhibitors. Heterologous expression of MAO in yeast or bacteria 
will produce milligram quantities of the enzymes which may be suitable for 
crystallization and atomic coordinate determinations. Alterations in the levels 
of biogenic amines and their metabolites in MAO-deficient humans and mice 
has clearly shown that 5-HT is predominately oxidized in vivo by MAOA, 
whereas the role of MAOB is important in the absence of MAOA. The ability 
of MAOB to metabolize 5-HT in MAOA-deficient mice is intriguing. What is 
MAOB's role in regulating 5-HT levels in normal individuals, especially in 
serotoninergic neurons where MAOB is the predominant MAO form? It is 
also interesting that MAOA inhibitors are effective antidepressants yet in 
MAOA-deficient humans and mice they produce aggressive behavior. This 
result suggests that MAO regulates biogenic amines during development and 
its absence may result in abnormal neuronal architecture. In conclusion, mo
lecular biology has helped answer many questions that have been addressed 
over the 25 years of MAO research and has opened new questions for future 
investigations. 
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CHAPTER 26 

Molecular Biology, Pharmacology, 
and Genetics of the Serotonin Transporter: 
Psychobiological and Clinical Implications 

K.-P. LESCH 

A. Introduction 
Serotonin (5-HT), which acts at multiple pre- and postsynaptic receptor sites, 
fulfills the criteria for a neurotransmitter and modulator of synaptic signal 
transduction in many functional systems of the brain. As a consequence of this 
enormous versatility, brainstem 5-HT systems affect many diverse functions, 
such as mood, cognition, appetite and satiation, sleep, motor behavior, neu
roendocrine and circadian rhythms, social and reproductive behavior. By de
termining the magnitude and duration of postsynaptic receptor-mediated 
signaling, carrier-facilitated 5-HT transport into and release from the pre
synaptic neuron plays a key role in the spatiotemporal fine-tuning of 5-HT 
neurotransmission (Fig. 1). Recent advances have resulted from the mole
cular and functional characterization of the serotonin transporter (5-HTT), 
from pharmacological and neurochemical studies relating the actions of 
psychoactive drugs (e.g., tricyclics, selective 5-HT reuptake inhibitors, 
psychostimulants) to discrete effects on 5-HT uptake and release, and from 
the molecular dissection of the complex changes in functional expression as a 
consequence of altered gene transcription. On the basis of its molecular struc
ture and anatomical distribution, substrate specificity, electrophysiological 
properties, and drug-binding profiles the 5-HTT has been placed in the ex
tended gene family of Na+/CJ--dependent cell surface transport proteins. 

The new insights into neurotransporter diversity provide the means for 
novel approaches of studying uptake processes at the molecular level. Current 
research strategies are focusing on functional mechanisms of 5-HT transloca
tion and inhibitor binding, on molecular regulation of 5-HTT gene expression, 
and on posttranslational modification of the 5-HTT protein. Important infor
mation is also being derived from the analysis of gene organization and from 
modeling 5-HTT -dependent neuroplasticity or drug actions that target the 5-
HTT in genetically engineered animals. 

In the psychobiological context it is becoming increasingly evident that 
inadequate adaptive responses to environmental stressors in conjunction 
with predisposing genes and/or developmental vulnerability are likely to 
contribute to the etiopathogenesis of behavioral and psychiatric disorders. 
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Fig.1. Serotoninergic synapse. 5-HT is stored in vesicles within the presynaptic neuron 
and upon neuronal excitation is released into the synaptic cleft. It crosses the cleft and 
binds to postsynaptic (and presynaptic) 5-HT receptors. The action of 5-HT is termi
nated by reuptake back into the 5-HT neuron via the 5-HT transporter. The transport 
process can be blocked by reuptake inhibitors. Once inside the serotoninergic neuron, 
5-HT can be enzymatically degraded by MAO or taken back into the storage vesicles 
via a vesicular monoamine transporter for reuse. The latter process can also be blocked 
by specific inhibitors, such as reserpine 

While the early phases of development of the eNS are dominated 
by genetically determined local chemical signals between developing cells, 
it is now clear that at later stages of development and during adult life 
neural connectivity is affected by sensory inputs from the environment. A 
polymorphism in the regulatory region of the 5-HTT gene is associated 
with anxiety- and depression-related personality traits, and preliminary 
evidence suggests that it also affects the risk to develop affective disorders 
and alcohol dependence. To further validate the concept of the 5-HTT gene 
as a susceptibility locus for emotional instability transgenic strategies are 
gaining momentum. These strategies address the question of the extent to 
which targeted disruption of the 5-HTT gene affects the biochemistry, electro
physiology, and pharmacology of the 5-HT system and modulates neural 
development and synaptic plasticity. It may also provide a system to dissect 
successive events that lead to disease states and to test novel therapeutic 
concepts. 
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B. Molecular Biology 
I. Gene Family of Na+/Cr.Dependent Transporters 

A repertoire of different cloning strategies have led to the molecular char
acterization of an extented gene family of Na+/Cl--dependent transporter 
proteins, including the transporters for 5-HT and catecholamines (norepi
nephrine, dopamine), y-aminobutyric acid (GABA), glycine, proline, taurine, 
betaine, creatine, and several orphan carriers (for review see AMARA and 
KUHAR 1993; BLAKELY et at 1994; UHL and JOHNSON 1994; and references 
therein), Moreover, several subtypes of the GABA transporters have been 
identified. On the basis of their remarkable amino acid identity of 69%-80% 
and their properties as targets oftri- and heterocyclic antidepressants, amphet
amine, cocaine, and their analogs, the carriers for the biogenic amines 5-HT, 
dopamine, and norepinephrine constitute a distinct subfamily. 

II. Molecular Structure 

The cDNA encoding the 5-HTT has been characterized by a combination of 
expression cloning and homology screening and by PCR-assisted amplification 
of reverse transcribed mRNA with degenerate oligonucleotides (BLAKELY et 
at 1991; HOFFMAN et at 1991; MA YSER et at 1991; LESCH et at 1993a; 
RAMAMOORTHY et at 1993). The sequence analysis of rat, mouse, and human 
cDNAs predicts a protein of 630 amino acids that lacks a signal peptide for 
promoting insertion into the membrane after translation. The 5-HTT cDNA 
from Drosophila rnelanogaster displays roughly 50% identity with the rodent 
and human 5-HTTs (COREY et al. 1994; DEMCHYSHYN et al. 1994). A single 
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Fig. 2. Hypothetical functional domains of the 5-HT transporter 
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Fig. 3. Quarternary structure of the 5-HTT. The section is across two or four subunits 
that form the 5-HTT. The complex forms a cavity that extents across the bilayer, and 
the catalytic domain is at the center of the cavity. Each subunit contributes one 
transport site to the complex. Subunit 1 is shown in an el state while subunit 2 is in an 
e2 state binding extracellular 5-HT. When subunit 2 translocates bound 5-HT across 
the membrane, subunit 1 must undergo the antiparallel conformational change, and 
vice versa. The structure of each subunit is stabilized by extracellular, internal disulfide 
bridges 

primary transcript is produced from mouse and rat cDNA while several mRNA 
species can be detected in humans. Although some variations exist, 
the structure of the 5-HTT protein is best described by a model with 12 
transmembrane segments, intracellular amino and carboxyl termini, and an 
extended extracellular loop with several potential N-linked glycosylation sites 
between transmembrane segments 3 and 4 (Fig. 2). While it is most likely that 
this loop contributes to protein folding and stability, it may also participate in 
intracellular traficking and membrane insertion. N -Glycosylation of the 5-HTT 
protein is likely to be dependent on the biosynthetic constraints imposed by 
the 5-HTT expressing cell type (OIAN et al. 1995). Recent work has 
demonstrated that treatment of transiently expressed recombinant 5-HTT with 
sulfhydryl oxidizing agents generates dimeric (130-180kDa) and tetrameric 
adducts (220-270kDa), thus indicating an oligomeric quaternary structure of 
the 5-HTT protein after insertion into the membrane (JESS et al. 1996; Fig. 3). 

The 5-HTT is subject to both acute and chronic levels of regulation. 
Posttranslational modification including phospporylation/dephospporylation 
through protein kinase C (PKC) and calmodulin-dependent protein kinase as 
well as via nitric oxide and cGMP represent central mechanisms of acute 
modulation of 5-HTT function (JAYANTHI et al. 1994; LAUNAY et al. 1994; 
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MILLER and HOFFMAN 1994), Long-term adaptation in 5-HTT function is likely 
to be more a consequence of regulation at the level of gene expression (see 
Sects. F.I-IV). 

III. Electrogenicity 

According to the classical model presented by NELSON and RUDNICK (1979), 
for each transport cycle, one Na+ and one Cl- are cotransported with each 
positively charged 5-HT molecule, while one K+ is countertransported. 5-HT 
transport can also function in reverse when external K+ concentration rises, 
and the cell is depolarized. This stoichiometry predicts that no net charge 
crosses the cell membrane during the transport cycle. However, recent studies 
using voltage clamp analysis indicate that the 5-HT uptake is potentially 
electrogenic, and that the 5-HTT (and several other structurally related 
transporters) displays complex ion channel-like properties. 

Three distinct conducting states of the 5-HTT have been described: a 
steady-state transport-associated current (during the gating process 5-12 el
ementary charges cross the membrane for each 5-HT molecule transported, 
depending on the membrane potential), a hyperpolarization-dependent tran
sient inward current, and a small leakage current (MAGER et al. 1994). Each of 
the three currents are blocked by 5-HT reuptake inhibitors (also see Sect. D). 
These results reveal that transport mechanisms may not be encompassed by 
classic carrier models and support an emerging view that transporter-mediated 
ionic currents contribute to signaling in the nervous system (SONDERS and 
AMARA 1996). Molecular strategies are likely to provide further insights into 
the regulation of 5-HT transport as a function of membrane potential, ion 
gradients, intracellular signal processing, and gene expression. 

c. Developmental Biology and Anatomical Distribution 
5-HT regulates morphogenetic activities such as cell proliferation, differentia
tion, and metamorphosis in early embryonic development. These phylogene
tically old functions are reiterated in the developing mammalian brain. In 
addition to defined brain regions, the 5-HTT is expressed in platelets, lympho
cytes, gut, lung, placenta, and several other organs. Studies in the developing 
rat brain indicate that the 5-HTT is present on embryonic day 15 (E15), even 
before the transformation of serotoninergic growth cones during cortical 
synaptogenesis (IvGY-MAY et al. 1994). While in adult life 5-HTT expression 
appears to be restricted to raphe neurons, it has been detected in the cingulate 
cortex and thalamus during postnatal development of the brain. It has been 
shown that the dense transient 5-HT innervation of the somatosensory, visual, 
and auditory cortices originates in the thalamus rather than in the midbrain 
raphe complex. 5-HT is detected in thalamocortical fibers and most 5-HT 
cortical labeling disappears after thalamic lesions. While thalamic glu-



676 K.-P. LESCH 

tamatergic neurons do not synthesize 5-HT, they take up exogenous 5-HT 
through transiently expressed 5-HTT located on thalamocortical axons and 
terminals. Intriguingly, internalized 5-HT might thus be stored and used as 
a "borrowed transmitter" for serotoninergic signaling or could exert an 
intraneuronal control on thalamic maturation (LEBRAND et al. 1996). 

I. Autoradiography, Immuuohistochemistry, and mRNA Expression 

Quantitative autoradiographic analyses of radioligand binding (e.g., 
[3H]cyanoimipramine, [3H]paroxetine, [3H]citalopram, [125I]RTI_55) in sec
tions of the adult brain have demonstrated highest densities of 5-HTTs on 
serotoninergic cell bodies in the midbrain raphe complex and in its projection 
areas including cortical areas, entorhinal cortex, CA3 region of the hippocam
pus, amygdala, substantia nigra, caudate putamen, and hypothalamus (CORTES 
et al. 1988; HRDINA et al. 1989; HENSLER et al. 1994). Unlike the 5-HT1A 

receptor, the 5-HTT is relatively evenly distributed within the human dorsal 
raphe subnuclei (STOCKMEIER et al. 1996). In immunoblots of membranes 
prepared from rat midbrain and cortex, the 5-HTT migrates as a single 76-kDa 
polypeptide with a relative abundance consistent with the known distribution 
of 5-HT neurons and axonal projections (OIAN et al. 1995). 

Immunocytochemical studies have revealed widespread and heteroge
neous distribution of 5-HTT positive processes in the rat brain. High densities 
of immunoreactivity are detected within the caudate putamen, amygdaloid 
complex, substantia nigra, ventral pallidum, septal nuclei, interpeduncular 
nucleus, trigeminal motor nucleus, olfactory nuclei, and cortical areas (QIAN et 
al. 1995; SUR et al. 1996). High levels of expression are also found in the 
stratum oriens of area CA3 and to a lesser extent in the stratum oriens of CAl 
and the stratum lacunosum moleculare of CAl and CA3 regions of the hippoc
ampus (SUR et al. 1996). Within the raphe nuclei a moderate to high incidence 
of labeled processes are observed, and immunopositive cell bodies are de
tected in the dorsal raphe nucleus. In addition, some immunoreactive fibers 
are present in the molecular and granular layers of the cerebellum or in the 
cochlear and olivary nuclei. Although 5-HTT protein expression is not detect
able in glial cells, astrocytes may have a developmentally related potential to 
participate in the 5-HT clearance (DAVE and KIMELBERG 1994). mRNA encod
ing the 5-HTT is abundant in ascending neurons of the raphe nuclei, especially 
in the dorsal and median raphe (LESCH et al. 1993b; McLAUGHLIN et al. 1996). 
5-HTT mRNA is expressed at the highest levels in ventral and ventrolateral 
subregions of the dorsal raphe, with lower levels of expression in the median 
raphe, oral pontine reticular nuclei, and the supralemniscal cell groups. 

II. In Vivo Imaging 

Some ligands for the 5-HTT have been developed for use in imaging studies 
such as single-photon emission tomography (SPECT) and positron emission 
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tomography (PET). [IC'I)2,B-Carbomethoxy-3,B( 4-iodophenyl)tropane (,B-CIT; 
also designated RTI-55), a potent analog of cocaine with high binding affinity 
and selectivity for both the 5-HTT and the dopamine transporter, has been 
used to visualize the terminals of serotoninergic (and dopaminergic) neurons 
in nonhuman primate and human brain (STANLEY et al. 1982; STALEY et al. 
1994; Fig. 4). SPECT experiments in nonhuman primates show that e23I),B-CIT 
in vivo binding to dopamine transporters have a much slower washout 
than binding to 5-HTTs (LARUELLE et al. 1993). Another highly potent 
and 5-HT -selective tropane, 3,B-[4(1-methylethenyl)phenyl)-2,B-propanoyl-8-
azabicyclo[3.2.1)octane, which has a K j of 0.1 nM at 5-HTT and is 150 
times more potent at 5-HTTs vs dopamine transporters and almost 1000 
times more potent at 5-HTTs vs norepinephrine transporters, may be ad
vantageous in the study of serotoninergic terminals with PET (DAVIES et al. 
1996). Promising preliminary 5-HTT in vivo imaging results have also been 
obtained with the SPECT tracer [l2JJ)5-iodo-6-nitroquipazine (JAGUST et al. 
1996). 

D. Pharmacological Properties 
I. Drug Interaction 

The 5-HTT is regarded as an initial site of action of antidepressant drugs, of 
several presumably neurotoxic agents including the amphetamine derivatives 
3,4-methylenedioxymethamphetamine (MDMA, "ecstasy"), non stimulant 
fenfluramine, and the I-methyl-4-phenylpyridinium ion (MPP+), neurotoxic 
metabolite of 1-methyl-4-phenyl-l ,2,3,6-tetrahydropyridine (MPTP), and its 
analogs. Tricyclics, such as imipramine or amitriptyline, and the selective 5-
HT reuptake inhibitors (SSRIs) fluvoxamine, fluoxetine, sertraline, citalo
pram, and paroxetine are widely used in the treatment of depression, anxiety, 
obsessive-compulsive disorder. and eating disorders as well as substance abuse 
including alcoholism (LESCH and BENGEL 1995; and references therein; Fig. 4). 
While the therapeutic efficacy of SSRIs is associated with fewer serious side 
effects and overdose hazards than tricyclic antidepressants, their initial mecha
nism of action - inhibition of 5-HT reuptake - is not novel (MURPHY et al. 
1995). Finding a conceptually reasonable middle course between 5-HT trans
port, 5-HT subsystem complexity, 5-HT receptor multiplicity, and related 
neurobiological mechanisms of action underlying the antidepressant effects of 
these drugs has been extraordinarily challenging; this is particularly the case 
when the focus of research is on the delayed onset of clinical efficacy reflecting 
neuroadaptational events during long-term administration (PINEYRO et al. 
1994). Although chronic antidepressant treatment enhances the efficiency of 
serotoninergic signaling (BUER et al. 1990), recent findings suggest that SSRls 
are not effective following acute administration, because inhibition of 5-HT 
reuptake at the cell body or terminal of the serotoninergic neuron (with high 
densities of 5-HTT) is likely to result in stimulation of somatodendritic (5-
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Fig. 4. Selective inhibitors and ligands of the 5-HT transporter 

HT1A) and terminal autoreceptors (5-HTlB) which in turn impairs release of 
5-HT. Concurrent antagonism of these autoreceptors during 5-HT reuptake 
blockade may have the potential to accelerate the antidepressant effect of 5-
HTT inhibition and may be a practical concept for developing rapidly acting 
antidepressants (also see Sect. F.III and Fig. 10). 

Tianeptine, an atypical tricyclic with a substituted dibenzothiadiazepine 
nucleus and an aminoheptanoic chain with a terminal acidic group, is a novel 
5-HT uptake modulatory compound (for review see MURPHY et al. 1995; Fig. 
4). Tianeptine appears to enhance 5-HT reuptake in both animal models and 
humans. Although the mechanism of its 5-HT uptake enhancing action re
mains elusive, the preclinical and clinical profile of tianeptine is indicative of 
antidepressant activity. 
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\~ 
5-HT ...--

MDMA 
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MDMA 5-HT 
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Fig. 5. The role of the 5-HTT in the mechanism of MDMA and MPP+ neurotoxicity. 
Amphetamines and their highly lipophilic, neurotoxic analogs, such as MDMA, are 
substrates of the 5-HTT, displace 5-HT from its storage vesicle, and ultimately induce 
5-HT efflux by a carrier-dependent process. MDMA is therefore a potent releaser of 
5-HT. Long-term administration results in toxic degeneration of serotoninergic termi
nals. MDMA-induced 5-HT release and neurotoxicity can be prevented by tri- and 
heterocyclic uptake inhibitors. MPP\ the neurotoxic metabolite of MPTP, also enters 
serotoninergic neurons via the 5-HTT. In pathological conditions a dysfunctional trans
port process may contribute to an increased susceptibility to exogenous MPP+-like 
neurotoxins. The vulnerability to MPP+ may be further aggravated by an impaired 
capacity of the vesicular monoamine transporter (VMT), which plays a central role in 
the sequestration of cytoplasmic toxins and thus in the limitation of mitochondrial 
damage 

II. Toxins and Neurodegeneration 

Of particular interest is the mechanism of toxin-induced modification of 
serotoninergic function and its impact on brain development, event-related 
synaptic plasticity, and eNS de-/regeneration (LESCH et al. 1996b; and ref
erences therein). While tri- and heterocyclic antidepressants inhibit 5-HT 
reuptake, several agents enhance serotoninergic neurotransmission by facili
tating both exocytic and nonexocytic 5-HTT-mediated 5-HT release (Fig. 5). 
Amphetamines and their highly lipophilic, neurotoxic analogs, such as 
MDMA, are substrates of the 5-HTT, displace the biogenic amine from 
its storage vesicle. and ultimately induce 5-HT efflux by a carrier-dependent 
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process and by stimulation of exocytosis (LEVI and RAITERI 1993; RUDNICK 
and WALL 1993; SCHULDINER et al. 1993). MDMA induces efflux in a stereo
specific,. Na+-dependent, and imipramine-sensitive manner characteristic 
of 5-HTT-mediated exchange, whereas MDMA-evoked vesicular 5-HT efflux 
is due to dissipation of the transmembrane pH difference generated by 
A TP hydrolysis and to direct interaction with the vesicular monoamine 
transporter. 

Although the direct and indirect dopaminergic action of MDMA is likely 
to be related to the mechanism of reinforcement, it is a highly potent releaser 
of 5-HT and long-term administration results in toxic degeneration of 
serotoninergic terminals. MDMA-induced 5-HT release and neurotoxicity can 
be prevented by tri- and heterocyclic reuptake inhibitors. By analogy, the 
5-HT releasing effect of the anorectic drug fenfluramine is blocked by 
clomipramine or fluoxetine (LEVI and RAITERI 1993). Recent studies in trans
fection models suggest that potency toward individual plasma membrane 
biogenic amine transporters and the ability to release accumulated amine 
substrates are independent properties of each amphetamine derivative (WALL 
et al. 1995). 

5-HTT substrates include the neurotoxin MPTP, which induces 
Parkinson's syndrome, particularly its major brain metabolite MPP+, and 
MPTP analogs such as NHz-MPTP (BUCKMAN et al. 1988; ANDREWS and 
MURPHY 1993; Fig. 5). The uptake process is saturable, may be blocked by 
inhibitors of 5-HT uptake, and is accompanied by a decrease in intracellular 
A TP and an inhibition of mitochondrial state 3 respiration. These findings 
demonstrate that the dopamine uptake system is not the only means by which 
potent neurotoxin can be efficiently transported into cells. 

III. Structure-Function Relationships 

The cloning of multiple species homologs of the 5-HTT provides a unique 
opportunity for molecular comparisons to identify potential domains and 
residues involved in transport function. The relationship between the 5-HTT 
structure and the binding of substrates, ions, and antagonists has been studied 
in cell models transfected with species-specific 5-HTTs and by pharmacologi
cal comparisons of chimeric human and rodent 5-HTT (Fig. 2). The findings 
suggest that the substrate 5-HT as well as several structurally similar 
nontricyclic antidepressants and specific inhibitors of 5-HT transport interact 
largely with nonpolar and sterically confining environments, and that a par
ticular spatial coordination of the amino and phenyl groups (separated by an 
alkyl backbone) is important for transport interaction (CHANG et al. 1993). 
While this aminophenyl coordination motif seems to be a structural requisite 
for transport interaction, and is therefore likely to be part of the transport 
pharmacophore, additional phenyl rings present in some of the non tricyclic 
antidepressants may help to account for their relatively higher affinities in 5-
HT transport interaction. 
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A possible molecular explanation for the distinct pharmacological 
actions of various antidepressants (and other ligands of the 5-HTT) has been 
provided by SCHLOSS and BETZ (1995) who reported the existence of two 
distinct binding sites with differential sensitivity for tricyclic and non tricyclic 
antidepressants. Most tricyclic antidepressants are significantly more potent at 
the human than the rat 5-HTT, whereas D-amphetamine is a more potent 
inhibitor of rat 5-HTT (BARKER et a1. 1994). Several other ligands such as 
fluoxetine, paroxetine, MDMA, cocaine, and the substrate 5-HT exhibit no 
significant species selectivity. Species preferences for both the tricyclic 
imipramine and D-amphetamine may be associated with a region in or near the 
transmembrane domains 11 and 12 as being involved in tricyclic antidepres
sant recognition. Using site-directed mutagenesis, BARKER and BLAKELY 
(1995) have recently identified a single amino acid, phenylalanine 586, in 
transmembrane domain 12 to be responsible for high-affinity interactions of 
tricyclic antidepressants with the human 5-HTT. Although refined molecular 
tools are gaining momentum as probes of structure-activity relationships, 
structural domains with functional relevance are still far from being conclu
sively elucidated. 

E. Gene Organization: Of Mice and Men 
I. Chromosomal Mapping and Gene Organization 

Progress is also being made in the elucidation of the 5-HTT chromosomal 
localization and genomic organization, including 5'-flanking transcriptional 
regulatory sequences. The human and murine 5-HTT genes (located on chro
mosome 17q12 and chromosome 11, respectively) are composed of 14 exons 
spanning approx. 35 kb and with conservation of both the exoniintron organi
zation and to a lesser extent the 5'-flanking regulatory sequences (LESCH et a1. 
1994; Fig. 6) Length variation in the 5' untranslated region of midbrain raphe 
5-HTT mRNA results from alternative splicing of exon 1'. While only a single 
mRNA species occurs in rats and mice, the most proximal signal for 
polyadenylation in the human gene is a variant of the rat and murine motif. 
This polyadenylation signal-like motif may lead to alternate usage of addi
tional polyadenylation sites, resulting in multiple mRNA species in humans 
(HElLS et a1. 1995). A highly conserved TAT A-like motif and several potential 
binding sites for transcription factors including API, AP2, SPl, and eRE-like 

Fig. 7. Structure of the 5'-flanking regulatory region of the human 5-HTT gene. Black 
boxes, coding regions; hatched boxes, non coding regions. The 5-HTT gene promotor is 
defined by a TAT A -like motif, and several potential binding sites for transcription 
factors including API, AP2, SPI, and a eRE-like motif are present in the 5'-flanking 
region. The position (shaded boxes) and consensus sequence (open boxes) of the 5-
HTTLPR are indicated. The potential of the 5-HTTLPR to form G4-DNA is also 
depicted (also see Sect. G. V) 
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motifs are present in the 5'-flanking regulatory (promoter) region across 
species (Fig. 7). 

II. Regulation of Gene Expression 

The role of these transcription factor motifs in the regulation of human and 
murine 5-HTT gene expression has been studied by transfection studies using 
reporter gene fusion constructs of 5'-flanking sequences (HElLS et al. 1995). 
Functional promoter mapping with deletional mutants revealed that core 
promoter sequences are contained within approx. lOObp of the transcription 
start site, and that regulation of cAMP- and PKC-inducible promoter activity 
depends on multiple cis-acting elements. The findings suggest that the 5-HTT 
promoter is active in primary and continuous cell lines which constitutively 
express 5-HTT, that the information contained within approx. 2kb of 5'
flanking sequence is sufficient to confer its cell-specific expression, that the 
promoter responds to cAMP/PKA and PKC induction, and that the expres
sion of the 5-HTT gene is regulated by a combination of positive and negative 
cis-acting elements operating through a basal promoter unit defined by a 
TATA-like motif. 

III. 5-HTT Linked Polymorphic Region 

Transcriptional activity of the human 5-HTT gene promoter is modulated by 
a polymorphic repetitive element (5-HTTLPR). The 5-HTTLPR is located 
approximately 1 kb upstream of the 5-HTT gene transcription initiation site in 
a GC-rich region and is composed of 14-16 repeat elements with the consensus 
sequence CCCCCCTGCACCCCCCAGCAT (Fig. 7; HElLS et al. 1996). The 
highly prevalent polymorphism, which consists of the presence or absence of a 
44-bp segment involving repeat elements 6-8, is located close to a "hot spot" 
for deletion mutagenesis. Comparison of the 5-HTT gene promoter in various 
species revealed that the 5-HTTLPR is "foreign" DNA, possibly of viral origin 
and unique to humans and nonhuman primates including Macaca mulatta 
(rhesus monkeys; BENGEL et al. 1997a,b; A. HElLS and K.P. LESCH, in prepara
tion). The 5-HTTTLPR may form a complex G-string-dependent tetrastrand
like structure (G4-DNA), silences transcriptional activity in nonserotoninergic 
cells, and contains positive regulatory components elements (HElLS et al. 
1995). In addition, the 5-HTTLPR confers allele-dependent differential tran
scriptional activity on 5-HTT gene promoter activity when fused to a luciferase 
reporter gene and transfected into human 5-HTT expressing cell lines (HElLS 
et al. 1996). PCR-based genotype analysis in populations of varying ethnicity 
has revealed allele frequencies of 57% for the long allele and 43 % for the short 
allele. The 5-HTTLPR genotypes are distributed according to Hardy
Weinberg equilibrium: 32% 111, 49% lis, and 19% sis. A similar allele frequency 
in Macaca mulatta indicates evolutionary preservation of genotype distribu-
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tion, which may reflect a gain of function with potential relevance to social 
interaction in human and nonhuman primate populations. 

IV. Allelic Variation of Functional 5-HTT Expression 

The effects of 5-HTTLPR variability on functional gene expression has been 
determined by studying the relationship between 5-HTTLPR genotype, 5-
HTT gene transcription, and 5-HT uptake activity in human lymphoblastoid 
cell lines (LESCH et al. 1996a). Lymphoblasts constitutively express functional 
5-HTT, display 5-HT/5-HT1A receptor-dependent proliferative responses, ex
hibit cAMP- and PKC-dependent 5-HTT gene regulation, and permit expres
sion studies of the native 5-HTT gene in cell lines cultured from subjects with 
different 5-HTTLPR genotypes. The effect of the 5-HTTLPR on 5-HTT ex
pression at the mRNA level has been assessed by competitive PCR and at the 
protein level by [125I]RTI_55 binding and [3H]5-HT uptake experiments. Cells 
homozygous for the I form of the 5-HTTLPR produce higher concentrations 
of 5-HTT mRNA than do cells containing one or two copies of the s form. 
Membrane preparations from 1I11ymphobiasts bind more C25I]RTI-55 than do 
sis cells. Furthermore, the rate of imipramine-sensitive CH]5-HT uptake is 
about twice as high as in cells homozygous for the I form of the 5-HTTLPR as 
in cells carrying one or two endogenous copies of the s form of the promoter. 
The genotype-dependent differences in mRNA concentrations, [125I]RTI_55 
binding, and [3H]5-HT uptake persists proportionally when 5-HTT gene tran
scription is induced with forskolin or phorbol myristate acetate. 

The following section summarizes the converging lines of evidence that 
allelic variation in functional 5-HTT expression is likely to play a role in 
developmental neuroplasticity, thus determining the expression of complex 
traits and their associated behavior throughout adult life. Moreover, it is 
becoming increasingly evident that allelic variation of 5-HTT function, in 
conjunction with other predisposing genetic factors and with inadequate 
adaptive responses to environmental stressors, is likely to contribute to 
the etiopathogenesis of depression, anxiety disorders, alcohol abuse, and 
neurodegenerative processes. 

F. Genetics: Listening to the Gene 
I. Mutation Screening 

5-HTT function appears to be dysregulated in a variety of complex behavioral 
traits and disorders such as depression, bipolar, anxiety, obsessive-compulsive, 
schizophrenic, and neurodegenerative disorders, autism, substance abuse, and 
eating disorders (BRILEY et al. 1980; PAUL et al. 1981; for review see ELLIS and 
SALMOND 1994; OWEN and NEMEROFF 1994). Moreover, 5-HT uptake capacity 
has been proposed to be a trait variable for affective disorder since it remains 
decreased after recovery. Twin studies suggest that 5-HT uptake is genetically 
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controlled (MELTZER and ARORA 1988), which is further supported by the fact 
that 5-HTT function is lower in first-degree relatives of patients with depres
sion who themselves display decreased 5-HT uptake. The hypothesis that 
genetic control of and disease-related alteration in 5-HTT function is more 
likely to be related to differential regulation of 5-HTT expression than to 
amino acid substitutions is further supported by the fact that mutation screen
ing of the gene's translated exons in several samples of patients with affective 
spectrum and obsessive-compulsive disorders detected only rare coding vari
ants (LESCH et al. 1995; ALTEMUS et al. 1996; Dr BELLA et al. 1996). 

II. 5-HTT Linked Polymorphic Region and Personality Traits: A 
Susceptibility Locus? 

Following the demonstration of allelic variation in functional expression, 
the 5-HTT has assumed importance as a piece in the mosaiclike texture of 
anxiety-related personality traits. Anxiety is a fundamental, enduring, and 
continuously distributed dimension of normal human personality, with a heri
tability of 40%-60% (BOUCHARD 1994; and references therein). The contri
bution of 5-HTTLPR variability to individual phenotypic differences in 
temperament was determined in a combined population and family genetic 
study on two independently collected groups of human subjects (n = 505) 
consisting of predominantly male siblings and other family members (LESCH et 
al. 1996a). Anxiety-related and other personality traits have been assessed by 
the NEO personality inventory (NEO-PI-R), a self-report inventory based 
on the five-factor model of personality. Both independently collected study 
populations displayed a significant association between 5-HTTLPR genotype 
and neuroticism (Fig. 8). Individuals with either one or two copies of the s 
form of the 5-HTTLPR (referred to together as group S) had higher 

30 
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Fig. 8. Distributions of neuroticism (NEO-PI-R factor N) scores. X-axis, neuroticism 
scores separated into eight groups with the indicated median T scores; Y-axis, the 
distribution (percentage) of subjects from the L (n = 163) and S (n = 342) groups in each 
of the eight T score groups (LESCH et al. 1996) 
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neuroticism scores than individuals homozygous for the 1 variant of the 5-
HTTLPR (group L). 

The scores for the lis and sis genotypes were not significantly different, 
indicating that the polymorphism has more of a dominantlrecessive than of a 
codominantladditive effect on neuroticism, just as it does on 5-HTT gene 
expression. The NEO-PI-R is based on a hierarchical model in which each 
personality factor is comprised of several related facets. Analysis of the six 
facets of neuroticism showed significant associations between 5-HTTLPR 
genotype and the facets of anxiety, angry hostility, depression and impulsive
ness, but not self-consciousness or vulnerability. The association between 5-
HTTLPR genotype and personality traits was also analyzed in 78 sib pairs who 
were discordant for the 5-HTTLPR. Despite the reduction in sample size, the 
difference between the Land S siblings was statistically significant even after 
conservatively correcting for the nonindependence of sib pairs from the same 
family. These family studies show that the observed associations between 5-
HTTLPR genotype and anxiety-related traits are due to genetic transmission 
rather than population stratification. 

These results show that the 5-HTTLPR affects a constellation of traits 
related to anxiety and depression. Allelic variation in functional 5-HTT ex
pression contributes a modest but replicable 3 %-4 % of the total variance and 
7%-9% of the genetic variance, based on estimates from twin studies using 
these and related measures which have consistently demonstrated that genetic 
factors contribute 40%-60% of the variance in neuroticism, harm avoidance, 
and other anxiety-related personality traits in large population samples 
(BOUCHARD 1994). The associations represent only a small portion of the 
genetic contribution to anxiety-related personality traits. If other genes are 
hypothesized to contribute similar gene-dosage effects to anxiety, approxi
mately 10-15 genes might be predicted to be involved. Small, additive, or 
interactive contributions of this size have in fact been found in studies of other 
quantitative traits (LANDER and SCHORK 1994; and references therein). As 
other anxiety-related genes are identified, including perhaps some with effects 
that are larger than or interact with this polymorphism, it might become 
possible to use this information to enhance individualized pharmacological 
treatment of psychiatric disorders. 

III. Affective Disorders 

The impact of genetic and environmental factors on 5-HTT function and its 
consequences for synaptic plasticity of the developing and mature brain in 
psychiatric disorders and during therapeutic intervention is of particular inter
est. Genetic susceptibility factors contribute considerably to the etiology of 
affective illness, including bipolar affective disorder and unipolar depression, 
and heritability is estimated be up to 86% for bipolar disorder and 30%-37% 
for depression. Although the two disorders may share factors which determine 
depressive symptoms. with an associated high risk of suicide, genetic heteroge-
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neity, and a substantial but varying environmental component, complicates 
identification of predisposing genes. Linkage between the 5-HTT locus on 
human chromosome 17q12 and bipolar affective disorder has not been de
tected although individual families with LOD scores of approximately 1 have 
been observed (KELSOE et a1. 1996). This is not necessarily unexpected since 
linkage analysis does not have the sensitivity to detect quantitative trait or 
vulnerability loci with modest effects and several other putative loci for bipo
lar affective disorder may obscure 5-HTTLPR effects. 

Previous analysis of the 5-HTT gene for polymorphic variants revealed, in 
addition to some rare polymorphisms which are not associated with disease 
(LESCH et a1. 1995; ALTEMUS et a1. 1996; DI BELLA et a1. 1996), a variable
number tandem repeats (VNTR-17) located in intron 2 with two common 
(with 10 or 12 repeats) and one rare allele (with 9 repeats; LESCH et a1. 1994). 
This rare allele is reported to be associated with unipolar but not bipolar 
affective disorder (OGILVIE et a1. 1996). While this finding has not been repli
cated (STOBER et a1. 1996), analysis of a larger sample of subjects with affective 
disorders indicates a strong association between allele 12 and bipolar disorder 
(COLLIER et a1. 1996a). 

The effect of 5-HTTLPR-dependent variability in functional 5-HTT ex
pression on susceptibility to affective illness has been assessed in a case
control association study in 454 patients with bipolar or unipolar affective 
disorder and 570 controls, derived from three different European centers 
(COLLIER et a1. 1996b). In all three centers the frequency of the low activity 
allele (short 5-HTTLPR) was higher in patients than in controls. Although the 
differences for each individual center were not individually significant, a strati
fied analysis of all three samples gave a significant overall odds ratio of 1.23. 
The excess of the homozygous short 5-HTTLPR genotype among the patients 
was even greater with an odds ratio of 1.53 and a population-attributable risk 
of 29%. The allelic association between the intron 2 VNTR of the 5-HTT gene 
and affective disorders in these studies does not appear to be entirely a result 
of linkage disequilibrium between the two polymorphisms since only modest 
evidence for linkage disequilibrium between the intronic VNTR and 5-
HTTLPR in patients with affective disorder and controls has been detected. 
These findings indicate that the low transporter-mediated 5-HT uptake func
tion resulting from reduced activity of the 5-HTT gene's transcriptional appa
ratus increases susceptibility to both bipolar affective disorder and unipolar 
depression. Although the increase in risk for homozygotes for the low 5-HT 
uptake activity allele is relatively modest, the observation of a similar effect of 
this allele in both unipolar depression and bipolar disorder may indicate that 
affective spectrum disorders share a general genetic susceptibility locus for 
anxiety and depressive symptoms. This notion has been predicted by multiple 
studies reporting that individuals who score high in measures of neuroticism, 
harm avoidance, and other anxiety-related personality traits display an in
creased risk in developing affective illness and associated spectrum disorder 
such as alcoholism (Fig. 9). 
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Fig. 9. Genetically driven low 5-HT transporter function as one of the determinants of 
anxiety- and depression-related personality traits and as a susceptibility factor for 
neuropsychiatric disorders 

The findings that individuals with the short 5-HTTLPR allele and reduced 
5-HTT function have greater anxiety-related personality characteristics and 
are at risk to develop affective illness would at first seem to conflict with the 
fact that tricyclic antidepressants and SSRIs such as fluoxetine, which competi
tively inhibit 5-HT uptake, are therapeutic agents in anxiety and depressive 
disorders. This apparent contradiction may be explained by regional variation 
and the complex autoregulatory processes which are operational in different 
brain areas (ROUTLEDGE and MIDDLEMISS 1996; Fig. 10). The genetically driven 
impaired ability of low 5-HTT function for a rapid 5-HT clearance following 
release into the synaptic cleft may elicit acute increases of 5-HT in the vicinity 
of serotoninergic cell bodies and dendrites in the raphe complex and may exert 
a somatodendritic 5-HT1A receptor-mediated negative feedback that leads to 
an overall decrease in 5-HT neurotransmission in depressed patients with 
short 5-HTTLPR alleles. On the other hand, chronic antidepressant treat
ment induces adaptive changes in the 5-HTT/5-HTIA and 5-HT1R receptor
modulated negative feedback regulation that eventually leads to an overall 
enhancement of terminal 5-HT release (Fig. 10). 

IV. Alcoholism 

Alcohol dependence is an etiologically and clinically heterogeneous syndrome 
caused by a complex interaction of genetic and environmental factors. Al
though genetic liability to alcohol dependence varies widely among individu
als. heritable factors account for about 50% of the total variance of alcohol 
dependence in men and about 25% in women. Therefore, differentiating 
psychobiological traits of addictive behavior is particularly important for dis
section of the complex genetic susceptibility of alcohol dependence (LANDER 
and SCHORK 1994). Based on differences in genetic involvement. various 
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typologies of alcohol dependence have been proposed. The factors of 
impulsive-aggressive behavior and early onset define a subgroup of alcoholics 
(type 2) with strong genetic predisposition to alcohol dependence (CLONINGER 
1987). A genetically based central serotoninergic deficit is thought to be in
volved in the developmental pathways of alcohol preference and dependence 
by modulating motivational behavior and neuroadaptive processes. 

Studies in human alcoholics have demonstrated lower concentrations of 5-
HT metabolites in cerebrospinal fluid and low platelet 5-HT content. 5-HT 
related impulsive, aggressive, and suicidal behavior has been linked to a pri
mordial personality that is susceptible to alcoholism. Type 2 alcoholics are 
characterized by impUlsive aggression (CLONINGER 1987), suggesting a link 
between alcohol-seeking behavior and low central 5-HT. Studies have as
sessed the role of allelic variation in functional 5-HTT expression in the 
genetic load for alcoholism and have found a trend toward greater expression 
of the homozygous genotype of the short 5-HTTLPR in patients with alcohol 
dependence (n = 315) than in controls (n = 216; SANDER et al. 1997). When the 
overall sample was subdivided into patients with type 2 alcoholism and pa
tients with a history of withdrawal seizures or delirium, the gene effect reached 
significance, with odds ratios between 1.4 and 2.3. These modest but consis
tently significant genotypic associations emphasize the need for further studies 
to confirm that low 5-HTT function confers susceptibility to severe alcohol 
dependence (Fig. 9). 

v. Neurodevelopmental and Neurodegenerative Disorders 

Disturbances in functional 5-HTT expression are also likely to playa role in 
the pathophysiology of neurodevelopmental disorders such schizophrenia and 
autism (PIVEN et al. 1991; JOYCE et al. 1993), and there is a considerable body 
of evidence indicating an extensive loss of both cholinergic and 5-HT neurons 

~-------------------------------

Fig. 10. The impact of allelic variation of functional 5-HTT expression in 5-HT de
pendent, stress-precipitated depression and during long-term antidepressant drug 
treatment on adaptive autoregulation of 5-HT neurotransmission. Anxiety-related 
personality characteristics and the risk of developing affective illness of individuals 
with the short 5-HTTLPR allele and reduced 5-HTT function are a consequence of 
regional variation of 5-HT receptor subtype and 5-HTT distribution that underlie 
complex autoregulatory processes operational in different brain areas. The genetically 
driven impaired ability of low 5-HTT function for a rapid 5-HT clearance following 
release into the synaptic cleft may elicit acute increases of 5-HT in the vicinity of 
serotoninergic cell bodies and dendrites in the raphe complex and may exert a 
somatodendritic 5-HT1A receptor-mediated negative feedback that leads to an overall 
decrease in 5-HT neurotransmission in depressed patients with short 5-HTTLPR alle
les. This mechanism may also explain the apparent contradiction that tricyclic antide
pressants and SSRls, which competitively inhibit 5-HT uptake, are therapeutic agents 
in anxiety and depressive disorders. Chronic antidepressant treatment induces adaptive 
changes in the 5-HTT/5-HT1A and 5-HT IB receptor-modulated negative feedback regu
lation that eventually leads to an overall enhancement of terminal 5-HT release 
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in the brain of patients with Alzheimer's disease. Cholinergic-serotoninergic 
interactions based a 5-HT1A receptor-mediated modulation of septal cholin
ergic neurons have been suggested to play a central role in learning and 
memory and in the appearance of age-dependent or neurodegenerative cogni
tive deficits (KIA et al. 1996; and references therein). Unlike early-onset famil
ial Alzheimer's disease with autosomal dominant mutations in the APP and 
Presenilin 1 and 2 genes, the late-onset disease (age at onset >60 years) is a 
common (up to 95% of all cases) complex disorder with a multifactorial and 
polygenic etiology. Alzheimer's disease associated reductions in the number 
of 5-HTTs have been reported in the dorsal raphe nucleus, hippocampus, 
entorhinal cortex, and platelets, the latter indicating that this effect is not an 
epiphenomenon of the disease process. In a population-based association 
study the frequency of the low-activity allele of the 5-HTTLPR was increased 
in patients with late-onset Alzheimer's disease (n = 196), and an excess of the 
homozygous genotype of the short 5-HTTLPR was found in comparison to 
controls (n = 271), with a significant odds ratio of 1.7 and a population
attributable risk of 33% (LI et al. 1997). The association was unrelated to age 
and to £4 alleles of the APOE gene. These results indicate that central 5-HT 
function related to allelic variation in functional 5-HTT expression may be 
involved in the pathogenetic mechanism of cognitive deficits observed in both 
severe depression and senile dementias, and may be a risk factor for late-onset 
Alzheimer's disease (Fig. 9). 

G. Talking Back to the Gene: Target or Tool? 
I. Glucocorticoids 

A variety of physiological factors regulate gene expression, and considerable 
progress has been made regarding the molecular mechanisms of regulation 
achieved by steroid hormones, thyroid hormone, retinoic acid, and vitamin D 3 , 

all of which bind to receptors of the same gene family. Pre- and perinatal stress 
or exposure to excess glucocorticoids is known to alter central nervous system 
function and to result in lasting changes in reactions to stress. While glucocor
ticoids and serotoninergic neurons exert reciprocal regulatory actions, the 
contribution of 5-HTT is complex, and data on its regulation are still far from 
conclusive (OWEN and NEMEROFF 1994; FUMAGALLI et al. 1996; SLOTKIN et al. 
1996a,b). It has previously been reported that glucocorticoids modulate 5-HT 
uptake and inhibitor binding (TUKIAINEN 1981; ARORA and MELTZER 1986). 
Dexamethasone seems not to have a consistent effect on functional expression 
of the 5-HTT in the adult brain, although it decreases 5-HTT mRNA expres
sion in both young and old rats, and there is now converging evidence that 
elevated glucocorticoids are unlikely to be responsible for reduced 5-HTTs in 
depression. Interestingly, dexamethasone given to pregnant rats on gestational 
days 17-19 produces a dose-dependent retardation of brainstem growth but 
induces a significant elevation of [3H]paroxetine binding in offsprings after 
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birth, with the peak effect at the intermediate dose that persists into young 
adulthood. Since this effect is not observed after postnatal treatment or by 
treatment in adulthood, it likely represents specific programming by glucocor
ticoids during the prenatal period (SLOTKIN et a1. 1996a). Dysregulated 5-HTT 
expression may contribute to alterations of synaptic function that ultimately 
produce the psychobiological abnormalities seen after stress exposure. Se
quence analysis of the 5'-fianking regulatory region of the 5-HTT gene re
vealed the presence of glucocorticoid responsive elements, and studies with 
the 5-HTTLPR-containing promoter indicate a pronounced allelic variability 
in glucocorticoid-dependent (but not in estrogen-dependent) induction of 5-
HTT promoter activity (HElLS, MOSSNER, and LESCH, unpublished). 

II. S-HT Reuptake Inhibitors 

Several lines of evidence from kinetic studies of 5-HT transport and uptake 
inhibitor binding assays have suggested that chronic but not short-term treat
ment with mood-stabilizing drugs and psychomotor stimulants have a time
dependent regulatory effect on monoamine transporter systems. However, 
both approaches suffer from technical difficulties and the lack of selectivity for 
the 5-HTT, which has contributed to considerable controversy (PINEYRO 
et al. 1994). To test the hypothesis of antidepressant-induced modulation 
of the 5-HT uptake mechanism more directly and to determine whether 
pharmacological manipUlation regulates the 5-HTT at the transcriptional 
level, 5-HTT mRNA expression was examined in the midbrain raphe complex 
by quantitative northern blot analysis (LESCH et a1. 1993b). The effects of 
chronic treatment with a variety of monoamine uptake inhibiting antide
pressant drugs including several tricyclics (imipramine, desipramine, and 
clomipramine), the SSRI fiuoxetine, the monoamine oxidase (MAO) A inhibi
tor clorgyline, and several 5-HT receptor subtype agonists on 5-HTT mRNA 
expression were assessed. Long-term (21-day) administration of the nonselec
tive 5-HT/norepinephrine uptake inhibitor imipramine robustly decreased 
5-HTT mRNA. The highly selective 5-HT uptake inhibitor fiuoxetine also 
significantly diminished 5-HTT mRNA expression. While a similar magni
tude of reduction was found during chronic treatment with clomipramine, 
which preferentially inhibits the 5-HTT, and the relatively selective norepi
nephrine uptake inhibitor desipramine, it reached significance only at the 
trend level. The MAO-A inhibitor clorgyline, the nonselective 5-HT receptor 
agonist m-chlorophenylpiperazine, the selective 5-HT1A agonist 8-hydroxy-
2-( di-n-propyl-amino )tetraline, and 5-HT2A/C agonist 1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane exhibited no effect. The findings provide direct 
evidence that 5-HTT mRNA transcription and/or stability is regulated by 
chronic treatment with selective and nonselective uptake inhibitors. 

At least two mechanisms may be responsible for downregulation of 5-
HTT expression. One possibility is that 5-HTT inhibitors acutely increase the 
availability of 5-HT in the synaptic cleft and produce, depending on the drug 
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class, multiple neuroadaptational alterations involving receptors, regulatory 
proteins of signal transduction pathways, and transporter systems. In vivo 
electrophysiological studies in the rat have demonstrated that chronic admin
istration of tricyclic antidepressants enhance synaptic transmission by increas
ing the sensitivity of postsynaptic 5-HT1A receptors, while selective 5-HT 
transport blockers induce this effect by desensitizing terminal 5-HT1B 

autoreceptors (Fig. 10). In analogy to agonist-induced receptor down
regulation, increased 5-HT is likely to modify uptake and subsequent synaptic 
release of 5-HT by homologous regulation of its transporter protein involving 
both transcriptional and posttranscriptional components. An alternate possi
bility is that tricyclic and heterocyclic antidepressants exert a direct effect on 
the regulation of 5-HTT gene transcription. 

A possible site of such direct action is the midbrain raphe complex, the 
region with the highest density of the 5-HTT. In agreement with this hypoth
esis it has recently been reported that mianserine directly modulates 5-HTzA 
gene transcription (ToTH and SHENK 1994), and that tricyclic antidepressants 
including imipramine and desipramine alter type II glucocorticoid receptor 
mRNA levels in rat brain and increase the activity of the human glucocorticoid 
receptor gene promoter (PEIFFER et al. 1991; PEPIN et al. 1991). A recent study 
suggests a sequential decrease in 5-HTT and 5-HTJB mRNA expression during 
chronic fluoxetine treatment. Fluoxetine reduced dorsal raphe 5-HTlB mRNA 
levels in a time-dependent manner whereas 5-HTT mRNA was only tran
siently decreased within 21 days of treatment (NEUMAIER et al. 1996a). This 
reduction in 5-HT lB mRNA was specific to dorsal raphe nucleus and was not 
found in several postsynaptic (nonserotoninergic) regions. 

These results further support the notion that long-term antidepressant 
treatment increases 5-HT release from axonal terminals by downregulating 
the mRNA coding for presynaptic 5-HTJB autoreceptors (NEUMAIER et al. 
1996a,b). Interestingly, the 5-HTT mRNA decreasing effects of imipramine
and p-chlorophenylalanine-(PCPA-) induced 5-HT depletion of 5-HT appear 
to be additive in rat brain (LINNET et al. 1995). Regardless of mechanism, 
mRNA transcription, processing, transport and translation may be central in 
the regulation of 5-HTT and 5-HTlB function and its modulation during long
term administration of drugs with therapeutic potential in affective disorders 
(Fig. 10). 

III. Other Compounds and Environmental Factors 

Several studies report a complex spatiotemporal modulation of functional 5-
HTT mRNA expression following treatment with the irreversible tryptophan 
hydroxylase inhibitor PCPA (LINNET et al. 1995; Yu et al. 1995; RATTRAY et al. 
1996). PCPA first rapidly downregulates 5-HTT mRNA levels in 5-HT cell 
bodies within the ventromedial but not the dorsomedial portion of the dorsal 
raphe nucleus but then increases 5-HTT mRNA levels in both regions. While 
no change in inhibitor binding and synaptosomal 5-HT uptake in terminal 
regions is found after short-term treatment, 14 days of PCPA administration 



Molecular Biology. Pharmacology 695 

significantly reduces both these parameters by approximately 20% in the 
hippocampus and in cerebral cortex. The striatum shows a lower sensitivity to 
this effect, and no significant changes are observed in the levels of inhibitor 
binding to 5-HT cell bodies in the dorsal raphe nucleus (RATTRAY et al. 1996). 
These results show that acute depletion of 5-HT may induce an increase in the 
turnover of 5-HTT mRNA, that changes in 5-HTT mRNA are not temporally 
related to changes in 5-HTT protein levels, and that dorsal raphe 5-HT neu
rons are differentially regulated by drugs depending on their location. 

The appetite-suppressing amphetamine analog fenfluramine, given in high 
doses, can produce long-lasting decreases in brain levels of 5-HT and 5-HTT 
protein, although no significant effect on 5-HTT mRNA expression in the 
dorsal raphe has been observed (SEMPLE-RoWLAND et al. 1996). On the other 
hand, 5,7-dihydroxytryptamine-(5,7-DHT-) induced 5-HT cell loss is accom
panied by a progressive decline in both 5-HTT mRNA and protein. These 
findings indicate drug specificity of the loss of forebrain markers for the 5-HT 
system that reflects either the loss of fine-caliber 5-HT axon terminals or a 
decrease in the expression of these markers in the somata of these cells which 
are located in the dorsal raphe. In a in situ hybridization study fenfluramine 
produced a significant but transient downregulation of 5-HTT mRNA in cells 
which lie in the ventral portion of the dorsal raphe nucleus but not in the 
dorsal part of the dorsal raphe nucleus. This suggests that cells which lie in the 
ventral part of the dorsal raphe nucleus may be more sensitive to the effects of 
chronic fenfluramine administration, but that fenfluramine does not cause 
long-term changes in gene expression in 5-HT cell bodies (RATTRAY et al. 
1994). 

Since lymphoblasts constitutively express functional5-HTT and display 5-
HT/5-HT 1A receptor-dependent proliferative responses, it can be assumed that 
5-HTT modulated fine-tuning of 5-HT/5-HT1A receptor interaction is relevant 
to cellular immune responses. It is therefore not surprising that cytokines and 
other immunomodulators such as interleukin-1f3 (IL-1f3) and tumor necrosis 
factor-a (as well as the previously discussed glucocorticoids) participate in the 
regulation of 5-HTT gene expression (RAMAMOORTHY et al. 1995; MOSSNER et 
al. in preparation). Finally, lack of circadian rhythmicity of functional 5-HTT 
has been reported, but long-term changes in the density of cortical5-HTT may 
be induced by lasting alterations of certain environmental variables such as 
starvation (ZHOU et al. 1996). 

IV. Targeted Gene Disruption 

Among the prime transgenic strategies directed at elucidating the role of the 
5-HTT in normal behavior and in disease states is the generation of a mouse 
model with a targeted disruption of the 5-HTT gene. This approach addresses 
the question of the extent to which targeted disruption of the 5-HTT gene 
affects the biochemistry, electrophysiology, and pharmacology of the 5-HT 
system and modulates neural development and synaptic plasticity. For genera
tion of 5-HTT-deficient mice a genomic segment containing exon 2 of the 
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murine 5-HTT gene was deleted by homologous recombination (BENGEL et al. 
1997a,b). This segment contains the start codon, a portion of the substrate 
binding domain, and several posttranslational modification site. Autoradio
graphy of the brain 5-HTT protein using [125I]RTI-55 binding confirmed an 
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Fig. 11. [25I]RTI-55 binding, [3H]5-HT uptake, and 5-HT concentrations in 5-HTT 
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a genomic segment containing exon 2 of the murine 5-HTT gene was deleted by 
homologous recombination (BENGEL et al. 1997b) 
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approx. 50% reduction in uptake site density in 5-HTT+J- mice. and a complete 
absence of binding across all regions in null mutants. 5-HTT-dependent func
tion was further studied by examining [3H]5-HT uptake kinetics in brain 
synaptomsomal preparations (Fig. 11). 

The accumulation of [3H]5-HT in both brainstem and frontal cortex in 5-
HTT- 1- mutant mice was approx. 97% less than in control mice. Together with 
the autoradiographic data, these results demonstrate a gene dose-dependent 
decrease in 5-HTT function. To evaluate the importance of the 5-HTT in 
regulating the serotoninergic system 5-HT concentrations in various regions of 
the brain were measured. In contrast to normal levels of 5-HT in 5-HTT+1-

mice, 5-HTT+ mutants showed marked reductions in 5-HT concentrations in 
brainstem, frontal cortex, hippocampus, and striatum. Possible behavioral 
consequences of the disruption of the 5-HTT were investigated in studies of 
MDMA-induced locomotor activity. Administration of 5mg!kg (+)MDMA 
to control mice resulted in a threefold increase in locomotor activity. In 5-
HTT+!- mice (+ )MDMA-induced hyperactivity was attenuated 50% and was 
nonexistent in 5-HTT- 1- mutants. These results demonstrate the requirement 
for a functional 5-HTT in the locomoter for the stimulatory effects of 
(+)MDMA in mice (BENGEL et al. 1997b). 

It is anticipated that 5-HTT-deficient mice will prove to be a useful model 
for continued study of the mechanism of action of drugs used in treating 
disorders thought to involve serotoninergic dysfunction. These mice may also 
represent a powerful tool for investigating selected drugs of abuse, including 
MDMA, which in addition to having psychedelic effects, may also produce 5-
HT-related neurotoxicity, such as MDMA. Moreover, targeted disruption of 
the 5-HTT gene is likely to increase our understanding of how this gene is 
regulated, and what functions the expressed 5-HTT proteins have for develop
ment, physiology, metabolism, and behavior. It also may provide a system to 
dissect successive events that lead to disease states related to anxiety and 
depression and to test novel therapeutic concepts. 

v. Promoter and Regulatory Elements of the 5-HTT Gene: 
Therapeutic Relevance? 

Although still in its technical infancy. gene promoters and their associated cis
and trans-acting regulatory elements are potential targets for therapeutic in
tervention. One of the unique features of 5-HTT gene regulatory elements is 
to confer 5-HT cell-restricted actitvity such that a transferred gene is tran
scribed only in serotoninergic raphe neurons. Recent studies have identified 
and functionally mapped regulatory elements linked to 5-HTT gene promoter 
as molecular correlates of 5-HT cell-specific genes expression (HElLS et aL 
1995). For confirmation of 5-HT cell-specific expression of a transferred gene 
the generation of transgenic mice is ultimately required, since the promoter! 
trans gene construct is incorporated into the genome and thus present in all cell 
types. As a consequence. cell type-specific promoter activity has physiological 
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meaning only when the introduced transgene is expressed according to a 
certain tissue-restricted pattern independent of its site of integration. 

A variety of physiological factors regulate gene expression, and some of 
these could be applied to modulate the expression of promoters in gene 
therapy protocols. One of the first considerations is that, in the process of 
differentiation, the regulation of genes as a function of the stage of neural 
tissue maturation requires the use of developmentally regulated promoter 
and/or enhancer elements. Regulation of gene expression by steroid hormones 
is a potentially simple form of physiological influence that may be employed to 
modulate expression of transferred genes. The molecular definition of a hor
monal response elements allows a choice of sequence elements which can 
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serve to regulate heterologous promoters. These elements would then be 
subject to modulation by natural or easily administered synthetic phar
macoactive molecules. Another possibility of influence is the regulation by 
ions. It has been shown, principally from studies on G-string-dependent 
tetrastrand DNA structure (G4-DNA), that ions such as Na+ and K+ facilitate, 
while lithium (Lt) inhibits, the formation G4-DNA and thus have the poten
tial to regulate the transcriptional activity of linked promoters. Preliminary 
results indicate that the G4-DNA structure formed by the 5-HTTLPR associ
ated with 5-HTT gene promoter may be involved in Lt- and other antibipolar 
drug-dependent modulation of 5-HT uptake function (HElLS et al. in prepara
tion; Figs. 7, 12). The use of ions is therefore a feasible way of achieving 
promoter-based regulation of genes in cells where promoter-associated G4-
DNA elements are found. 

VI. Developing Drugs that Target 5-HTT Gene Expression 

Given the fact that the 5-HTT continues to be an important target for large
scale drug production and development, novel therapeutic strategies targeting 
5-HTT gene transcription need to be explored. Traditionally. the discovery of 
therapeutic agents has relied on random screening of large numbers of com
pounds for products that interfere with biological events associated with dis
ease. Increasing knowledge of the molecular etiology of behavioral disorders, 
coupled with the identification of the key proteins and cellular pathways 
involved is now paving the way for rational drug design, targeting individual 
genes or their products. 

The final stage of gene regulation involves proteins, generally termed 
nuclear transcription factors (NTFs). which activate or repress the transcrip
tion of specific genes, resulting in changes of the cellular phenotype. NTFs 
bind to specific motifs in target gene 5' -regulatory sequences resulting in 
temporal and/or tissue-specific alterations in transcription from that gene's 
promoter. Various stimuli lead to the activation or repression of different 
NTFs. Thus, NTFs playa key role in controlling differentiation and develop
ment, and this renders them tempting targets for therapeutic intervention for 
several reasons: (a) They are widely involved in human disease and may be 
activated in a tissue- or disease-specific manner. (b) Many mammalian NTFs 
have already been identified and characterized, making disease- and/or tissue
specific targeting more feasible. (c) NTFs are highly specific in their target 
recognition, and NTFs from different families interact with each other when 
bound to DNA at composite response elements (BUSTIN and McKAY 1994). 
This has two striking consequences: ubiquitous factors can affect cell specific
ity. and closely related factors from a given family can produce very different 
regulatory patterns. 

Multiple lines of evidence indicate that NTFs are directly or indirectly 
targeted by many if not all psychoactive drugs. The mechanisms by which 
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they exert therapeutic effects must still be studied in detail, but NTFs such 
as fos and zif268 are believed to mediate between receptor-activated 
second messenger systems and the transcriptional apparatus of genes in
volved in the complex functions of neuronal cells. Since preliminary results 
suggest that therapeutic drugs, hormones, and ions directly interfere with 
5-HTT gene promoter activity, a future avenue of research will therefore 
be the investigation of indirect and direct effects of drugs known for 
their impact on the 5-HT system and of experimental agents on the transcrip
tional apparatus of the 5-HTT gene using in vitro systems and transgenic 
animals. 

H. Future Directions 
Novel strategies aimed at modifying 5-HT function at the level of gene tran
scription are likely to be derived from future studies. Identification of experi
mental drugs within the framework of these studies could set the stage for a 
rational approach to the design of drugs that act in a tissue- or disease-specific 
manner, target particular genes and proteins, and combine increased efficacy 
with reduced side effects. The enhanced understanding of promoters, their 
regulatory elements, and the protein factors involved in transcriptional regu
lation is beginning to find application in strategies of gene therapy. 
Because the structure and organization of promoter and other regulatory 
elements indicates a high degree of modularity, the design of an artificial 
transcriptional apparatus by combining core promoters and inducible and/or 
repressing elements that might allow modulation of gene expression in a 
therapeutic setting may now be an achievable goal. Developmental regulation 
and tissue-restricted expression in order to avoid unwanted side effects of the 
gene products and the modulation of expression by other physiological stim
uli or by administered drugs could also be advantageous features of this 
approach. 

In line with this thinking, technologies that allow the addition, alteration, 
or elimination of individual genes from the genome to create transgenic ani
mal models for neuropsychiatric disorders are currently being developed and 
optimized. The 5-HTT-deficient mouse model will further increase our knowl
edge of how this gene is regulated, and what functions the expressed 5-HTT 
proteins have on development, physiology, metabolism, and behavior. There 
are also clear advantages of having a transgenic animal model for complex 
traits, for modeling 5-HTT-related behaviors, and for pathophysiological pro
cesses in affective disorders. Genetically engineered animals may provide the 
first unequivocal proof that a particular gene participates in the pathological 
changes that occur with psychiatric disorders. They can also provide a system 
for carefully dissecting the successive events that lead to the disease state and 
a custom-designed whole-animal system for testing potential therapies to treat 
and eventually cure psychiatric disorders. 
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CHAPTER 27 

Animal Models of Integrated Serotoninergic 
Functions: Their Predictive Value for the 
Clinical Applicability of Drugs Interfering with 
Serotoninergic Transmission 

P.E. KEANE and P. SOUBRIE 

A. Introduction 
Studies of serotonin in the brain began in the early 1950s, when TWAROG and 
PAGE (1953) used a sensitive bioassay to detect the compound's presence in 
cerebral tissue. Shortly afterwards, a possible central role for serotonin in 
mental illness was evoked by WOOLEY and SHAW (1954), based principally 
on the psychotomimetic activity of lysergic acid diethylamide (LSD), which 
had been found to antagonize the effects of serotonin on smooth muscle. 
Since this time, there has been an intense research effort towards an under
standing of this neurotransmitter, and it is now clear that serotoninergic sys
tems are implicated to various extents in the expression of a wide range of 
CNS functions, including neuronal development (LAUDER 1983), thermoregu
lation (FELDBERG and MYERS 1964), pain (TENEN 1967), motor regulation 
(JACOBS 1991), sleep (JOUVET 1967), appetite (FERNSTROM and WURTMAN 1971), 
sexual behaviour (GORZALKA et a1. 1990), aggression (SHEARD 1969; SOUBRIE 
1986), anxiety (CHOPIN and BRILEY 1987) and mood (GOLDEN and GILMORE 
1990). 

The implication of serotonin in such a variety of functions is less surprising 
when one considers the overall structure of the serotoninergic systems in the 
brain. Anatomically, the serotoninergic systems are among the diffusely orga
nized projection systems of the brain, consisting of a morphologically diverse 
group of neurons whose cell bodies are located in the brains tern raphe nuclei 
and some regions of the reticular formation, and complex axonal systems 
which project to almost all regions of the CNS, but with particularly dense 
innervation of the cerebral cortex, limbic structures, basal ganglia, many parts 
of the brainstem and the grey matter of the spinal cord. Furthermore, a 
significant proportion of the neurons are branched, so that a single cell fre
quently projects to more than one brain area. The consequence of this struc
ture is that serotonin is released from nerve terminals in virtually all brain 
regions, a fact which might help to explain why this neurotransmitter is in
volved in functions of such widely different anatomical origins as emotion 
(principally associated with the limbic nuclei), feeding, sexual activity and 
thermoregulation (which are mainly hypothalamic in origin), or memory (gen-
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erally linked to hippocampal activity). Another factor to be taken into account 
when considering the surprising diversity of the roles of serotoninergic sys
tems in different CNS functions is the very large number of different 5-HT 
receptors (and receptor sUbtypes) which are now known to exist in the mam
malian CNS (HOYER et al. 1994). Initial studies on the behavioural and other 
effects of serotonin used pharmacological tools [such as the tryptophan 
hydroxylase inhibitor p-chlorophenylalanine or the serotonin precursor 5-
hydroxy tryptophan (5-HTP)] which modified the activity of all serotoninergic 
pathways at the same time, and could not distinguish between the effects of 
different segments (either anatomical or functional) of brain serotoninergic 
systems in the modulation of CNS functions. More recently, studies using 
selective lesions, or relatively selective agonists and/or antagonists of different 
receptors and subtypes, have led to a better understanding of the different 
roles that serotonin plays in the regulation of behaviours. 

Not surprisingly, in view of this diversity of actions, serotonin has also 
been implicated in a variety of pathological conditions, ranging from affective 
disorders to Alzheimer's disease. The validity of animal models for predicting 
the potential therapeutic effects of drugs is a central preoccupation in psy
chopharmacology (WILLNER 1991), and it is clear that many tests provide not 
only valid positive results, but also false positives and false negatives (see, e.g. 
PORSOLT 1991). The extreme diversity of the effects that have been induced by 
modifications of serotoninergic function raises the question of the extent of 
their predictive value for clinical applications. At present, clinical data exist 
relating to only a minority of the effects which have been associated with the 
serotoninergic system in animal studies, in particular depression, anxiety, psy
chosis, obsessive-compulsive disorders (OCDs) and the rather more recently 
addressed areas of sexual dysfunctions and eating disorders. A major object of 
the present article is to review the effects of serotoninergic compounds, with 
particular reference to compounds with selective affinity for one or other 
receptor subtype, in animal models of neuropsychiatric dysfunctions, and 

Table 1. Principal animal models used for the evaluation of the CNS effects of drug 
interfering with serotoninergic transmission 

Clinical indication 

Anxiety 

Model 

Conditioned avoidance response 
• Conflict models 
• Conditioned suppression 
• Startle response 
Unconditional response 
• Staircase test 
• Light/dark boxes 
• Elevated plus maze 
• Social interaction 
• Novelty 
• Pentetrazol discrimination 
• Frustative non-reward 
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Table 1. Continued 

Clinical indication 

Depression 

Schizophrenia 

Aggressivity 

Sexual dysfunction 

Eating disorders 

Obsessive-compulsive disorders 

MODEL 

Stress models 
• Learned helplessness 
• Forced swimming 
• Chronic unpredictable stress 
• Amphetamine withdrawal 
Lesion models 
• Olfactory bulbectomy 
Pharmacological models 
• Reserpine reversal 
• Yohimbine potentiation 
Other models 
• DRL 72 
• Waiting behaviour 
Dopamine models 
• Striatal (stereotypy) 
• Limbic (hyperactivity) 
• Cell body firing rates 
• Latent inhibition 
Indole amine models 
• LSD antagonism 
• 5-HT syndrome antagonism 
Offensive behaviour 
• Resident-intruder 
• Hypothalamic stimulation 
Defensive behaviour 
• Foot-shock 
Female 
• Lordosis 
Male 
• Mounting intromissions, ejaculations 
(latency and frequency) 
Spontaneous food consumption 
Obesity models 
• Lesion- or stimulation-induced 
• Genetic 
• Forced feeding 
Anorexia models 
• Hypothalamic lesions 
• Undernutrition 
Models selectively responsive to (chronic) 
serotonin uptake inhibition 
• Marble burying 
• Schedule-induced polydipsia 
• Disruption of spontaneous alternation 

compare them with the available results of clinical studies, in order to deter
mine the degree of validity that may be attributed to these models. The 
principal models used for the evaluation of each of these areas are summarized 
in Table 1. 
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B. Anxiety 
A possible role for serotonin in the regulation of the level of anxiety has 
been suspected for many years. A reduction of serotonin synthesis, or the 
administration of some non-selective serotonin antagonists, leads to a re
duction in the suppression of behaviour by punishment, which has been 
attributed to an anxiolytic effect (GELLER and BLUM 1970; STEIN et al. 1973). 
More direct evidence has been forthcoming from studies of the effects of 
selective 5-HT1A receptor agonists on anxiety. Initial experiments with the first 
5-HT1A receptor agonist shown to exhibit anxiolytic effects indicated that 
buspirone was only poorly active (TRABER and GLASER 1987) or even inactive 
(SIMIAND et al. 1993) in some anxiolytic models. Nevertheless, other 5-HT1A 

receptor agonists, including 8-hydroxy-N,N-dipropyl-2-amino tetralin (8-
OH-DPAT) and SR 57746A, possess a larger spectrum of anxiolytic activity 
which is not dissimilar from that of the benzodiazepines (see, e.g. SIMIAND et 
al. 1993). 

5-HT1A receptors have two principal localizations, on the cell bodies of 
the 5-HT neurons themselves, in the midbrain raphe nuclei, where they 
function as autoreceptors to inhibit the activity of the 5-HT neurons (SPROUSE 
and AGHAJANIAN 1986, 1987; HAMON et al. 1988; HUTSON et al. 1989), and also 
on postsynaptic membranes in many forebrain areas, and notably in the hip
pocampus, where their activation reduces the firing rate of the postsynaptic 
cell bodies in this brain area (ANDRADE and NICOLL 1987; BLIER and DE 
MONTIGNY 1990). The anxiolytic effect of 5-HT1A receptor agonists may occur 
by the stimulation of the autoreceptors in the raphe nuclei, since intra
raphe injections of serotonin (THIEBOT et al. 1984) and buspirone (COSTALL et 
al. 1988a) produce an anxiolytic activity in rodents. Recent studies have sought 
to determine whether other subtypes of serotonin receptor may also be in
volved in the regulation of anxiety. Overall, studies using 5-HT1B/lD and 5-
HT2A/2C receptor ligands have produced little clear evidence of the implication 
of these receptors in anxiety (GRIEBEL 1995). An anxiolytic-like activity 
of various 5-HT3 receptor antagonists has been described in animals (JONES 
et al. 1988; COSTALL et al. 1988b). In most of these studies, the antagonists were 
active over a very wide dose range, with the minimal active dose being fre
quently in the nanogram or even the picogram range. The activity was not 
accompanied by sedative or muscle-relaxant effects, and frequently disap
peared at (relatively) higher doses. Despite considerable effort, other labora
tories (e.g. FILE and JOHNSTON 1989) have been unable to reproduce these 
results. 

c. Depression 
Many procedures have been used to evaluate the antidepressant potential of 
compounds. Initially, the selection of these tests as possible models of antide
pressant activity was based on their ability to detect an activity of the earliest 
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known clinically effective antidepressants, i.e. the tricyclic antidepressants, 
and the monoamine oxidase inhibitors. Both of these classes of compound 
modify (among other things) serotoninergic neurotransmission, providing an 
initial indication for an involvement of serotonin in both animal models and 
clinical depression. This hypothesis has been amply confirmed by the marked 
antidepressant activity, observed both in the clinical setting and in laboratory 
tests, of a large number of selective serotonin reuptake inhibitors (SSRIs) 
including fluoxetine, fluvoxamine, citalopram, indalpine and paroxetine 
(PINDER and WIERINGA 1993). 

Agonists or antagonists of a number of serotoninergic receptors have also 
been evaluated in animal models of depression. 5-HT1A receptor agonists have 
been found to produce an antidepressant-like activity in a variety of animal 
models (CERVO and SAMANIN 1987; GIRAL et a1. 1988; SIMIAND et a1. 1993). A 
number of studies have been performed to determine the anatomical site 
underlying the antidepressant effects of 5-HT1A receptor agonists. Some re
sults suggest a presynaptic site for this effect, while others favour a postsynap
tic site. as some data suggest that the effect of 8-0H-DPAT in the behavioural 
despair test is mediated by the stimulation of receptors in the raphe nuclei 
(CERVO and SAMANIN 1987; CERVO et a1. 1988). while the drug's activity in 
the learned helplessness model of depression appears to be due to the 
stimulation of postsynaptic receptors in the septum (MARTIN et al. 1990). 
Several approaches have implicated 5-HT2A receptors in depression. 5-HT2A 
receptors have been found to be downregulated by chronic administration of 
antidepressant drugs to rats, and it was proposed that supersensitivity of 5-
HT2A receptors might play a role in the aetiology of depressive illness 
(PEROUTKA and SNYDER 1980). This has led to the evaluation of some 5-HT 2A 
receptor antagonists in antidepressant models, and several compounds have 
been shown to exhibit an activity in the learned helplessness and differential
reinforcement of low-rate (72 s) models (MAREK et al. 1989; RINALDI
CARMONA et al. 1992). Most 5-HT2A receptor antagonists also bind with 
reasonable affinity to 5-HT2C (formerly 5-HT1C) receptors, and this has raised 
the question of a possible implication of the latter in the antidepressant effects 
of the 5-HT2A antagonists (JENCK et a!. 1993). However, SR 46349B possesses 
high affinity for the 5-HT2A receptor but not the 5-HT2C receptor, and is active 
in the learned helplessness model of depression (RINALDI-CARMONA et al. 
1992), reinforcing a probable role for 5-HT2A receptors in this animal model of 
depression. 

The effects of 5-HT3 receptors have also been evaluated in depression. In 
the learned helplessness model. MARTIN et al. (1992) found that zacopride, 
ondansetron and ICS 205-930 were all active at low doses in reversing escape 
deficits induced by inescapable foot-shocks in this model. However, a 5-HT} 
receptor agonist has recently been shown to possess antidepressant-like activ
ity in this and in other animal models, including the behavioural despair model 
(PONCELET et al. 1995), so that the role of 5-HT} receptors in depression 
remains to be clarified. 
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D. Schizophrenia 

Interest in serotonin as a prime factor in schizophrenia was initiated with 
the observation that LSD induced a profound psychotic-like state in normal 
subjects (GADDUM 1954; WOOLEY and SHAW 1954). A closer examination of 
the clinical state induced by LSD revealed many differences compared to the 
state of schizophrenia (see, e.g. SZARA 1967). This, together with the develop
ment of the dopamine hypothesis of schizophrenia, led to a gradual fading of 
interest in the role of serotonin in this disease state. Nevertheless, many 
studies continued to document schizophrenia-related serotoninergic ab
normalities, including elevated levels of serotonin and its metabolite 5-
hydroxyindoleacetic acid (5-HIAA) (CROW et al. 1979; FARLEyet al. 1980), and 
low 5-HT2A receptor densities in prefrontal cortex (BENNETT et al. 1979; 
REYNOLDS et al. 1983). 

A possible role of serotonin in schizophrenia again came to the fore with 
studies of the atypical antipsychotic clozapine, which has a superior efficacy/ 
side effects profile and a higher affinity for several 5-HT receptors than for 
dopamine D2 receptors. It was rapidly established that clozapine was an 
antagonist at 5-HT2A receptors (FINK et al. 1984; FRIEDMAN et al. 1985; 
RASMUSSEN and AGHAJANIAN 1988) and a number of studies have attempted to 
characterize the differences between clozapine and haloperidol in animal 
models hoped to be predictive of their clinically different profiles. Most studies 
have shown that clozapine has a predominant effect on the mesolimbic 
dopaminergic system (generally believed to be implicated in the psychotic 
process), and little or no effect on the nigrostriatal system (which is usually 
considered to be the site at which the typical anti psychotics elicit their extrapy
ramidal side effects). Thus, clozapine preferentially blocked effects of dopam
ine injected into the limbic system rather than into the striatum (BORISON and 
DIAMOND 1983). The drug produced an inactivation of mesolimbic A10 (but 
not of nigrostriatal A9) dopaminergic cell bodies, while typical neuroleptics 
induced an identical inactivation of both A9 and A10 cells (CHIODO and 
BUNNEY 1983). Similar results showing a preferential effect of clozapine on 
limbic systems were obtained in other studies (CHIODO and BUNNEY 1985; 
HAND et al. 1987; BLAHA and LANE 1987; RIVEST et al. 1991). 

Pinpointing the mechanisms underlying the limbic selectivity of clozapine 
has been the subject of much research, and is complicated by the fact that 
clozapine possesses high affinity for many other receptors apart from 5-HT2A' 
including 5-HT2C' 5-HT3' 5-HT6' 5-HT7' D 4 , m! and a! receptors (see MELTZER 
1994), some of which have been proposed to be involved in the atypical profile 
of the compound (WANG et al. 1994; BALDESSARINI et al. 1992; KUOPPAMAKI et 
al. 1993). Some studies suggest that a strong 5-HT2A affinity, linked to a weak 
D2 affinity, is a major characteristic of atypical neuroleptics (MELTZER 1992), 
whereas other studies suggest that antagonism of the 5-HT2A receptor, in the 
absence of any effect on D2 receptors, may be sufficient to produce an atypical, 
limbic-selective profile (SORENSEN et al. 1993). Support for the latter concept 
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is given by the encouraging results of some clinical trials with relatively se
lective 5-HT2A antagonists such as ritanserin (GELDERS et al. 1985) and 
amperozide (AXELSSON et al. 1991). 

There is some evidence that the 5-HT3 receptor may be implicated in 
psychotic processes. The hypothesis is based upon a series of observations 
indicating that 5-HT3 receptor antagonists can inhibit raised mesolimbic 
dopaminergic function. There are relatively few 5-HT3 receptors in the brain, 
but they are highly localized into a small number of areas, which include the 
amygdala and the limbic cortex (KILPATRICK et al. 1987). When amphetamine 
is injected into the rat nucleus accumbens, it elicits a hyperactivity which can 
be antagonized by typical and atypical neuroleptics, and by the 5-HT3 antago
nist ondansetron (COSTALL et al. 1987). Similarly, the hyperactivity produced 
by chronic dopamine infusion into the nucleus accumbens is also abolished by 
neuroleptics and by 5-HT3 antagonists, the latter acting at doses in the /lg/kg 
range (COSTALL et al. 1987,1990). The effects of dopamine infusions into the 
amygdala can also be prevented by 5-HT3 receptor antagonists (COSTALL et al. 
1987). If, as mentioned above, some symptoms of schizophrenia are produced 
by limbic dopaminergic hyperactivity, the effects of the 5-HT3 antagonists 
should predict their efficacy as antipsychotics. A further indication of a pos
sible relationship between 5-HT3 receptors and psychosis comes from studies 
by ASHBY et al. (1989), who have found that the suppression of cell firing 
produced by microiontophoretic application of the 5-HT3 receptor agonist 
2-methyl-5-HT to medial prefrontal cortex cells was antagonized by 5-HT] 
receptor antagonists, but also by the atypical neuroleptic clozapine. Other 
studies also suggest that clozapine can interact with 5-HT, receptors 
(EDW ARDS et al. 1991; VOLONTE et al. 1992). 

E. Obsessive-Compulsive Disorders 
Initial evidence in favour of a role for serotonin in obsessive-compulsive 
disorders stemmed from clinical studies of the effects of antidepressant drugs. 
Among the range of compounds tested. only antidepressants with a powerful 
effect on serotonin uptake have shown clear promise for the treatment of 
obsessive-compulsive disorders (OCDs) (GOODMAN et al. 1990; INSEL et al. 
1990), whereas other antidepressants which in addition affected noradrenergic 
or other systems were found to be without effect (ANANTH et al. 1980; FOA et 
al. 1987). 

Some animal models have been proposed to reflect the clinical condition 
of OCD, on the basis that they are reactive to compounds that relatively 
selectively inhibit serotoninergic uptake, while being unaffected by com
pounds that are devoid of this profile. These models include "marble burying" 
behaviour (BROEKKAMP et al. 1989) and schedule-induced polydipsia, in which 
food-deprived rats exposed to a procedure in which food is delivered intermit
tently will drink unusually large amounts of water (WOODS et al. 1993). In a 
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third model proposed for OCDs (YADIN et a1. 1991), the disruption of spon
taneous alternation behaviour by 8-0H-DPAT was attenuated by chronic 
administration of fluoxetine. It is particularly interesting that chronic adminis
tration is required for the compounds to be effective in these models, in 
parallel with the clinical situation, in which several weeks' administration of 
selective serotonin reuptake inhibitors is necessary for a significant improve
ment of OCD (INSEL et a1. 1990). At present, the efficacy of the SSRI is the 
most important evidence for a role of serotonin in OCD. Despite suggestions 
that downregulation of 5-HT2C receptors may underly this efficacy 
(HOLLANDER et a1. 1991; KENNETI et a1. 1994), there is as yet insufficient 
evidence for this to be more than a working hypothesis (BARR et a1. 1993). 
Similarly, the above-mentioned animal models still need to have their validity 
confirmed. It remains to be seen whether studies with selective 5-HT receptor 
subtype agonists or antagonists (or, indeed, totally unrelated compounds) in 
one or other of these models will lead to the development of more selective 
anti-OCD medications. 

F. Aggressive Behaviour 
Studies on aggressive behaviour in rats (mainly using the mouse-killing model) 
have shown that reducing serotoninergic transmission (e.g. by inhibition of 
tryptophan hydroxylase, or using chemical or electrolytic lesions) precipitates 
aggressive behaviour (W ALDBILLIG 1979). More recent studies have shown 
that 5-HT1A receptor agonists are effective in reducing aggressive behaviour in 
a variety of animal models, including maternal aggression (OLIVIER et a1. 
1989), shock-induced aggression (WHITE et a1. 1991) and territorial aggression 
(SIMIAND et a1. 1993). This is likely to be due to the activation of the 5-HT1A 

autoreceptors in the raphe nuclei, as the injection of 8-0H-DPAT into this 
nucleus produces antiaggressive effects (Mos and OLIVIER 1991). 

Some evidence also suggests that compounds with 5-HT1B receptor ag
onist properties, such as RU 24969, eltoprazine and m-trifluoromethyl
phenylpiperazine (TFMPP), have an antiaggressive effect in resident-intruder 
and maternal aggression models in rodents (OLIVIER and Mos 1992). In con
trast, 5-HT2A , 5-HT2C and 5-HTJ receptor antagonists do not appear to specifi
cally modify aggressive behaviour (OLIVIER and Mos 1986; WHITE et a1. 1991). 
Studies with eltoprazine in rats lesioned with 5,7-dihydroxytryptamine 
(SUBESMA et a1. 1991) suggest a postsynaptic site of action for the antiaggres
sive effect. Since the 5-HTJB receptor is absent in humans, where it is replaced 
by the 5-HTlD receptor (HOYER et a1. 1994), it is possible that 5-HTJD receptor 
agonists possess antiaggressive properties in the clinic. 

G. Sexual Dysfunction 
Increased activity of the serotoninergic system as a whole has been proposed 
to inhibit sexual receptivity in the female rat (MEYERSON 1964), and also to 
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inhibit sexual behaviour in the male rat (SHEARD 1969; SHlLLlTO 1969). A role 
for 5-HT1A receptors in the regulation of lordosis is suggested by the observa
tion that 8-0H-DPAT, buspirone, ipsapirone and gepirone inhibit lordosis 
in females primed with oestrogen and progesterone (AHLENIUS et al. 1986; 
MENDELSON and GORZALKA 1986). At lower doses, however, ipsapirone and 
gepirone facilitate lordosis (MENDELSON and GORZALKA 1986), an effect prob
ably mediated by their stimulation of inhibitory somatodendritic 5-HT1A 
autoreceptors in the raphe nuclei. 

Although increasing overall serotoninergic release (by administering 5-
hydroxy tryptophan) inhibits lordosis in females, the antagonism of 5-HTzA 
receptor function also inhibits lordosis (MENDELSON and GORZALKA 1986; 
GORZALKA et al. 1990). Studies with 5-HT3 antagonists do not suggest a major 
role for this receptor in the regulation of female sexual activity (GORZALKA et 
al. 1990). Studies with ligands at 5-HT2 receptors have produced conflicting 
evidence for a role of this receptor in the regulation of male sexual activity 
(MENDELSON and GORZALKA 1985; AHLENIUS et al. 1981). 

In contrast to the effects observed in female rats, the stimulation of 5-
HT1A receptors tends to facilitate male copulatory activity, as indicated by a 
decreased number of mounts and intromissions that precede the ejaculation, 
as well as a decrease in the overall latency to ejaCUlation (AHLENIUS et al. 1981; 
AHLENIUS and LARSSON 1984; ARNONE et al. 1995). Similar results have been 
observed in rhesus monkeys (POMERANTZ et al. 1993). The fact that the sexual 
activity of male rats is also improved by treatment with p-chlorophenylalanine 
(AHLENIUS et al. 1971) and inhibited by 5-HTP (AHLENIUS et al. 1980) suggests 
that the mechanism of action of 5-HT1A receptor agonists for the improvement 
of sexual performance is likely to be the activation of the soma to dendritic 
receptors. Further support for this hypothesis comes from the observation that 
local injections of 8-0H-DPAT into the median, but not the dorsal raphe 
nucleus, or of 5-HT into both these nuclei, can produce a facilitation of sexual 
activity (HILLEGAART et al. 1989, 1991). 

In contrast to these effects of 5-HT1A agonists, male rat copulatory activity 
is inhibited by agents that stimulate 5-HT1B and/or 5-HT2C receptors 
(FERNANDEZ-GUASTI et al. 1989; MENDELSON and GORZALKA 1990). Con
versely, penile erections in male rats (BERENDSEN et al. 1990) and monkeys 
(POMERANTZ et al. 1993) are elicited by agonists of 5-HT1B and/or 5-HT2C 

receptors, and inhibited by 5-HT1A receptor agonists, further confirming the 
multifarious nature of serotoninergic control of sexual behaviour. 

H. Eating Disorders 
Much evidence has accumulated favouring an inhibitory role for serotonin on 
food intake (e.g. LEIBOWITZ and SHOR-POSNER 1986). Increasing the concentra
tion of serotonin in the synaptic cleft using the serotonin releaser fenfluramine 
(BLUNDELL and LESHEM 1974) or by inhibition of uptake (GOUDIE et al. 1976) 
reduces food intake in rodents. Studies of the roles of different receptor 
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subtypes on food intake shows that the situation is somewhat more complex, 
however. 8-0H-DPAT induces hyperphagia (DOURISH et al. 1985; BENDOTTI 
and SAMANIN 1986), as do numerous other 5-HT1A receptor agonists (DOUR ISH 
et al. 1986; GILBERT and DOURISH 1987; HUTSON et al. 1987). It has been 
proposed that this effect is produced by the stimulation of the 5-HTIA 
autoreceptors in the raphe nuclei, a proposal supported by the observation 
that depletion of serotonin by p-chlorophenylalanine abolishes the effect of 
the 5-HT1A agonists (HUTSON et al. 1987; DOURISH et al. 1986). Furthermore, 
the injection of 8-0H-DPAT into the raphe nuclei also increases feeding 
(HUTSON et al. 1986). 5-HTlB' 5-HT2A and 5-HT2C receptors also appear to play 
roles in food consumption. l-(Metachlorophenyl)-piperazine (mCPP) and 
TFMPP, which have affinity for these receptors, cause hypophagia in normally 
fed and in food-deprived rats (KENNETT et al. 1987; SAMANIN et al. 1979), 
probably by acting in the paraventricular nucleus of the hypothalamus 
(HUTSON et al. 1988). Studies with antagonists suggest that mCPP and TFMPP 
produce hypophagia via both 5-HTlB and 5-HT2C receptors, whereas 
RU 24969 stimulates only the former receptor (KENNETT and CURZON 1988). 
Fenfluramine may produce its anorexic effects by the (indirect) stimulation of 
5-HT2 receptors (HEWSON et al. 1988), although this has been questioned 
(NEILL and COOPER 1988). 

I. Predictive Value of Animal Models for 
Clinical Applicability 
The assessment of the value of any particular animal model can be approached 
in a variety of ways and this question has been recently discussed in detail 
(WILLNER 1991). One aspect is the extent to which animal models reflect the 
pathological processes themselves. This will vary from one model to the next, 
but it seems likely that the models in use at present reflect at best only a small 
part of the disease they are supposed to represent. This does not necessarily 
prevent them from being able to efficiently detect potential therapeutic agents 
for the diseases themselves, however, and the present discussion will attempt 
to determine the extent to which the various animal models can correctly 
predict the clinical effects of drugs acting via the modification of sero
toninergic activity. This, in itself, is a rather complex problem, since a number 
of cases are known in which a test has been found to predict the potential 
therapeutic effect of many clinically active drugs, while being impervious to 
the effects of certain "families" of clinically active compounds. An example of 
this type of false-negative response is the generally noted lack of effect of 
SSRIs in the behavioural despair test of depression (PORSOLT 1991), despite 
the test's ability to detect an activity of about 90% of known clinically active 
antidepressants (BORSINI and MEL! 1988). In view of this, we will approach the 
question of the predictive value of animal models in terms of therapeutic 
categories, rather than test by test. 
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Buspirone has been evaluated in clinical studies of anxiety, and found to 
be effective (GOLDBERG and FINNERTY 1979). It would appear clear therefore 
that the compound's activity in a variety of anxiolytic models, albeit weak and 
rather inconsistent, is predictive of the clinical efficacy in anxiety. Reasons why 
bus pirone exhibits a limited anxiolytic profile in animals may include poor 
bioavailability, its affinity for dopaminergic O2 receptors, and also its break
down to 1-pyrimidinyl piperazine, a compound with non-negligible pharma
cological actions of its own, including CXz receptor and GABA-receptor 
antagonist activities, which might interfere with the expression of the effects of 
5-HT1A receptor stimulation. Another reason may be that the initially used 
anxiolytic tests were too closely oriented to detect compounds with a specific 
mechanism of action, i.e. the benzodiazepines. It remains to be seen whether 
activity in some anxiolytic models is predictive of a therapeutic effect of 5-HT] 
receptor antagonists, as little has been published on the profile of this category 
of drugs in psychatric illness (see BENTLEY and BARNES 1995). 

The global antidepressant-like profile of SSRIs in animal models (despite 
their frequently documented inactivity in the behavioural despair test) ap
pears clearly predictive of the well-documented clinical effects of this drug 
category (PINDER and WIERINGA 1993). The activity of 5-HT1A receptor ago
nists in models of depression may also successfully predict an effect in the 
clinical situation, in view of the results of a number of clinical trials on these 
compounds (HELLER et a1. 1990; RICKELS et a1. 1991). The situation is less clear 
for 5-HT2A antagonists, however, despite an isolated positive effect reported 
with ritanserin (PINDER and WIERINGA 1993). Similarly, the possible therapeu
tic relevance of 5-HT, receptor modulation must await the outcome of clinical 
trials. 

Some clinical studies have given support to the concept that mixed 5-
HT2A/D2 antagonists, or even selective 5-HT2A antagonists, may provide eff
ective antipsychotic activity with little or no extrapyramidal side effects 
(MELTZER 1989; AXELSSON et a1. 1991), suggesting that the "limbic-selective" 
profile of such compounds in animal studies may provide a valid basis for the 
selection of new antipsychotics. Again, however, this situation is less clear for 
5-HT, antagonists, and will only be clarified with the publication of the results 
of clinical trials. 

In the case of OeD, it is at present very difficult to approach the concept 
of predictability. The animal models that have been proposed for this indica
tion have been selected because they appear to respond selectively (at least in 
chronic studies) to the only class of compounds (SSRIs) known to improve 
OeD at present. Although this parallel is compelling, it can hardly be consid
ered proof of predictability. This will only come when a new (non-SSRI) 
substance found to be effective in these animal models is confirmed as being 
efficacious in clinical trials in OeD patients. Although aggression is a major 
problem in patients with psychiatric disorders, it does not constitute a single 
clinical syndrome, but instead is present in a range of diagnostic categories. In 
support of laboratory studies, preliminary clinical trials suggest that the 5-
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HT1AIl8 agonist eltoprazine can reduce the aggression of psychiatric patients, 
without modifying their level of social interest or exploration (RATEY and 
CHANDLER 1995). 

The concept that an overall increase in serotonin levels in the synaptic 
cleft results in an inhibition of sexual activity appears to be validated by 
clinical experience indicating loss of sexual interest, anorgasmia or ejaculatory 
delay in patients treated with SSRI (KLINE 1989; ZAJECKA et al. 1991). The 
delayed ejaculation induced by sertraline has even been used with success as a 
treatment for premature ejaCUlation (MENDELS et al. 1995). In contrast to 
these effects of SSRI, relatively little has been published on the effects of 5-
HTIA receptor agonists on human sexual activity. One preliminary study has, 
however, indicated that buspirone normalizes decreased sexual function in 
patients with generalized anxiety disorder (OTHMER and OTHMER 1987), again 
in agreement with the results obtained in animal models. 

The serotonin-releasing agent fenfluramine and the SSRI fluoxetine 
have been found to decrease weight in obese subjects (STEWART et al. 1986; 
FERGUSON and FEIGHNER 1987), and also to be effective for the treatment 
of bulimia nervosa (ROBINSON et al. 1985; FREEMAN and HAMPSON 1987), 
results which are consistent with their effects in animal models of food 
consumption. In contrast to animal data, however, the 5-HT1A agonist 
ipsa pirone has been found in one study to reduce bulimia nervosa 
(GERETSEGGER et al. 1995). One might speculate that this apparently conflict
ing observation is due to the preferential stimulation of postsynaptic 5-HT1A 
receptors by ipsapirone in human brain, whereas the hyperphagic effect of 
5-HT1A receptor agonists in rodents has been attributed to the stimulation of 
the autoreceptor, which would ultimately reduce serotoninergic activity at the 
postsynaptic level. 

Despite several discrepancies of this kind, the majority of available data 
appears to lend credence to the conclusion that the effects produced by modi
fication of the serotoninergic neuronal system in rodents can in general be 
considered to be a reliable indication of what is likely to happen in the clinical 
situation. It is not certain whether this conclusion can be extended to the 
effects of 5-HT3 receptor stimulation or antagonism, as practically nothing is 
known at present of the effects of such compounds in clinical trials of anxiety, 
depression or psychosis. 

In view of the breadth of processes shown to be modulated by the ma
nipulation of serotoninergic function, in both animals and humans, one final 
question may be addressed. Is there a basic, trans nosographic dimension of 
CNS function that is controlled by serotoninergic activity which transcends 
individual pathologies and animal models? It has been proposed that 
serotoninergic processes may participate in the control of impulsive be
haviour, or waiting capacity (SOUBRIE 1986). Since a number of pathological 
conditions, including depression, bulimia and OCD, involve dysfunctions of 
impulse control, this may be an underlying factor whose modulation could 
lead to a number of the clinically useful effects of serotoninergic agents. 
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Further efforts will be required, however, in order to extend this concept to 
other effects of serotonin. 
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CHAPTER 28 

Current Psychiatric Uses of Drugs Acting on 
the Serotonin System 

P. BLlER and C. DE MONTIGNY 

A. Introduction 
The pharmacotherapy of many psychiatric disorders is carried out with medi
cations that act either directly on elements regulating the function of the 
serotonin (5-HT) system or indirectly via other neurotransmitters impinging 
on 5-HT neurons. Some 40 years ago, tricyclic antidepressant (TeA) drugs 
and monoamine oxidase inhibitors (MAOI) were introduced for the treatment 
of major depression. These major therapeutic breakthroughs were due to 
serendipity and the neurochemical effects underlying their antidepressant 
effect remained unknown for several years. In 1964, it was postulated that 
TCA drugs acted by blocking the reuptake of noradrenaline (NE) and/or 5-
HT (GLOWINSKI and AXELROD 1964), and by then the capacity of MAOIs to 
inhibit the oxidative catabolism of these two neurotransmitters had been 
documented. In the following decade, several reports indicated that these 
drugs were also effective in the treatment of psychiatric disorders other than 
major depression. Later, selective 5-HT reuptake inhibitors (SSRIs) were 
synthesized and subsequently demonstrated in the 1980s to be effective in 
treating depression and some anxiety disorders. These discoveries established 
that the 5-HT system plays a pivotal role in the therapeutic effects of several 
drugs in psychiatry. 

Despite considerable advances in knowledge concerning mechanisms of 
neurotransmission since the introduction of antidepressant drugs, it remained 
difficult to explain why such medications were effective in depressive and 
anxiety disorders because their therapeutic effects were delayed by at least a 
week and their acute biochemical actions, as well as side effects, occurred 
within hours. Numerous laboratories focused their efforts on the adaptative 
properties of the 5-HT system in different brain regions, while others focused 
on the identification of different 5-HT receptor subtypes (see Fig. 1). These 
research endeavours provided at least partial answers to the question formu
lated above. The present chapter will concentrate on the role of the 5-HT 
system in the treatment of four classes of psychiatric disorders, namely depres
sive disorders, obsessive compulsive disorders, anxiety disorders, and schizo
phrenia. Very little will be mentioned with regard to the pathogenesis of these 
conditions, as the etiology and the therapeutics of psychiatric disorders are 
two distinct issues. For instance, it is not because SSRIs are effective in several 
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disorders that 5-HT necessarily plays an important role in their pathophysio
logy. The model of Parkinson's disease, being attributable to a decrease of 
dopamine in the nigrostriatal pathway and treated by giving a dopamine 

5-HT NEURON POSTSYNAPTIC NEURON 

--- -

Fig. 1. Presynaptic and postsynaptic factors regulating the effectiveness of serotonin 
(5-HT) neurotransmission. Only the subtypes of 5-HT receptors for which an electro
physiological response has been identified in unitary recordings are depicted. 5-HT1A 

receptors on the cell body of 5-HT-containing neurons mediate an inhibitory effect on 
firing activity by the opening of potassium channels. 5-HTm receptors on the cell body 
and 5-HTIBID receptors on the terminals exert an inhibitory action on 5-HT release. The 
hub on the 5-HT terminal and on the 5-HT neuron represent the high-affinity reuptake 
carrier. Different symbols have been used to depict the postsynaptic 5-HT receptors to 
indicate that they have different pharmacological properties 
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precursor or a dopamine receptor agonist, is more the exception than the 
rule. For each diagnostic, a brief clinical description will be presented, based 
on the Diagnostic and Statistical Manual IV of the AMERICAN 
PSYCHIATRIC ASSOCIATION (1994), and their approximate prevalence given in 
order to give the readership an idea of the importance of the different disor
ders. The putative mechanisms of action of the different drugs used in these 
disorders will then be described. 

B. Depression 
Major depression is characterized by a depressed mood or a loss of interest 
or pleasure in nearly all activities for a period of at least 2 weeks. The in
dividual must also present at least four of the following symptoms: changes 
in appetite or weight, sleep, and psychomotor activity (i.e., either an in
crease or a decrease), fatigue or decreased energy, feeling of worthlessness or 
guilt. decreased ability to think, concentrate, or make decisions, and re
current thoughts of death or suicidal ideation. There is an atypical form of 
depression in which appetite and sleep are increased. Although this presenta
tion is much more rare than the typical one, it is interesting from a conceptual 
point of view as patients with this form of depression respond well to MAOIs 
but less so to the TCA imipramine (LIEBOWITZ et al. 1988). A less severe form 
of depression is now recognized and called dysthymia. In this case, the diagno
sis requires that fewer symptoms be present in addition to the depressed 
mood and that the latter not necessarily be present every day. but for a 2-year 
duration. The incidence of major depression in the general popUlation is 
around 5% with a female-to-male ratio of affected individuals of about 2 to 1. 

I. Mechanisms of Action of Antidepressant Treatments 

Extensive electrophysiological investigations carried out in our laboratory 
have documented that several types of antidepressant treatments enhance 5-
HT neurotransmission in the rat hippocampus (see BLlER and DE MONTIGNY 
1994). This net effect that is common to the major types of antidepressant 
treatments is, however, mediated via different mechanisms (see Fig. 1 and 
Table 1). All TCA drugs, independently of their capacity to inhibit the 
reuptake of 5-HT and/or NE, progressively enhance the responsiveness of 
postsynaptic 5-HT1A receptors in the hippocampus with a time course that is 
congruent with the delayed onset of action of these drugs in major depression 
(DE MONTIGNY and AGHAJANIAN 1978). It has also been demonstrated by our 
group and other laboratories that this enhanced responsiveness to 5-HT also 
occurs in other, but not all, brain regions and that the sensitivity of 5-HT 
receptor subtypes other than that of the 5-HT1A receptors is also altered. For 
instance, in the facial motor nucleus, the receptors mediating the effect of 5-
HT are of the 5-HT2 SUbtype, and they are sensitised following repeated TCA 
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Table 1. Effects of long-term administration of antidepressant treatments of 5-HT 
neurotransmissiona 

Tricyclic 
antidepressants 

Electroconvulsive 
shocks 

Monoamide oxidase 
inhibitors 

Selective 5-HT 
reuptake inhibitors 

5-HT1A agonists 

Somatodendritic 
autoreceptor 
responsivenessb 

0 

0 

.,!, 

.,!, 

.,!, 

Terminal autoreceptor 
responsivenessc 

0 

0 

0 

.,!, 

0 

Postsynaptic 
responsivenessb 

i 

i 

Of.,!, 

0 

i 

a Rats were treated for at least 14 days. 
b Assessed by microiontophoresis or systemic injection of 5-HT receptor agonists. 

Net effectd 

i' 

i 

i 

i 

i e 

C Assessed by comparing the effect of agonists or antagonists in control and treated rats. 
d Determined from the firing activity of the presynaptic neurons and the effect of stimulating 5-HT 
fibers. 
e Effect obtained by an enhanced tonic activation of postsynaptic 5-HT1A receptors resulting from 
a normal amount of 5-HT (normalized 5-HT neuronal firing) and the presence of the exogenous 
5-HT1A agonist. 
i, increased; .,!" decreased; 0, no change. 

A CONTROL 8 ELECTROSHOCKS 

5·HT NE 5·HT NE 
1 1 1 

0 200 - CJ 
200 

en en 
0 0 

100 en 100 en w w ~ ~ a:: a:: 
en en 

0 0 

1 min 

Fig. 2A,B. Integrated firing rate histograms of two CA3 dorsal hippocampus pyramidal 
neurons showing their response to microiontophoretic applications of serotonin (5-
HI) and noradrenaline (NE) in a control rat (A) and in a rat treated with six electro
convulsive shocks over a 2-week period (B). The shocks were delivered under 
halothane anesthesia and the recordings were carried out under chloral hydrate anes
thesia. The bars above the traces indicate the duration of the application (50s) for 
which the ejection current is given in nanoamperes. The time base applies to both 
traces. Note that only the responsiveness to 5-HT is increased 
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Fig.3A,B. Effects of the administration of selective serotonin (5-HT) reuptake inhibi
tors and of the 5-HT1A antagonist (-)pindolol on the spontaneous firing activity of 
dorsal raphe 5-HT neurons recorded in chloral hydrate anesthetized rats. A Indalpine 
was given intraperitoneally on a daily basis and the recordings were carried out 24 h 
after the last dose. B Paroxetine and (-)pindolol were administered using osmotic 
minipumps implanted subcutaneously, and the recordings were carried out with the 
minipumps in place. The numbers at the bottom of each column and in the shaded 
areas represent the number of 5-HT neurons recorded in each group. *p < 0.001 with 
respect to the control group which is depicted by the corresponding horizontal shaded 
areas 

drug administration (MENKES et al. 1980). Repeated, but not single, electro
convulsive shock administration also induces this sensitization to 5-HT in the 
dorsal hippocampus (DE MONTlGNY 1984; Fig. 2). This is consistent with the 
clinical effectiveness of repeated sessions. 

MAOIs, SSRIs, and 5-HT1A agonists all induce an initial attenuation of the 
firing activity of 5-HT neurons upon treatment initiation because they increase 
the degree of activation of the somatodendritic 5-HT1A autoreceptors 
which control the firing rate of 5-HT neurons (BLlER and DE MONTIGNY 1983, 
1985a, 1987; Fig. 3). This is followed by a gradual recovery to normal firing 
activity of 5-HT neurons when the treatment is continued for 2-3 weeks due to 
a desensitization of the 5-HT1A autoreceptors (Fig. 4). At this point in time, 
MAOIs enhance 5-HT transmission by increasing the amount of 5-HT re
leased per action potential as a result of a greater concentration of 5-HT in the 
terminals (BLlER et al. 1986). SSRls produce the same effect. not by augment
ing the releasable pool of 5-HT like MAOIs do, but rather by desensitizing 
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Fig.4A-D. Integrated firing rate histograms of serotonin (5-HT) neurons recorded 
from the dorsal raphe nucleus showing the inhibitory effect of the 5-HT autoreceptor 
agonist lysergic acid diethylamide (LSD) in a control rat (A) and in rats that received 
long-term treatments with the selective 5-HT reuptake inhibitor indalpine (5 mg/kg per 
day, intraperitoneally x 14 days) (B), the monoamine oxidase (MAO) inhibitors 
phenelzine (15mg/kg per day, intraperitoneally x 21 days) (C), or the 5-HT1A agonist 
gepirone (15 mg/kg per day, subcutaneously using an osmotic minipump) (D). Each 
peak represents the number of action potentials recorded per lO-s interval 

the terminal 5-HT autoreceptor which exerts a negative influence on the 
amount of 5-HT that is released per impulse (CHAPUT et al. 1986). 5-HT1A 

agonists produce an enhanced tonic activation of postsynaptic 5-HT1A recep
tors, as a result of a normalized firing activity of 5-HT neurons (and of 5-
HT release as well) in the presence of the exogenous 5-HT1A agonist acting 
on normosensitive postsynaptic 5-HT1A receptors (BLIER and DE MONTIGNY 

1987). 

II. An Accelerating Strategy: 5-HTlA Autoreceptor Antagonism 

As previously mentioned, all antidepressant drugs require at least 1-2 weeks 
of sustained administration before exerting a clinically significant anti
depressant effect and another 4-6 weeks to produce their maximal therapeutic 
benefit. A novel strategy has recently been devised to accelerate the antide
pressant response (DE MONTIGNY et al. 1993). It consists in combining an SSRI 
with the 5-HT1Alf3-adrenoceptor antagonist pindolol (ARTIGAS et al. 1994; 
BLIER and BERGERON 1995; Fig. 5a). This approach is based on the capacity of 
pindolol to block the 5-HT1A autoreceptor on the cell body of 5-HT neurons 
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preventing the initial decrease of the firing activity of these neurons at the 
beginning of the SSRI treatment, as described in the preceding section (Fig. 3). 
It is important to emphasize that pindolol does not block certain postsynaptic 
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Fig. SA,B. Hamilton-Depression scores on the 21-item scale depicting the intensity of 
depressive symptomatology in depressed unipolar patients. Paroxetine was given at a 
20mg/day dose throughout the 28 days (A), whereas, the tricyclic agent trimipramine 
was administered at 75 mg at bedtime for the first week and at 150 mg at bedtime for the 
subsequent 3 weeks (B). Pindolol was given in both groups at a dose of 2.5 mg three 
times daily throughout the trials. The degree of improvement obtained in the 
trimipramine plus pindolol is generally that obtained with an antidepressant drug used 
alone. *p < 0.05 when compared to the corresponding baseline values (day 0) 
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5-HT1A receptors (ROMERO et al. 1996). Otherwise, the simultaneous blockade 
of both pre- and postsynaptic 5-HT1A receptors would prevent a net increase 
in 5-HT neurotransmission via postsynaptic 5-HT1A receptors, which are 
present in a particular high density in the limbic system. Since 5-HT release in 
most postsynaptic regions is highly dependent on electrical impulse flow in 5-
HT axons, the prevention of the initial decrease of 5-HT neuronal firing 
activity by pindolol physiologically mimics the desensitization of the 5-HT1A 

autoreceptor which has been documented to occur after a 2-week SSRI treat
ment. In support of this hypothesis, pindolol fails to accelerate the onset of 
action of those TCAs which do not block 5-HT reuptake and, consequently, 
which do not initially inhibit the firing rate of 5-HT neurons (BUER et al. 1997; 
Fig. 5b). Two placebo-controlled trials indicate that pindolol combination with 
an SSRI from the beginning of the treatment does in fact accelerate the 
therapeutic effect of SSRIs in depressed patients (ARTIGAS et al. 1996; ISAAC et 
al. 1996). 

III. Potentiation Strategies 

A major caveat of antidepressant drugs is that one third of patients will fail to 
improve even when given an adequate dose for a sufficient time. Unfortu
nately, extensive research has thus far not been successful in identifying pre
dictive factors for the different classes of agents. In addition, many patients 
who do respond favorably fail to achieve remission. Substituting antidepres
sant drugs is not a time-efficient strategy as a washout is sometimes necessary, 
and the same delays mentioned above are necessary before obtaining a re
sponse. Adding a second agent, which need not be antidepressant per se, to 
potentiate the therapeutic effect of the first drug is now considered much more 
time- and cost-efficient. The best documented of these strategies so far is 
lithium addition (see DE MONTIGNY 1994). There are controlled trials support
ing the effectiveness of lithium addition in TCA-resistant patients (HENINGER 
et al. 1983; JOFFE et al. 1993), and even one that shows equal efficacy of lithium 
and electroconvulsive shock addition in TCA-resistant patients (DINAN and 
BARRY 1989). The effectiveness of lithium addition is thought to result from the 
capacity of lithium to enhance 5-HT release in certain brain regions when it is 
administered acutely or subacutely at blood levels as low as O.4mEq/L (DE 
MONTIGNY et al. 1983; BUER and DE MONTIGNY 1985b). The mechanism by 
which lithium enhances 5-HT release has not yet been elucidated, but it is at 
least clear that it is different from that of SSRIs or MAOIs. Furthermore, 
lithium does not modify the responsiveness of postsynaptic 5-HT receptors 
that TCA drugs sensitize (BUER and DE MONTIGNY 1985b). It is, therefore, not 
surprising that lithium has been reported to be effective with TCA drugs, 
SSRIs, and MAOIs. Although the reported rate of response to this strategy 
shows considerable variation, it is estimated to be effective in about 50% of 
the cases. Considering that the rate of response to the three main classes of 
antidepressant drugs is about 60%, the use of lithium addition in patients not 
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Fig. 6. Intensity of the depressive syndrome, using the 21-item Hamilton-Depression 
scale, in drug-resistant patients who received pindolol 2.5 mg three times daily without 
altering their antidepressant drug regimen. Eight patients were on paroxetine (20-
40mg/day), five were on sertraline (50-100mg/day), three were on fluoxetine (20-
40mg/day), and two were on moclobemide (900mg/day). The unequal numbers at the 
bottom of the columns are because one patient could not be assessed at days 7 and 21. 
None of the five patients on sertraline responded to pindolol addition. *p < 0.01 when 
compared with the corresponding day 0 value using one-way analysis of variance 

responding to one of the above-mentioned drugs thus increases the success 
rate of these three types of drug treatments to about 80% (see BAUMAN et al. 
1996). 

Pindolol addition is not only an accelerating strategy, but it has also been 
reported to potentiate the antidepressant effect of SSRls and MAO Is 
(ARTIGAS et al. 1994; BLlER and BERGERON 1995; ARTIGAS et al. 1996; Fig. 6). In 
a double-blind trial carried out in nonresistant patients, the response rate in 
the SSRI plus placebo group was 58% whereas in the SSRI plus pindolol 
group it was 75% (ARTlGAS et a!. 1996). In another controlled trial using 
mainly resistant patients, the response rate was 73 % in the trazodone (a weak 
5-HT reuptake blocker) plus pindolol arm and 20% in the trazodone plus 
placebo arm (MAES et al. 1996). One may speculate that depressed patients 
who are rapidly and markedly improved by the addition of the 5-HT1A antago
nist pindolol may have failed to respond to their antidepressant drug regimen 
because their 5-HT1A autoreceptors did not desensitize, thus precluding a 
recovery of the firing activity of 5-HT neurons. 

The addition of the 5-HT1A agonist buspirone to an SSRI regimen is a 
clinically useful strategy in resistant patients. Although controlled studies are 
still lacking for this approach, its effectiveness is probably similar to that of 
lithium or pindolol addition (JACOBSEN 1991; JOFFE and SCHULLER 1993). When 
SSRI-resistant patients respond to buspirone addition, it is noteworthy that 
they do so much more rapidly than when buspirone is used alone in untreated 
depressed patients (ROBINSON et al. 1990). The beneficial effect of buspirone in 
SSRI-resistant patients is likely to result from a direct activation of post-
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synaptic 5-HT1A receptors, with a dampening of its suppressant effect on 5-HT 
neuron firing activity by the prior desensitization of 5-HT1A autoreceptors by 
the SSRI. Verification of this hypothesis, as well as that for that for the 
beneficial effect of pindolol in this same group of patients, awaits the develop
ment of a probe for the human 5-HT1A autoreceptor. 

The combination of an SSRI with a TCA blocking NE reuptake has been 
reported to exert a more rapid and robust antidepressant effect than with an 
antidepressant drug alone (NELSON et al. 1991). This strategy may be more 
effective because the SSRI gradually increases the function of 5-HT neurons 
and the TCA drug enhances postsynaptic 5-HT responsiveness (see Table 1), 
or the TCA drug progressively increases the function of NE neurons as a result 
of NE reuptake blockade. It is noteworthy that the putatively greater efficacy 
of the latter approach finds apparent support in the results of controlled 
clinical trials with the new antidepressant drug venlafaxine. This drug is an 
inhibitor of both the reuptake of 5-HT and of NE. Unlike the SSRls, which 
present a relatively flat dose-response in the treatment of depression, the 
effectiveness of venlafaxine appears to be dose-dependent. This is based on 
three lines of evidence. First, venlafaxine seems to present a dose-response 
relationship under placebo-controlled conditions in the range of 75-375mg 
per day (GUELFI et al. 1995). Second, 200mg venlafaxine given daily has been 
shown to be superior to 40mg a day of the SSRI fluoxetine by week four of a 
6-week trial in hospitalized patients with major depression and melancholia 
(CLERC et al. 1994). Finally, the use of venlafaxine in treatment-resistant 
depression has been shown to be effective by two groups of investigators 
(NIERENBERG et al. 1994; DE MONTIGNY et al. 1995). Furthermore, in the dose 
range of 300-375 mg per day (achieved within one week), venlafaxine induced 
a significantly greater treatment response after 1 and 2 weeks than was ob
served in the placebo group (see MONTGOMERY 1995). These observations 
suggest that venlafaxine may be endowed with a more rapid onset of action as 
well as a greater efficacy. 

c. Obsessive Compulsive Disorder 
Obsessive-compulsive disorder (OCD) is characterized by recurrent and per
sistent thoughts, impulses, or images (obsessions) and/or repetitive behaviors 
or mental acts (compulsions) which are aimed at preventing or reducing 
distress. The obsessions are intrusive and inappropriate, and not merely wor
ries about real-life problems. Patients actively attempt to ignore or suppress 
their obsessions, even though they recognize that these are the product of their 
own mind. The compulsions are performed in response to an obsession or in 
accordance with extremely rigid rules. Finally, an essential diagnostic feature 
is that those symptoms take up more than 1 hour per day, or significantly 
interfere with the individual's normal routine, occupational functioning, or 
usual social activities or relationships. OCD is presently classified with anxiety 
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disorders in the American classification of psychiatric disorders (DSM-IV). 
Many experts in the field, however, share the opinion that it should stand on 
its own in a different category, as recognized in the International Classification 
of Diseases (ICD-lO), perhaps with several of the so-called OCD-related 
disorders such as anorexia nervosa, bulimia, body dysmorphic disorder, and 
compUlsive gambling. Large community studies carried out in the 1980s have 
documented OCD rates ranging from 1.6% to 3.0%. These studies, therefore, 
make OCD the fourth most common psychiatric disorder following substance 
abuse, affective disorder, and phobias. Notably, OCD is more prevalent than 
schizophrenia. 

While there is little evidence for an important role of the 5-HT system in 
the etiopathology of OCD, there is conducive evidence for a major role of this 
monoaminergic system in the pharmacotherapy of this disorder. First and 
foremost, among all antidepressant treatments including electroconvulsive 
shocks, only the drugs which are potent 5-HT reuptake blockers exert a clear 
therapeutic effect in OCD patients (JENlKE 1993; Table 2). The first placebo
controlled trials of the TCA drug chlorimipramine, the only drug in this class 
with potent 5-HT reuptake blocking property, clearly demonstrated the effec
tiveness of this pharmacotherapy (MONTGOMERY 1980). Subsequently, elegant 
crossover studies with chlorimipramine and the selective NE reuptake blocker 
desipramine (which is also a TCA), have clearly shown it to be the capacity of 
the former drug to block the 5-HT reuptake process that is responsible for the 
anti-OCD effect. The advent of the newer non tricyclic 5-HT reuptake 
blockers truly established the pivotal role of the 5-HT system in the beneficial 
effect of certain antidepressant drugs. Since most of these drugs (fiuoxetine, 
fiuvoxamine, sertraline, and paroxetine) are from different chemical families 
and the only common neurobiological property they share is their capacity to 
potently block the 5-HT reuptake process, this leaves little doubt that the anti
OCD effect of these drugs is mediated via the 5-HT system. The second line of 
evidence for an important role of the 5-HT system in the anti-OCD effect of 

Table 2. Effectiveness of antidepressant treatments in major depression and obsessive 
compulsive disorder 

Tricyclic antidepressant drugs 
Selective 5-HT reuptake inhibitors 
Monoamine oxidase inhibitors 
5-HT'A agonists 
Electroconvulsive shocks 

Depression 

+++ 
+++ 
+++ 
++ 
+++ 

Obsessive compulsive disorder 

oa 
++ 
+ 
o 
o 

+++. produces a remission in at least half the patients; ++, produces a partial response 
in about half of patients with obsessive compulsive disorder or a remission in a 
significant percentage of depressed patients; +. may be useful in some cases; 0, no 
therapeutic benefit. 
a With the exception of chlorimipramine which is a drug with a potent 5-HT reuptake 
blocking property. 
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selected antidepressant drugs is the capacity of the nonselective 5-HT antago
nist metergoline to increase anxiety and OCD symptoms in drug-remitted 
patients (BENKELFAT et al. 1989; GREENBERG et al. 1994). 

The peculiar characteristic of SSRIs on the 5-HT system, as depicted in 
Table 1, is their capacity to desensitize terminal 5-HT autoreceptors. These 
results were, however, obtained in the rat hippocampus and subsequently 
in the rat hypothalamus after 2- to 3-week treatments (CHAPUT et al. 1986; 
MORET and BRILEY 1990). It is, however, hazardous to extrapolate such results 
to the treatment of OCD with SSRI for two reasons. First, the anti-OeD effect 
of SSRI generally requires a much longer delay before being maximal than 
the antidepressant effect (MONTGOMERY 1994). Second, positron emission 
tomography scanning studies in humans have clearly delineated the 
orbitofrontal cortex-head of the caudate nucleus-thalamus neuronal circuitry 
as being involved in mediating OCD symptomatology (for a review, see INSEL 
1992), and not the hippocampus or the hypothalamus. 

In order to overcome these limitations, the following experiments were 
undertaken. 5-HT release and terminal 5-HT autoreceptor sensitivity were 
assessed in guinea pigs, since their terminal 5-HT autoreceptors exhibit the 
same pharmacological properties as in humans (they are "h5-HTIB.uKE"; see 
new 5-HT subtype nomenclature of HARTIG et al. 1996). The treatment period 
was extended to 8 weeks in an attempt to approach the time necessary to 
obtain a near maximal anti-OCD effect. Finally, 5-HT release and terminal 
autoreceptor responsiveness was examined in the frontal cortex and in its 
orbitofrontal subdivision, as well as in the head of the caudate nucleus (EL 
MANSARI et al. 1995). 

The SSRIs were administered using osmotic minipumps, implanted subcu
taneously, so as to obtain a constant infusion of the drugs and mimic as much 
as possible the plasma levels achieved in humans. Indeed, SSRIs are metabo
lized much more rapidly by rodents than by humans. Consequently, adminis
tering such agents even on a twice daily basis to laboratory animals does not 
produce the sustained plasma levels obtained in humans with oral administra
tion, thus making it to difficult to extrapolate the animal data to human 
therapeutics. 

Fig.7A,B. Effects of sustained administration of the selective serotonin (5-HT) 
reuptake inhibitor (SSRI) paroxetine (lOmg/kg per day, subcutaneously using osmotic 
minipumps) on (A) the electrically evoked release of CH]5-HT in guinea pig brain 
slices prepared 2 days after removing the minipumps, and (B) on the inhibitory effect 
of the 5-HT autoreceptor agonist 5-methoxytryptamine. The numbers at the bottom of 
each column indicate the number of slices prepared from controls and treated guinea 
pigs processed in parallel on the same day. The open circles represent the results 
obtained in the controls and the filled circles those obtained in the slices prepared from 
treated animals. In B, the agonist was introduced 20min before the second stimulation 
period, and the overflow in the latter trial was always compared to that obtained in the 
first stimulation period in the absence of any drug for the same slices. *p < 0.05 when 
compared to the control value using the two-tailed Student's-t-test; N.S. not statistically 
significant (p > 0.05) 
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In brain slices preloaded with eH]5-HT and then continuously superfused, 
the electrically evoked release of [3H]5-HT was significantly enhanced in the 
frontal cortex, but not in the orbitofrontal cortex nor in the head of the 
caudate nucleus after a 3-week paroxetine treatment. We had previously 
reported on this small but significant enhancement of 5-HT release in the 
frontal cortex after a 3-week paroxetine treatment. Unlike the hypothalamus 
and the hippocampus, where the increase in eH]5-HT release observed fol
lowing a 3-week paroxetine treatment can be explained in part by a desensiti
zation of the terminal 5-HT auto receptor, in the frontal cortex the enhanced 
[3H]5-HT release is attributable to a desensitization of the 5-HT transporter 
(BLlER and BOUCHARD 1994; Fig. 7). 

After an 8-week treatment, however, the evoked release of [3H]5-HT was 
significantly enhanced in the orbitofrontal cortex to a greater extent than in 
the rest of the frontal cortex of the same animals. The concentration-effect 
curve using the 5-HT autoreceptor agonist 5-methoxytryptamine was shifted 
to the right in orbitofrontal, but not in frontal, cortex slices prepared from 
guinea pigs treated for 8 weeks with the SSRI paroxetine (Fig. 7). These 
results indicate that the enhanced 5-HT release observed in the orbitofrontal 
cortex could be attributed to a desensitization of the terminal 5-HT 
autoreceptor in that particular brain region. Interestingly, in the head of the 
caudate nucleus 5-HT release and autoreceptor sensitivity were still unaltered, 
after an 8-week paroxetine treatment. 

The same experiments were carried out using another SSRI, fluoxetine, 
but at a lower dose regimen. Both in the orbitofrontal cortex and in the head 
of the caudate nucleus, the evoked release of [3H]5-HT and terminal 5-HT 
autoreceptor sensitivity were unaltered after 3- and 8-week treatments. This 
suggests that a marked degree of reuptake inhibition is important in order to 
induce an attenuation of the sensitivity of terminal 5-HT autoreceptors, at 
least in some brain regions. We have recently completed analogous experi
ments using a 10mg/kg per day regimen of fluoxetine and found that the 
terminal 5-HT autoreceptor was also desensitized in the orbitofrontal cortex 
after an 8-week treatment with this SSRI. 

Taken together, these data indicate that the enhanced 5-HT release in the 
orbitofrontal cortex, manifesting itself after a prolonged SSRI treatment is 
fully consistent with the delayed onset of these drugs in OCD and, therefore, 
suggest that such a phenomenon could be the neurobiological substratum of 
the therapeutic effect of 5-HT reuptake inhibition in this disorder. A greater 
degree of reuptake inhibition also appears essential to obtain these modifica
tions of the function of 5-HT terminals. This is consistent with the common 
clinical observations that high doses of SSRIs are frequently necessary to 
obtain an anti-OCD effect and with the results of some fixed-dose double
blind trials showing a dose-dependent therapeutic effect of SSRIs (TOLLEFSON 
et al. 1994; GREIST et al. 1995). 

On a more theoretical note, the changes - or lack of them - induced by 
SSRI in different brain regions clearly point to differential properties of 5-HT 
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terminals projecting to the different regions (PINEYRO et a1. 1994; EL MANSARI 

et a1. 1995). This was also documented in our studies assessing the function of 
the 5-HT transporter after the above-mentioned SSRI treatment for 3 and 
8 weeks. We observed that, after a 3- and an 8-week treatment with 
paroxetine, the 5-HT transporter was desensitized in the frontal cortex but not 
in the orbitofrontal cortex, as indicated by the loss of the capacity of 
paroxetine, when introduced in the superfusion medium, to enhance the elec
trically evoked overflow of [3H]5_ HT in slices prepared from the former but 
not latter brain region. We had previously documented that this attenuated 
function of 5-HT transporters is attributable to a decreased number of such 
sites in the rat hippocampus and frontal cortex (PINEYRO et a1. 1994). These 
regional differences raise the question as to why the terminal 5-HT 
autoreceptors and the 5-HT transporters exhibit such differential changes 
during sustained and prolonged administration of SSRls. The mechanisms 
underlying the differential desensitization of terminal5-HT autoreceptors are 
presently under study in our laboratory. 

These studies have identified the terminal5-HT autoreceptor as a putative 
target for the anti-OCD effect of SSRI. This implies that the use of a 5-HTID 

antagonist selective for the terminal 5-HT autoreceptor should produce the 
same functional changes as SSRls do, but much more rapidly. Obtaining a 
more robust anti-OCD effect would also be possible with such an agent used 
as an adjuvant. This is indeed eagerly awaited, as SSRls in the vast majority of 
patients produce only a partial remission, notwithstanding the important pro
portion of patients not responding at all to SSRls and those who cannot 
tolerate their side effects. Unlike in resistant depression, the augmentation 
strategies described in the preceding section are successful in only a very low 
number of OeD patients (see BUER and BERGERON 1996). An antagonist of 
the terminal 5-HT autoreceptor should, however, also be effective in major 
depression. 

D. Anxiety Disorders 
Several diagnostic entities have been lumped together in the group of anxiety 
disorders mainly because they share a common major symptom, anxiety. This 
does not imply that they are necessarily disorders with a similar pathogenesis, 
nor that drugs effective to treat these disorders act on the same brain struc
tures or the same receptor subtypes. Only three disorders will be discussed, as 
extensive data, fundamental and/or clinical, have not yet been generated for 
all of them. 

I. Panic Disorder 

The essential feature of panic disorder is the presence of recurrent, unex
pected panic attacks followed by at least 1 month of persistent concern about 
having another attack, worry about the possible implications or consequences 
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of the panic attacks, or a significant behavioral change related to the attacks. 
An unexpected, spontaneous, and uncued panic attack is one that is not 
associated with a situational trigger, and at least two such attacks are required 
for the diagnosis. These attacks cause extreme anxiety and may mimic a life
threatening illness. The patients may also feel as if they are going crazy or 
losing control. The sensation is often described as losing control of a motor 
vehicle entering a curve at high speed. The lifetime prevalence of panic disor
der is estimated to be between 1.5% and 3.5% of the general population, 
based on epidemiological studies carried out worldwide. 

The first antidepressant drugs reported to be effective in this disorder 
were the TCA imipramine and an MAOI (KLEIN 1964; WEST and DALLY 

1959). Following the introduction of the SSRIs, it was observed that the latter 
drugs were also effective in the treatment of panic disorder. It is striking to 
observe clinically that at the beginning of the treatment, whether a TCA or a 
SSRI is used at the usual starting dose for depression, an exacerbation of the 
symptoms occurs, usually an increase in the number of spontaneous attacks. 
This problem rarely arises when treating depression with the same drugs. 
Consequently, the starting dose is decreased by at least half to avoid this 
exacerbation and then progressively increased to the high therapeutic range 
for depression. This difference between depressed patients and those suffering 
from panic disorder clearly delineates a hypersensitivity to the serotoninergic 
and/or noradrenergic properties of the drugs. Subsequently, the therapeutic 
effects of the drugs occur gradually at about the same rate as in the treatment 
of major depression. Typically, after about 6 weeks of treatment spontaneous 
panic attacks do not occur anymore. This observation suggests that the same 
adaptative changes that mediate the antidepressant response may account for 
the antipanic action of these drugs. However, not all drugs effective in the 
treatment of depression are also useful in panic disorder. For example, 5-HT1A 

agonists have thus far not been found of therapeutic value in panic disorder. 
The latter clinical observation indicates that postsynaptic 5-HT receptors 
other than those of the 5-HT1A subtype are responsible for the antipanic effect 
of SSRIs, TCAs, and MAOIs (Table 3). Obviously, the changes responsible 
for the antipanic effect may also occur in brain areas other than those respon
sible for the antidepressant action. For instance, at a structural level, positron 

Table 3. Effectiveness of antidepressant treatments in three anxiety disorders 

Generalized anxiety Panic Social phobia 

Tricyclic antidepressant drugs +++ +++ 0 
Selective 5-HT reuptake inhibitors +++ +++ +++ 
Monoamine oxidase inhibitors +++ +++ +++ 
5-HT1A agonists +++ 0 + 
Electroconvulsive shocks 0 N.D. N.D. 

+++, produces a remission in at least half the patients; +, may be useful in some cases; 
0, no therapeutic benefit; N.D., not determined. 
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emission tomography scan as well as structural studies have consistently iden
tified abnormalities in the parahippocampal region in panic disorder patients 
(see BAXTER 1995). At a neurochemical level, it is interesting to note that the 
shortest active form of cholecystokinin, the four amino acid-long peptide, 
when injected intravenously in human subjects immediately triggers a classical 
panic attack (DE MONTIGNY 1989; BRADWEJN et al. 1991). Yet, cholecystokinin 
terminals in the brain are endowed with 5-HT3 receptors and a subpopulation 
of 5-HT3 receptors modulating the release of 5-HT was reported to be desen
sitized following long-term administration of an SSRI (PAUDICE and RAITERI 
1991; BLlER and BOUCHARD 1994). Interestingly, the panicogenic response to 
cholecystokinin is markedly attenuated following long-term treatment with 
the TCA imipramine or the SSRI fluvoxamine (BRADWEJN and KOSZYCKI 1994; 
VAN MEGEN et al. 1996). 

II. Generalized Anxiety Disorder 

Generalized anxiety disorder is characterized by excessive anxiety and worry 
that occurs most days. for at least 6 months, about a number of events and 
activities. The worry is difficult to control by the individual. The anxiety and 
worry must be accompanied by at least three of the following symptoms: 
restlessness, being easily fatigued, difficulty concentrating, irritability, muscle 
tension, or perturbed sleep. The lifetime prevalence of this disorder is about 
5%. In practice, however, it is relatively rare to see patients with a pure form 
of generalized anxiety disorder. There is commonly an associated disorder, 
such as panic disorder. 

Several antidepressant drugs are equally beneficial in generalized anxiety 
disorder as in panic disorder. Indeed, SSRls and TCA drugs are as effective as 
benzodiazepines in this disorder (KHAN et al. 1986; LAWS et al. 1990). How
ever, unlike in panic disorder. 5-HT1A agonists have been shown to be as 
effective as benzodiazepines in the generalized anxiety disorder (PECKNOLD 
1994). The prototypical 5-HTJA agent buspirone was in fact shown to be 
an effective anxiolytic agent before 5-HTIA binding sites were identified 
(GOLDBERG and FINNERTY 1979). The full therapeutic effect of SSRls, TeAs, 
and of 5-HTIA agonists requires sustained administration and their full thera
peutic response may not be expected before 4-6 weeks, as is the case for their 
use in depression (ROBINSON et al. 1990). On the one hand, benzodiazepines 
relieve patients quite rapidly, most likely due to their anxiolytic as well as to 
their additional and immediate sedative and myorelaxant properties. On the 
other hand, antidepressant drugs rapidly produce undesirable side effects. 
However, the adaptative changes on the serotoninergic and/or nor adrenergic 
system they produce render their discontinuation much less problematic, as is 
the case following their use in depression, than that of benzodiazepines which 
often produce rebound phenomena. For these reasons, antidepressant drugs 
are considered first-line treatment for the long-term treatment of the general
ized anxiety disorder. 
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III. Social Phobia 

The main feature of social phobia is a marked and persistent fear of social or 
performance situations in which embarrassment may occur. Exposure to the 
social or performance situation almost invariably provokes immediate anxiety. 
Most often the situation is avoided, although it is sometimes endured with 
marked distress. As for most related conditions, the diagnosis is appropriate 
only if the avoidance, fear, or anxious anticipation of encountering the social 
or performance situation interferes significantly with the person's daily rou
tine, occupational functioning, social life, or if the person is markedly dis
tressed about the phobia. The lifetime prevalence of social phobia ranges from 
about 3% to 13%. Obviously, the prevalence may vary according to the 
threshold used to make the diagnosis. 

The validity of this diagnosis may be challenged given the major influence 
that social and psychological factors may exert in the development of this 
condition. However, it is interesting to note that SSRIs and MAO Is have been 
demonstrated in placebo-controlled studies to be effective in the treatment of 
this disorder (VAN VLIET et al. 1994; KATZELNICK et al. 1995). Given that the 
two latter families of agents do not exert an immediate anxiolytic effect, as is 
the case with benzodiazepines, it may be argued that they gradually compen
sate or rectify a biological anomaly that nevertheless may have developed 
secondary to aversive conditioning. It is also important to mention that TeA 
drugs are not useful in this disorder (Table 3). 

Taken together, the therapeutic observations summarized in this section 
on anxiety disorders clearly indicate that the neurobiological substratum for 
the beneficial effects of TeA agents, SSRIs, 5-HT1A agonists, and MAOIs 
varies from one disorder to another. In the case of OeD and panic disorder, 
one may assume that modifications in the function of the 5-HT system in 
specific brain structures implicated in mediating these disorders explain at 
least in part the therapeutic effects of the above-mentioned drugs. However, it 
is presently not possible to make this kind of inference with respect to gener
alized anxiety disorder and social phobia, as structural and positron emission 
tomography scan studies have not yet identified specific brain regions involved 
in these two conditions. Nevertheless, the clinical observations that, for in
stance, 5-HT1A agonists are useful in generalized anxiety disorder but not in 
panic disorder and that the TeA imipramine is beneficial in panic disorder but 
not in OeD clearly indicate that different 5-HT receptor subtypes are impli
cated in these therapeutic actions. 

E. Schizophrenia 
Schizophrenia is a chronic psychosis characterized by a mixture of positive and 
negative signs and symptoms that have been present for a significant portion 
of time for at least one month period, with some signs of the disorder persist
ing for more than 6 months. Positive symptoms include delusions, hallucina-
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tions, and disorganized speech and behavior. Delusions are false beliefs 
involving a misinterpretation of perceptions or experiences, whereas halluci
nations are false perceptions in the absence of cues. Negative symptoms in
clude affective flattening and decreased fluency and productivity not only of 
thought and speech, but also in the initiation of goal-directed behaviors. These 
signs and symptoms must be of sufficient intensity to cause marked social or 
occupational dysfunction. The lifetime prevalence of schizophrenia is about 
1%. 

Until recently, the cornerstone of the treatment of schizophrenia was the 
blockade of dopaminergic receptors. Classical or typical antipsychotic medica
tions, which are potent dopaminergic D2 receptor blockers, are very effective 
in attenuating the positive symptoms but have generally little impact on 
the negative symptoms. Clozapine is considered as atypical antipsychotic 
because it does not produce extrapyramidal side effects (i.e., rigidity, 
bradykinesia, tremors) like all classical antipsychotics; it also has been demon
strated to be effective in a significant proportion of resistant cases, and it has 
a beneficial effect on the negative symptoms (MELTZER 1995). The latter effect 
is presently thought to result at least in part from the activity of clozapine at 
one or more subtypes of 5-HT receptors. Indeed, clozapine has an affinity that 
may range from moderate to high for 5-HT1A' 5-HTzA' 5-HT2C , 5-HT}, 5-HT6 
and 5-HT7 binding sites. Until recently, major research endeavors have been 
centered on 5-HTz receptors. Several new antipsychotic drugs were developed 
with both dopaminergic D2 and 5-HT2A antagonistic properties. Risperidone is 
the prototypical agent of this new class of antipsychotics. However, there is no 
general consensus on the superiority of this drug over classical antipsychotics, 
either with regard to its efficacy in resistant cases or the lack of production of 
extrapyramidal side effects at higher doses within its therapeutic range. 
Olanzapine is a newly commercialized DzlD4/5-HT2 antagonist with docu
mented superiority over classical antipsychotics. However, there are no 
clozapine-controlled studies examining the effectiveness of this new class of 
agents. It is noteworthy that a selective 5-HTzA antagonist (MDL 100,907) has 
been reported to produce a depolarization block of dopamine neurons (a 
complete suppression of firing resulting from the increase of the resting mem
brane potential) of the ventral tegmental area (AlO) but not of those of the 
substantia nigra (A9; SORENSEN et al. 1993). The latter property is generally 
thought to be related to the ability to produce an antipsychotic effect without 
inducing extrapyramidal side effects (FREEMAN and BUNNEY 1987). This is 
because the atypical antipsychotic drug clozapine inactivates AlO but not A9 
dopamine neurons and does not produce extrapyramidal side effects, whereas 
all the classical antipsychotic drugs inactivate both popUlations of dopamine 
neurons and generally require concomitant anti-parkinsonian medication. It 
will, therefore, be of interest to determine whether MDL 100,907 is endowed 
with antipsychotic properties with regard to the contribution of the antago
nism of 5-HT2A receptors to the antipsychotic effect. A contribution of 5-HT 
receptors in the attenuation of negative symptoms of schizophrenia could not 
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be ruled out even if MDL 100907 were devoid of antipsychotic effect. Indeed, 
recent reports indicate that negative symptoms may be attenuated by using 
antidepressant drugs, in particular SSRIs (SIRIS et al. 1991; SILVER and NASSAR 
1992; GOFF et al. 1995). 

F. Conclusion 
A better understanding of the role of the 5-HT system in the therapeutic 
effects of several psychotropic medications has led to major improvements in 
the treatment of psychiatric disorders. The overall impact has already been 
important considering the combined prevalence of at least 10% for the five 
types of disorders reviewed in this chapter, taking into account comorbidity. 
There are now medications with much more tolerable side effect profiles than 
those of the TeA drugs and irreversible MAOIs that are useful in several 
disorders. The onset of the antidepressant action of SSRIs has been consider
ably shortened for a significant percentage of depressed patients, and the use 
of potentiating strategies in treatment-resistant patients has remarkably im
proved treatment outcome. There remains, however, a great deal of work to 
be done. For instance, identifying predictive factors for the response to the 
different classes of agents acting on specific 5-HT receptor subtypes would 
help shorten the time to response with the drugs that are already available. A 
better knowledge of the pharmacological profile of the 5-HT receptor sub
types present in the brain structures playing an important role in mediating 
symptoms of particular diseases should lead to the development of superior 
pharmacological agents. Ongoing research in the field of the pharmacology of 
5-HT should thus help decrease morbidity and the suicide rates related to 
psychiatric disorders. 
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impairment, age-associated 424 
5-MeODMT 104,452,482 (table) 
5-MeOT 482 
mescaline 510, 566, 567 (fig.), 569 

direct iontophoresis 574 
mesopontine 5-HT neurons 59-60 
mesulergine 278,372 (fig.), 373, 482 

(table), 545, 572 
met-enkephalin (ENK) 50, 599 
metergoline 282-283,482 (table), 545, 

615 (table) 
methoxydimethyltryptamine (5-

MeODMT) 643 
3-methyoxy-N? N-dimethyltryptamine 

(DMT) 102, 567, 574, 575 
5-methyoxy-3-( di-n-

propylamino )chroman 248-249, 
249 (table) 

5-methoxy-3(1,2,3,6-tetrahydropyridin-
4yl) I-H indole see RU24969 

5-methoxytryptamine 274,330,740 
N-methyl-D-aspartate 309 
5-0-methyl-DMT 369 (fig.), 370 
2-methyl-5-HT 423, 425, 426, 518 
3,4-methylenedioxymethamphetamine 

(MDMA; ecstacy) 6,10,43,51, 
56,277,629,680 

activity at 5-HT2 receptors 380 (fig.), 
381 

serotonin transporter as site 677 
vesicular monoamine transport 134 

methylenenomycin 138 
I-methyl-4-phenylpyridinium ion 

(MPP+) 677 
I-methyl-4-phenyl-l,2,3,6-

tetrahydropyridine 
(MPTP) 136-137,677 

2-methyl-serotonin 319 
5-methyl-urapidil 249 (table) 
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methysergide 278,328,482 (table), 615 
(table) 

metoclopramide 415,416 (table), 439, 
449,464,465,550 

mianserin 21, 278, 377, 378 (fig.), 545 
inverse agonist 400 

mice 
isolation-induced social behavioral 

deficit 280-281 
knockout 618 

microglial protein markers 21-22 
microtubule 22 
microtubule-associated protein 22 
microtubule-associated protein-2 22, 

24 
milnacipran 333 (table) 
mititepine see methiothepin 
MK-212 375,376 (fig.), 545 
MK-462 615 (table) 
ML 10302 449 
MM-77 250 
moclobemide 655 
molluscs 41 
monoamine oxidase (MAO) AlB 655-

665 
alcoholism associated 658-659 
allelic associations 657-659 
cDNAs 655-661 

clones 657 
function loss (males) 657 
genes 656 (fig.), 657, 658 
genomic structure 655-661 
heterologous expression 659-661 

chimeric MAO forms 660-661 
site-directed mutagensis 660 

low platelet activity 658-659 
male abnormalities 658 
molecular biology 655-661 
neurologic diseases associated 657 
psychiatric diseases associated 657 
serotonin oxidation 661-665 

deletion of MAOA/MAOB genes in 
Norrie disease 664-665 

effect on MAO deficiencies in 5-HT 
levels 662 

MAOA-deficient humansl 
mice 662-664 

monoamine oxidase inhibitors 10, 332, 
336, 727 

mood 707 
morphine 13, 96, 258 

effect on 5-HT3 receptor 196 
5-HT utilization increase 599 

p-MPPF 251 
p-MPPI 249 (table), 251 
MPTP 80 
mRNA 
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detection for different 5-HT receptor 
subtypes 626-627 

in situ hybridization 216 
MTC cells 158,159-160 
muramyl dipeptide 95 
mutagenesis overview 389-390 
mutations involving charged 

residues 390 
myoclonus 339 
myoinositol 1,4,5-triphosphate 517 

NADPH diaphorase 167 
naloxone 13, 646 

+ 5-HT 60 
treatment of alcoholism 600-602 

NAN190 103,250,251,540 
1,8-naphtalimides 444 (fig.), 450 
naratriptan 272 
nefazodone 376 (fig.), 377 
NEO personality inventory (NEO-PI

R) 686-687 
neocortex 

5-HT innervation (rat) 61 
5-HT terminals (primates) 62 
serotinergic afferents 58 

nerve growth factor 7 
neural peptides 143 
neurodevelopmental disorders 691-

692 
neuroendocrine challenge tests 550-

551 
neuroendocrine system 537-538 
neurogenic inflammation 614 
neurokinin A 49-50,614,619 
neuroleptics, atypical 712 
neurological trauma 427 
neuron(s) 

dorsal hippocampus pyramidal 730 
(fig.) 

dynamic instability 1-2 
gigantocellular (glutamatergic) 49 
immature brain 2-3 

neuronal development 707 
neuronal dynamic instability 22-27 

clinical implications 25-27 
Alzheimer's disease 26-27 
psychiatric 26 

model 22-25 
neuropeptide(s) 12-13 
neuropeptide Y 13 
neuropsychiatric disorders 12 
neurotoxins. discrete axonal injury 

(rat) 43 
neurotransmitter release 417-418 
NF-Y 122 
nialamide 333 (table) 
nicotinic acetylcholine receptor 411 
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nimodipine 64,65,167.170,333 (table) 
nitric oxide 168 
nitric oxide synthase (NOS) 51,167-

168 
nociception 257-258 

5-HT3 receptor role 425-427 
morphine-induced 258 

nociceptive transmission, tonic 
regulation 639-640 

non-monoaminergic synapses 19 
non-serotoninergic axon terminals 308 
noradrenaline 645 
norepinephrine 131, 136, 673 
norfluoxetine 380 (fig.), 381 
Norrie disease 657,664-665 
nuclear transcription factors 

(NTFs) 699-700 
nucleus accumbens 597 
nucleus centra lis superior 92 
nucleus dorsomedialis (rat) 67 
nucleus praeopticus lateralis (cat) 67 
nucleus praeopticus medialis 

(monkey) 67 
nucleus praeopticus perivantricularis 

(guinea pig) 67 
nucleus praeopticus suprachiasmaticus 

(rat) 67 
nucleus raphe magnus 52, 60 

obsessive-compulsive disorder 153, 
282-283,284,339,708,709 
(table), 713-714, 736-741 

antidepressants effectiveness 737 
(table) 

impulse cntrol dysfunction 718 
tricyclic antidepressants for 677 

obsessive-compulsive-related 
disorders 737 

olanzapine 378 (fig.) 
olfactory bulb (rat, cat, monkey) 64, 

69-70 
oligonucleotides 202-203 

probes 216 
olivocerebellar projection neurons 53 
ondansetron 413,418,419,420,423, 

460, 711 
alcohol consumption decrease 598 
alcohol reduction (rat) 547 
antagonist potency 415 (table), 416 

(table) 
5-HT blockade (rat) 411 
memory impairment 424 
treatment of: 

alcohol-dependent men 422 
emesis 427 

orphan carriers 673 
"'orphan" genes 204 
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oxytocin 539 (table), 540-541, 543, 
545-546 

p64 168 
pain 707 

chronic inflammatory 258 
neuropathic 258 

panic disorder 153,741-743 
parafollicular cells (paraneurons) 153-

154 
calcium receptor 163-170 

calcium release from internal 
stores 166-169 

cytosolic calcium increase 166-
169 

stimulation by agonists Ca2+ I 
Gd3+ 165-166 

dissociation of acidification from 
secretin 163 

electrophysical characterization of 
plasmalemmal calcium 
channels 169-170 

plasmalemmal calcium receptor 61-
163 

real time measurement of serotonin 
from single vesicles 170 

secretory vesicles 156-158 
sheep 160 
signal transduction pathway 162 
voltage-dependent sodium channels 

expression 170 
parathyroid chief cells 161 
parathyroid hormone receptor 182 
paraventricular nucleus 537, 538 
pargyline 66 
Parkinson's disease 136,139,459,658 

MPTP induction 680 
paroxetine 274,334 (table), 335 

(table), 677, 7737 
chemical structure 678 (fig.) 
+ pindolol 733 (fig.) 

passive avoidance test 423 
PCP A 694-695 
penbutolol 249 (table), 250, 280 
peptidergic systems 59 
pep tides 144, 646-647 
pertussis toxin 165,330 
PH8 immunohistochemistry 42 
PH8-immunoreactive neurons 48 

(table) 
phenelzine 280 
phenethylamines 510,566,567 (fig.) 
phenylalanine-586 682 
phenylalanine hydroxylase 119 
phenylbiguanide 329 
{3-phenylethylamine 655 
phenylisopropylamines 379-380 
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pheochromocytoma PC12 cell line 
(rat) 136 

phorbol-11, 12-dibutyrate 330 
phorbol esters 160 
phorbol myristyl acetate 168-169,685 
phospholipase C 167,511 
pimozide 374 (fig.) 
pindobind 250 
pindolol 109,183,249 (table), 250, 270, 

276,482 (table), 731 (fig.) 
+ paroxetine 733 (fig.) 
RU24969 blocking 278 
SSRIs combined 732-733 
SSRIs/MAOs effect potentiation 738 
+ trimipramine 733 (fig.) 

pineal gland 117, 119, 122, 123 
tryptophan activity 125 
tumors 123 

piperazines 375-377,482 (table) 
pirenperone 373-375, 570, 575 
pituitary-adrenal cortex activating 

peptide receptor 181-183 
pituitary gland. 5-HT distribution 68 
plasticity 4 
platelets 131, 153 
polydipsia, schedule-induced 713 
post-traumatic stress disorder 26 
preprotachykinin 13 
presenilin 112 genes 692 
presynaptic £:r2-heteroreceptors 308 
presynaptic (somtodendritic) 5-HT1A 

autoreceptors 103, 316 
presynaptic 5-HTJB 

heteroreceptors 317-318 
prolactin 539, 540-543, 543, 546-547 
proline 673 
propranolol 249 (table), 250, 276, 278, 

502,576 
protein growth factors 10-12 
protein kinase C 22, 517 

activators 160 
inhibition 330 

"pseudo-one-pulse" experiments 310 
psilocin 369 (fig.), 369, 510, 566, 567 

(fig.), 569, 573 
psilocybin 369 (fig.), 369, 567 (fig.), 

569 
psychedelics 563, 564 

intoxication features 565 
psychiatric disorders 284 

variations in 5-HT function 85 
psychomimetic 563 
psychosis 708 
pyrmindinyl-piperazines 103,249, 

250 

quipazine 375, 376 (fig.), 415 (table) 
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raclopride 258 
radio ligand receptor 

autoradiography 216 
raphe medial tract 56 
raphe nuclei 42, 44-45 

afferent connections 58-60 
raphe-spinal serotoninergic 

projections 637-638 
rapid eye movement sleep 92, 96 
rat, learned helpless 283, 284, 339, 340 
Rauwolfia alkaloid 482 (table) 
renin 539,543,547-548 
renzapride 415 (table), 439, 449 
reproductive organs 1 
reserpine 131,132-133,136-137,138, 

141-142, 153 
side effects 132 
YMA Ts binding 140 

retrophippocampal region (rat) 64 
riboprobes 216 
riperidone 374 (fig.) 
risperidone 373-375, 381, 745 
ritanserin 106,278,374 (fig.), 375, 381, 

482 (table), 510, 545 
alcohol intake involvement 594-596 

RN46A 3 
R019-6327 655 
R041-1049 655 
rolipram 330 
rostral mesopontine raphe nuclei 54 
rostral pons 97 
RpcGMPs 168 
RP-667,580 620 
RPR-I00,893 622 
RTI-55(j3-CIT) 678 (fig.) 
RU 24969 270,271,272,274,276, 

277 
ACTH increase 545 
aggresion blocking (rat) 278 
angiogenic responses (rat, 

mouse) 357 
antiaggressive effect 714 
corticosterone increase 545 
food intake reduction 278 
hyperalgesia due to 642 
hyperlocomotor effect 356, 361 
hypophagia induction 278 
inhibitory effect 327 
mediation by 5-HT1B receptors 358 
sexual behavior effect 278 

S-lOOj3 7, 11-12.22,24,27 
antibodies 12 

S 14506 250 
Saimi sciurens 62, 65 
salivary glands 1 
SB 216641 325-326 
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Schistosoma japonicum 247 
schizophrenia 139,202,421,691, 709 

(table), 712-713, 744-746 
acute 421-422 
domapinergic receptor blockade 745 
5-HT1A receptor ligands 258 
MAO associated 657 
ondansetron treatment 421-422 
serotonin role 712 
treatment 745-746 
zacopride treatment 422 

scopolamine 423, 424 
SDZ 206792 415 (table) 
SDZ 206830 415 (table) 
SDZ 216525 249 (table), 250, 251 
secretory pathways, cellular 155-156 
secretogranin 144 
selective serotonin reuptake inhibitors 

(SSRIs) 108, 109, 110, 332, 336, 
340,677 

antidepression 259, 602 
effect on 5-HT system 738 
osmotic mini pump 

administration 738 
+ TCA blocking NE reuptake 736 

"serenics" 358, 362, 363 
serines 146 
seroguel 380-381 
serotonin (5-hydroxytryptamine; 5-

HT) 1,9-10,175-176,368-369, 
518,671 

acetylcholine release 409 
N-acetyltransferase 117 
animal models of integrated 

serotinergic functions 707-719 
predictive value 716-718 

assys 568 
autoreceptor agonists 104 
autoregulation of fiber growth 4 
axon terminals, relationship to target 

neurons 68 
behavioral neuropharmacology see 

behavioral neuropharmacology 
biosynthesis 118 (fig.) 
central deficit 351 
CNS functions 42 
compounds affecting storage 153 
cytoskeleton effects 25 
depletion 125-26 
distubances during development 16 
diurnal rhythm 3 
dorsal raphe 57 
effectiveness regulation by presnaptic/ 

postsynaptic factors 728 (fig.) 
embryogenesis 1 
ENK afferents associated 50 
fibers see serotonin fibers 
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forebrain 56 
functions 337, 351 

variations implicating psychiatric 
disorder 585-589 

growth 2-9 
hallucinogen action 568-569 
immortalized cell lines 123 
innervation of visual regions 

(squirrel) 63 
involvement in nondrenergic LC 

neurons firing 54 
nerve cells containing 46 (fig.), 46-

47,48 (table) 
neuronal depolarising response 409 
neurons see serotonin neurons 
neurotoxins 42 
NOS neurons associated 51 
packaging see serotonin packaging 

into secretory vesicles, molecular 
analysis 

periaqueductal neurons 57 
plasma membrane transporter 136 
projections, nuclei of origin 43-49 
receptors see serotonin receptors 
regeneration 6-8 
regrowth capacity 14 
regulation of nociceptive 

transmission 637 
release in forebrain sites 99-101 

response to challenges 100-101 
response to stressors 100-101 
sleep-awake-arousal cycle 99-100 

release regulation see serotonin 
release regulation 

secretion measurement from 
parafollicular vesicle 170 

selective reuptake inhibitors 101 
somatodendritic autoreceptors 104 
spinally projecting medullary 

neurons 52 
substance P coexistence in brain stem 

raphe nuclei 49 
synthesis 131 

regulation 275-276 
target tissue maturation see target 

system maturation 
transporter see serotonin transporter 
uptake inhibitors 12 

serotonin-binding protein 158-159 
sertonin -containing neurons 

bulbospinal 50 
coexistence of serotonin, peptides, 

GABA, nitric oxidase 49-51 
in raphe nuclei 48 (table) 

sertonin-5-0-carboxymethyl-glycyl
tyrosinamide 618 

serotonin-moduline 293-305 
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behavioral effect 301 (table) 
characterization 295 
functional reactions with 5-HT1B/lD 

receptors 300-301 
in vivo activity 301-302 
isolation procedure 294 (table), 295 
molecular interactions with 5-HT1B/lD 

receptors 295-298,299 (fig.) 
pharmacological properties 298 

(table) 
purification 295 
release 302 

serotonin neurons (fibers) 1,2-3,6-7, 
41, 92-99 

activity in behaving cats 92-99 
afferent control of neuronal 

activity 94-95 
relation to motor activity 96-98 
response to challenges/ 

stressors 95-96 
sleep-wake-arousal pattern 992-93 

DNA 104-105 
extension in brain 6-7 
functional roles 41 
historical perspective 41-43 
in raphe nuclei 48 (table) 
retraction in brain 6-7 
sprouting 5-6, 7-8 

heterotopic 7-8 
homotypic 7 

synaptic vesicles 158 
serotonin-immunohistochemistry 57 
serotonin packaging into secretory 

vesicles, molecular analysis 131-
147; see also vesicular monamine 
transport 

sertonin projections, nuclei of 
origin 43-49 

serotonin receptors 1,3-4, 175-204, 
307-342 

amino acid sequence 178-179 (table) 
families 176-184 
histochemistry 213-230 
immature brain 3-4 
ligand-/drug-binding sites: 

mutagenesis/chimeric receptor 
studies 200-202 

ligands used for 
autoradiography 214-215 (table) 

nomenclature 177 (table) 
subtypes 176-184 

serotonin receptor, 5-HT 
agonists 314-315 (table) 
alcohol consumption effectg 599 
antagonists 314-315 (table) 
hormone secretion regulation 537-

555 
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integrative action 524-526 
mediation of 5-HT release 

facilitation 318-20, 328-329 
identification 318-319 
location 318-319 
physiological role 319-320 

physiological transduction 
pathway 524 (table) 

reversal of behavioral 
suppression 419-420 

role in neuronal networks 524 
7TM subtypes 175,176 (fig.), 177-

180, 182, 183, 184,200-202 
transmembrane 180 

serotonin receptor 5- HTI 105, 181, 182, 
183,217 

agonists 104, 615 (table) 
electrophysiology 499-508 

cerebral cortex 507-508 
hippocampus 503-507 
raphe nuclei 500-502 
signal transduction pathways 502-

503 
subcortical reasons 503 

sertonin receptor 5-HT,,\ 3-4, 16-19, 
182. 183. 184-186,218 (fig.), 239-
259 

addressing of 247-248 
agonists 19.240 (fig.), 254, 279. 538-

544: see also ipsapirone 
antidepressan ts 711 
anxiolytic effects 710 

antagonists 19,240 (table) 
autoreceptors 254, 718 

antagonism 732-734 
cellular distribution 244-246 
cellular responses to activation 243-

244 
clinical perspectives 257-259 
early life 237 
effect on obsessive compulsive 

disorder 283 
fetal 257 
functional roles 252-255 
hallucinogenic involvement 574-576 
highest density 575 
5-HT uptake blockers effect 551 
inhibition of neuroendocrine 

responses to stress 543-544 
interaction with 5-HT, receptors 576 
ipsa pirone stimulation 718 
labelling brain in vivo 252-252 
localizations 710 
molecular organization 241-243 
pharmacological properties 248-52 
radioligands 244-245 
regional distribution 244-247 

regulation 255-257 
spinal antinociception 
transfection into E. coli 

serotonin receptor 5-HT2A 

(table) 

640-641 
182 
370-1 
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serotonin receptor 5-HTlB 3,4, 180, 
186-188,203-204,217-221,351-
352 

ablation effectiveness 355-356 
aggression associated 358-360, 362 
agonists, neuroendocrine effects 544 
anxiety associated 357-358 
autoreceptor desensitization 274 
cysteine substitution 202 
gene deletion, behavioral 

consequences 351-363 
gene targeting 352 
"knock-out mice" 279, 593-594 
localization 356, 363 
locomotor control 356 
mice lacking 618-619 
mRNA 187 
neuropharmacology 269-284 
receptor supersensitivity 283-284 
restriction fragment length 

polymorphism 187 
spinal nociception 642 
vasoconstriction mediation 628 

serotonin receptor h5-HTIBlikc 738 
serotonin receptor 5-HT D 274 
serotonin receptor 5-HT'D 180. 188-

190,212-213 
agonists, neuroendocrine effects 544 
cDNA clone (rat) 189 
pharmacology 269-284 
pseudogene 189 
psychiatric disorders associated 284 

serotonin receptor 5HTma 327 
serotonin receptor 5-HTIE 190-191, 

221-222 
serotonin receptor 5-HT1F 191-192, 

222-223 
serotonin receptor 5-HT2 3.4, 181, 182, 

223-225, 367-390 
agonists, neuroendocrine 

effects 545-546 
antagonists 576 
bacteriorhodopsin models 382-387 
cerebral cortext 513-518 

piriform cortex 514-517 
prefrontal cortex 517-518 

Dahl model 382-385 
electrophysiology 508 

locus coeruleus 512 
motoneurones 509-511 
signal transduction pathways 511 

Glennon model 386-387 



764 

H6ltje and Jendretski model 385 
hormone secretion involvement 548-

549 
ligands, structure-activity 367-382 
Moereels and Janssen model 387 
molecular modelling overview 381-

382 
rhodopsin-based model 382-387 
Roth model 386-387 
Shih model 387 
spinal nociception 642-643 
structure-activity 381-390 
subcortical regions 512-513 
Weinstein model 385-386 
Westkaemper model 386-387 

serotonin receptor 5-HTzA 19, 180, 
181, 192-193, 223, 224 (fig.), 
398 

antidepressant-induced 
downregulation 400--401 

regulation at molecular level 395-
403 

regulation by agonists 396-400 
transgenic strategy to study regulation 

of 5-HT2A promoter 398 
upregulation in depressed 

patients 402-403 
upregulation stress-related 402-403 

serotonin receptor 5-HTzB 1936194, 
223-224 

migraine initiation 627 
serotonin receptor 5-HTzc 4, 180, 181, 

194-195,203,204,224-225,250 
serotonin receptor 5-HT3 4, 195-6, 

225-226 
agonists 410,418-425,549 
alcohol intake alteration 598 
antagonists 410-411,418-425, 598 
biochemical characterisation 411-

412 
cloning 412 
cognition 422-425 
distribution 413-414 
electrophysiological studies 409-41 
heterogeneity 414-417 
involvement in limbic serotoninergic 

system-dopaminergic system 
interaction 420-422 

involvement in neurotransmitter 
release 417-418 

ligand neuropharmacology 409-427 
membership of ligand-gated ion 

channel superfamily 409-410 
molecular characterisation 411-413 
peripheral nervous system 

terminals 598 
psychotic processes implicated 713 

Subject Index 

reversal of behavioral 
expression 419-420 

role in: 
emesis 426-427 
migraine 426 
nociception 425-426 

spinal nociception 643 
splice variation of 5-HT3 R-A 412-

413 
serotonin receptor 5-HT3R-As 412 
serotonin receptor 5-HT4 181, 196-197, 

226,439-465 
agonists 444 (fig.), 448-450, 549-550, 

569-572 
antagonists 445 (fig.), 450 (fig.), 451 
Ca21 channels control 455-457 
desensitization 457-458 
distribution/functions 489-464 

adrenal gland 463 
alimentary tract 461-463 
central nervous system 459-461 
heart 463-464 
ethanol intake effect 599 
peripheral nervous system 461 
urinary bladder 463 

drugs acting at 464-465 
K+ channels control 453-457 
radioligands 440 (fig.) 
receptor action mediation by 

cAMP 452-453 
structure 443-448 
subtypes 451-452 
transduction mechanisms 452-458 

serotonin receptor 5-HTs 181,226-227, 
475-478 

distribution 483-485 
molecular pharmacology 481 
role 488 

serotonin receptor 5-HTsA 197,467-
477 (fig.) 

ligands 482 (table) 
serotonin receptor 5-HT5B 4, 198,476-

477 (fig.) 
ligands 482 (table) 

serotonin receptor6 181, 198-199, 228, 
476-477 (fig.), 478-479 

distribution 485-486 
ligands 482 (table) 
molecular pharmacology 481-483 
role 489-490 

serotonin receptor!s 643-644 
serotonin receptor 5-HT7 181, 199-200, 

228-229,476-477 (fig.), 479-481, 
522-523 

distribution 486-487 
ligands 482 (table) 
molecular pharmacology 483 
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role 490-492 
serotonin release regulation 270-275 

antidepressant administration effect 
on autoreceptor sensitivity 273-
275 

in vitro 270-271 
in vivo 271-273 

serotonin reuptake inhibitors 427 
serotonin-selective reuptake 

inhibitors 153 
serotonin-specific chemical toxins 6 
serotonin-storage vesicles 153-170 

large dense-cored 155 
recycling 158-159 
secretion induction 59-160 
serotonin secretion 161 
stimulus-coupled acidification 160-

161 
synapses at 155 

serotonin system 293-294 
modulatory role 293 
"oscillator" 293. 294 

serotonin transporter (5- HTT) 671-700 
autoradiography 676 
anatomical distribution 675-677 
developmental distribution 675-677 
drug interaction 677-678 
functional domains 673 (fig.) 
gene organization 682-685 

alleleic variation functional 5-HTT 
expression 685 

chromosomal mapping 682-684 
developing drugs that target 5-HTT 

gene expression 699-700 
glucocorticoids 692-693 
5-HT uptake inhibitors 693-694 
5-HTT linked polymorphic 

region 684-685 
promoter elements 697-699 
regulation of gene expression 684 
regulatory elements 697-699 
targeted gene disruption 695-697 

genetics 685-692 
affective disorders 687-689 
alcoholism 689-691 
5-HTT linked polmorphic region 

and personality traits 686-687 
mutation screening 685-686 
neurodegenerative disorders 691-

692 
neurodevelopmental 

disorders 691-692 
genomic organization 681 (fig.) 
immunohistochemistry 676 
in vivo imaging 676-677 
MDMA mechanism 679 (fig.) 
molecular biology 673-675 

765 

electrogenicity 675 
gene family of Na +/Cl- -dependent 

tansporters 673 
molecular structure 673-675 

MPP+ neurotoxicity 679 (fig.) 
mRNA expression 676 
neurodegeneration 679-680 
pharmacological properties 677-682 
posttranslational modification 674-

675 
proteins 42. 673 
quarternary structure 674 (fig.) 
regulation levels 674-675 
structure-function relationship 680-

682 
toxins 679-680 

sertindole 373-375 
sertraline 277, 588, 603, 677, 718, 737 

chemical structure 678 (fig.) 
sexual behavior 258, 707 
sexual dysfunction 258, 708, 709 

(table), 714-715. 718 
sleep 707 

deprivation 93 
sleep-walk-arousal cycle 92-94. 99-100 
social phobia 744 
sodium nitroprusside 168 
soluble serotonin binding protein 154 
somatodendritic autoreceptors 101-110 

effects of: 
agonist drugs 101 
antagonist drugs 101 

regulation of neuronal activity 105-
107 

role in therapeutic action of 
antidepressants 108-11 0 

somatodendritic 5-HT1A 

auto receptors 105 
somatosensory cortex. primary 62 
somatostatin 71. 156.638 
sphingosine 511 
spinal antinoception 

5-HT1A receptors 
5-HTJB receptors 
5-HT2 receptors 
5-HT3 receptors 
5-HTh receptors 

spinal cord 
development 4 

640-644 
641-642 
642 

642-643 
643 
643-644 

5-HT receptors in 638-639 
plasticity 4-5 
projections to 51-54 
reinnervation 6 

spinperone 102,105,106,107,250,276 
agonist on hypothalamic-pituitary

adrenal axis 540 
binding affinities 180 
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serotinergic ligands (rat) 482 
(table) 

firing rate increase of neurons in 
dorsal raphe nucleue 253 

spleen 1 
spiroxatrine 250 
SR 46349B 711 
SR 57746A 49,257, 710 
staurosporin 169 
steroids 14 
"stimulus seeking' 657 
stratum lacunosum-moleculare 64 
stress 59 

conditioned, renin response 543 
hormones 125 
5HT2A receptor upregulation 402-

403 
immobilization, oxytocin 

response 543 
inhibition of neuroendocrine 

responses by 5-HT1A 

agonists 543-544 
response 100 

striatum (rat) 70 
substance abuse 677 
substance P 13, 49-50, 614, 619, 620, 

622, 646 
antagonist 643 
colocalized with 5-HT 638 
spinal release 643 

substantia nigra (rat, ginea pig, 
monkey) 70 

suicidality 351 
suicide 362 

5-HT2A increase 402 
MAO associated 657 

sumapriptan 270,328,482 (table), 544, 
615 (table) 

antimigraine action 620,621,627-
628 

supersensitivity 640 
supra chiasmatic nucleus 71 
supraleminiscal nucleus (B9) 58 
supraoptic nucleus 537 
Symptom Checklist-90 603 
synapses, vesicles at 155-156 
synaptic boutons 68 
synaptobrevin 56 
synaptophysin 144, 156 
synaptotagmin 156 

tachykinins 50 
tandospirone 103, 250, 538, 543 
tail flick test 640, 641, 642 
target tissue maturation 15-22 

immature brain 16-19 
mature brain 19-22 

tau 22,24 
taurine 673· 
telencephalon 65 
teonanactyl 564 

Subject Index 

tertatol 102, 249 (table), 250, 253, 502, 
540 

head twitch (rat) antagonized 576 
tetrabenzene 132, 133, 135, 140, 141 

VMAT2 inhibition 140 
tetracycline, resistant genes 145 
tetrahydrobiopterin 120 (fig.), 121 (fig.) 
tetrahydrobiopterin-dependent 

enzymes 121 
tetralins 248 
tetrodotoxin 516 
thalamus, 4-HT -immunoreactive fibers 

(rat) 66 
thapsigargin 166, 167, 511 
thermoregulation 707 
thioridazine 378 (fig.) 
thyrotropin-releasing hormone 638 
tianeptine 678 
tonic regulation of nociceptive 

transmission 639-640 
transmembrane helix 5 (TM V) 572 
trazodone 376 (fig.), 377, 735 
tryptamines 482 (table) 
thyrotropin receptor 182 
thyrotropin releasing hormone 50 
tiospirone 375, 376 (fig.) 
transforming growth factor-alpha 12 
trans-Golgi network (TGN) 155, 159 
tricyclic antidepressants 332, 336, 340, 

377,378 (fig.), 481, 483, 677, 693, 
727 

binding sites 682 
chronic administration 694 
treatment of alcoholism 602 

tricyclic compounds 377, 378 (fig.) 
trifluomethylpiperazine (TFMPP) 167, 

270,275-276,276-277,375 
activity at 5-HT2 receptors 376 (fig.) 
agonist at 5-HT lB 593 
antiaggressive effect 229, 714 
anxiogenic responses (rat, 

mouse) 357 
ligand affinity 482 (table) 
sexual behavior effect 278 
structure 376 

trifluoroperazine 167 
trigeminal nucleus caudalis 620-623 
triidothyronine 154 
trimipramine + pindolol 733 (fig.) 
trophic factors 9-13 
tropisetron (ICS 205930) 411,413,415 

(table), 416 (table), 420, 423, 711 
alcohol intake effect 599 



Subject Index 

alcohol reduction (rat) 597 
naloxone-induced hypophagia 

potentiation 600 
tryptamines 369-372, 448-449, 482 

(table), 566, 567 (fig.) 
raphe cell activity suppression 576 

tryptophan 10,66 
deficiency (rat) 279 

tryptophan hydroxylase (TPH) 2, 42, 
117-126 

gene 117 
expression 121-122 
genetic variant 125-126 
regulation 121-122 

immortalized serotinenergic cell 
lines 123 

neurochemistry 119-121 
regulation at mRNA levels 123-125 
structure 118-119 

tubocurarine 415 (table), 416 (table) 
tumor necrosis factor-a 695 
two-bottle ethanol-water choice 

paradigm 603 
tyramine 655 
tyrosine hydroxylase 119 
tyrosine receptor kinase-B 12 

U73122 167 
U733433 167 
(S-)-UH301 102.249 (table) 
uremia 427 

vacuolar-type H+ -ATPase 131-132 
valinomvcin 160 
varicose" system 68, 69 
vasoactive intestinal peptide 71 
vasopressin 539, 547-548 
vcnlafaxinc 736 
ventral lateral geniculate nucleus 66 
ventral tegmental area (rat) 70 
ventricles, ependymal cells 1 
vesicular monoamine transport 131-

147 
biochemical analysis 135-139 
bioenergetics 131-132 
chromosomal localization 139 
distribution 142-143 
functional properties 140-142 

drug binding 140-141 
flux reversal 141-142 
transport 140 

molecular cloning 135-139 
Parkinson's disease 

implications 139 
MPTP toxicity suppression 136-

137 

pharmacology 132-135 
amphetamine 133-134, 135 
3,4-methylenedioxymethamphet-

amine (ectasy) 34 
proteins 15 
reserpine 132-133 
tetrabenzene 132, 133 

proton antiport mechanism 131 
RNA analysis 137-138 
sequence relationship to bacterial 

antibiotic resistance 
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proteins 138-139 
structure/function studies 145-147 
subcellular localization 143-145 
two genes encoding 137 

vesicular monoamine transporter-l 
(VMAT-1) 137,138,140-141, 
142-143 

vesicular monoamine transporter-2 
(VMAT-2) 137-138,139,140-1, 
142-143 

cDNA 139 
histamine affinity 140 

vincristine 257 
violence 362, 588 
viqualine 89 
visual thalamic nuclei 63 

W-7 (calmodulin inhibitor) 167 
WAY 100135 102,106,107,109,110, 

540 
respective affinity at 5-HT1A 

receptors 249 (table) 
WAY 100635 102,106-107,109,110, 

250, 251 
chemical structure 240 (fig.) 
"C-radiolabelled derivatives 252 
inhibition effects 501 
respective affinity at 5-HT1A 

receptors 249 (table) 
serotinergic neurons firing rate 

increase 253 

yohimbine 482 (table) 

zacopride 411,415 (table), 420, 422, 
449,482 (table), 711 

agonist at 5-HT~ receptors 439 
alcohol reduction (rat) 597 
cognitive performance 

improvement 423 
neuroendocrine effects 549 
treatment of schizophrenia 422 

zimelidine 279,588,589 
ziprasidone 73-375 
zotepine 378 (fig.) 
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